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Abstract

I n dimictic | akes, the stable density stratiyc
of nutrients and oxygen. This favors the development of hypolimnetic hypoxia, which degrades
coolwater fish habitat and enhances nutrient mineralizadiwh diffusionfrom the sediments.
Fall turnover begnonce the entire water column loaete nearly isothermdivithin 0.4 °C) at the
deepest point of the lakand continud to the onset of winter stratificatio®similarly, spring
turnoverbeganwhen the wadr columnbeame nearly isothermdlwithin 0.4 °C) and continué
until theaverage water column temperature reached 4.0 to 4Fafiand spring turnover events,
therefore, provide a crucial-4annual link between surface and bottom watemngterm field
observations were supplemented with output from atliraensional numerical model, to better
understandthe hydrodynamics ofturnoves and associateddissolved oxygen (DO) and
orthophosphate (P dynamicswithin a small temperate lake during 2011 t®@0Mid-basin
convectioncontribued the most to turnover eventduring fall turnover, wind shear only mixed
the upper 35% of thsurface mixed layer, with convection acting to deepen below. During spring
turnover, icecover sheltered the lake from wind, causing convection to be the only process
occurring and lengthening the turnowderration (~51 days) compared to fall (~13 days).

Photosynthetic productiomas modelled t@ontribute 92% of the total dissolved oxygen
(DO) input to the lake, the remaining 8¥asfrom atmospheric exchange. Of the DO production,
41% occuredunder ice with a potential to contributetlld % of the hypolimnetic DO saturation
deficit at spring turnover. The occurrence of spring turnodegendeadn the winter conditios
Warm winters causka weak inverse stratification that shoedthe deepemg of the convective
mixed layer(CML) under the ice and inhil@t spring turnovetinduced mixingof DO into the

hypolimnion. Conversely,cold winters caugkan inverse stratificatiom which watercolumn
[



became isothermal after the ChMleepened and remayehe stratification Then, the incoming
heat from the surface caused large vertical convectspri§ turnovex. Severe wintergorm a
very strong inverse stratification that limihe effectivenes®f spring turnover.
Mineralizationwasthe main P@source producing with 788% of the annual internal load. The
remaining P@ (2-23%)was from anoxic sediment§all turnoverupwelledthe trapped P&ofrom
hypolimnion into the photic zone where it coutdtiate the springalgal bloom The bloom was
postponedbecause phytoplanktomas mixed to depth with fall turnover mixing evenighere

thar growth wadight limited until the seasonal increase in solar radiation in spring.
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Letds nofrreeiuddy t he

Perhaps a pigeon is drinking water at a distance

Or perhaps in a farther ticket a goldfinch is washing her feathers
Or a pitcher is being filled in a village

Letdébs not muddy the creek
Perhaps this creek runs to a poplardés foot
To wash away the grief of a lonely heart

A dervish may be dipping dry bread in the brook

What a refreshing water! What a spring!

Ho friendly seem the folks at the upper village

May they cows always render milk! May their springs always gush!
| have not seen their village

Moonlight enlightens the expanse of words

Surely in the upper village hedges are low

There the folks know what sort of floveeremone is

Surely there the blue is tdu

A bud is blossoming, the village inhabitants know O what a fine village must be!
May its orchardlanes be full of music

Folks upstream understand the water

They did not muddy the creek we also

Must not muddy the creek

Sohrab Sepehri
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Figure 2-1 (a) Eagle Lake location and (b) bathymetric map, Transects A, B and C show the
locations of computational model curtains, where model output was extracted. Field stations 1, 2
and 3 are indated, where thermistor chains were located. Red circle shows the location of the
MELEOIOIOGICAl STALIOM- ... .uuuiiiiiiiiiii it 15
Figure2-2. Simulated water temperatures, from model calibration, are shown against the observed
PME tchain water temperaturesdastations 1 and 2 in 2011. (e) comparisons between modeled
(blue and black lines) and thesarved RBR water temperature at station 3in 5 m (red) and 11 m
(pink) in 2011. (f) RMSE comparisons between observations and model temperatures with depth
during fall (circles) and spring turnovers (asterisks) for 2012 and 2013 at station 1.-fhveelire

RMSE comparisons between observations and model temperatures with depth for calibration
(2011) and validation (2012, 2013) periods at stations 1 (panel g) and 2 (panel h)........ 23

Figure 2-3. Turnover events at station 1 from 1 Jul. 2012 to 1 Jul. 2014. (a) modeled vertical
velocities, (b) total heat flux (blue line and left axis; positive into the lake) observed wind speed
(black line; rght axis), and (c) the observed water temperature time series at 5 m (blue), 15 m
(red), 20 m (black), and 25 m (green) depths. Black and red boxes denote fall and spring turnovers,
(TS 01=Tox 117 24

Figure 2-4. Average Kz at station 1 (a) Observed average Kz from Batchelor fitting to
microstructure data at station 1 from 27 Jul. 2011 to 5 Oct. 2011 (black line; Nakhaei et al, (2016))
time-average&z from heat budget method applied to modeled results over the same time interval
(blue line). (b) timeaveragedz using the heat budget method during fall turnover (solid line),
spring turnover (dashed line), winter stratification (doliteg), and summer stratification (circles).

Red box denotes main portion of the water column, away from surface and bottom boundary
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Figure2-5. Successive model output snapshots oflnaisin convective plumes in the surface sheet
and curtain A (dashed line) (a) Surface sheet showing vertical velocities (b, d, g) streamlines (blue
lines) and water temperatuilors); (c, e, g) vertical velocity (colors) andglane velocity (black
arrows). Black box emphasizes the development of abasih convective plume. Times are
iNdicated iN the PANELS..........cooiii e e e e e e aeeer e e e e e e e aaes 27
Figure2-6. Calculated convective scale velocity (w*) from 20 May 2011 to 15 Jul. 2017. (a) Black
line is the convective velocity, dark and light gray shading show the times of fall and spring
turnover, respectively. (b) Colormap of turbulent diffusion coefficient calculated, overlaid with
the LCML (black line) and thermocline depth (dotted line). The convective mixed layer (CML),
metalimnion (M) and hyplimnion (H) are indicated. Arrows show lirekhess of hypolimnion at

the end of spring turnover in 2012 and 2016. Red circle indicates deepening at the onset of summer
stratification. Blue line denotes ice cover in both panels..............cooviiii e, 30

Figure 2-7. Model output along curtain A showing density driven boundary plumes induced by
differential cooling and heating during the fall of and spring of 2012. (a, c, e, g) water temperature
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(colors) and streamlines (blue lines); (b, d, f, h) vertical velocity (colors) apthire velocity
vectors (small black arrows). Large black arrows highlight flow direction. Black boxes show the
formation of density driven plumes on the western and eastesibéal. Times are indicated in

TNE PANEGIS.....coeeeeeee e e e e e e e e e e e 32

Figure 2-8. The effect of four wind events (black rectangles) on lake mixing duaih@@11.

Black rectangles in panel a correspond to times of curtain A plots (panelsida® igdicated).

(a) Daily averaged wind speed, (b) water column temperature at station 1 for various depths, (c)
Contours of vertical turbulent diffusivity (heatidlget method), black line showsd. (Eg. 21)

and the black dotted line shows the estimated L(d-g) Curtains A showing how wind events
impact the lake circulation; top panels are water temperature with streamlines (blue lines), and
bottom panels are oent speed with iplane velocity vectors (small black arrows) together with

the estimated o (White dashed IN)..........ooo i 34

Figure 2-9. Heat flux, ice thickness and water column temperature at station 1. (a) Model
computed net heat flux from the lake surface (HF, black line) and modeled ice thickness (blue line)
and observed ice thickness (blueles, Oveisy and Boegman 2014), red arrows show changes in
heat storage with ice formation; (b) modelled water temperature at different depths at station 1.
Black dotted line represents thendTin which any stratification below this line considers as
inverse.; (c) modelled contours of water temperature at station 1, the solid line shows the estimated
LCML8Dark and light gray shaded areas in panels a and b represent fall and spring turnovers,
respectively, and red rectangle indicates time of weakenisigatification together with heat flux

Figure 2-10. Cross sections (curtain A; Figuzel), progressing from fall 2012 thugh spring

2013, showing contours of water temperature (colors) and streamlines (blue lines). (a) weakening
stratification; (b) mixing and deepening of CML; (c) cool convective plumes descending from
sidearms; (d) windnduced mixing from a westerly windrent; (e) onset of winter stratification

from the littoral zone (red rectangle). Vertical red arrows showlagin convective movement;

(f) under ice vertical movement in the CML (red arrows); (g) onset of spring turnover (red arrow)
and sidearm convectio(red rectangle) from heating of the surface layer under ice; and (h) mid
basin convection UNAEr iCe (FEU AIrTOWS).......uuuururiiiiee e e ceeereiees e e e e e e e e e e e e e e s aeeer e e e e e e e aeaaeeees 39
Figure2-11. (a) Comparison between calculated discha@g (Eq. 25) and AEM3D simulated
dischargeQ (black dots: cold dense plumes during fall turnover, black triangles: warm dense
plumes during spring turnover and green dots: 10x10 m horizontal grid). The modeled data are
compared with field data from Eau Galle Reservoir (Sturman et al. 1999) amdhak (Naghib

et al. 2018). (b) Daihaveraged wind speed vs the ratie / , #during fall turnover.......... 44
Figure3-1. (a) Location oEagle Lake in Canada and (b) bathymetric map, transects A, B and C
show the locations of virtual curtains extracted from the computational model. Field stations 1, 2
and 3 are indicated, where water temperature and water quality sensors were locatadleRed
shows the location of the meteorological Station................uuieeiiieeeiiriiiiiiiieieeeeee e 62
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Figure3-2. (a) TChla comparisons at station 1; blue, red and blaek tepresent modeled TChla
concentration at 5, 11 and 28 m and light blue, pink and green lines show the observed TChla
concentration at the same depths. (b, c) DO concentration comparison between modeled (blue, red,
black lines in 3, 10 and 30m) and ohsat values at station 1 (panel b) and 2 (panel c); light blue,
pink and green lines show the observed valued recorded HYOBORBR loggers at 3, 10 and 30

m; blue, red and green circles show the observed values recorded by RVCA at 3, 10 arnd 30 m.
Figure 3-3.Stacked plot showing calibrated model (colored areas) and observed nutrient
concentrations (circles) in the surface mixegeta(a, ¢, €) and at 30 m depth (b, d). (a, b) modelled

TP (blue), modelled PQred) and observed TP (circles) (c, d) modelled TKN (blue), modelled
NOz(red), modelled NE(yellow) and observed TKN (circles) (e) modelled DOCL (blue), POCL
(red) and observed DOCL (circles). Vertical bars show the range of the measurements from various
locations in the lake(f, g) comparisons between observed and modeled TP and TKN for the
validation period (201-2018) using RVCA data. Blue circles represent surface and red circles
Show the values fOr DOIOML.........ooiiiee e eneer e 71
Figure3-4. DO dynamics between seasonal stratification periods at station 1 from 1 Oct. 2011 to
1 Jul. 2012. (a) Modelled ice thickness (blue line and left axis) and average TChla concentration
in the CML (green line and right axis). (b) Observed air temperéblaek line and left axis) and

wind speed (blue line and right axis) (c) Modelled water temperature at various depths at station
1, (d) Modelled DO concentration at station 1, the solid line shows the hypoxia threshold (contour
of DO=5 mg LY). Note theunderice production of DO in spring. (e) Photosynthetically active
radiation (PAR) at 0.5 m depth at station.L.............oooiiiiiiimmn e 73

Figure 3-5. Sucessive model output snapshots of thermal structure and DO dynamics along
curtain A during the fall cooling period in 2011 (a, b), fall turnover (c), winter | (d). Arrows
highlight flow direction and blue lines show streamlines. Black rectangles showgnijpanel a)

and depletion (panel d) of oxygen. Times are indicated in the panels..................cceeee. 74

Figure 3-6. Successive model outpsmapshots of thermal structure, DO, TChla and &6ng

curtain A during winter Il (adl) and spring turnover (cll and dll). Red and black rectangles show
the locations of differential heating and TChla growth, respectively. Blue lines show streamlines,
red arrows show the flow direction and black arrows indicate near isothermal layers. Black oval
shows region of oxygen depletion. Times and average ice thicknesses are indicated in the panels.
.......................................................................................................................................... 77
Figure3-7. The spatial variation of an algal bloom under ice during winter 2013. The first row (a,

d, g, i) shows the average concentration of TChla in the top 2 m, the second row (bslewsj)

the mean water temperature within top 2 m and the third row (c, f, i, k) shows the PAR at 0.5 depth.
Times are as indicated and circles highlight the processes occurring in the shallows, as described
1 I TSI (S TP RRRSRR 80

Figure 3-8. Modeled TChla, DO and water temperature at station 1. (a) PAR, (b) TChla
concentration., (c) DO contours, (d) modelled water temperature contoursditeckein panel

b shows the deepening of TChla into the CML during spring turnover. The black line in panle c

Xii



shows the hypoxia threshold (contour of DO=5 mi, lthe coloured circles indicate the observed

DO values measured by RVCA and the arrow ingiche development of hypoxia through the
watercolumn with time. The black line in panel d gives the estimated base of the thermocline, the
arrows show the decline in the hypolimnion thickness and the black and red circles denote the top
of the hypolimnim at the onset of summer and winter stratification, respectively. Blue bars denote
ICE COVET N All PANEIS. ...t e e e e e e e e s emmr e e e e e e e aeeas 82

Figure 3-9. Water olumn temperature gradient vs. average winter | wind speed multiplied by
average winter | air temperature. Zones of warm winters (peach shading), cold winters (light blue
shading) and severely cold winters (dark blue shading) are indicated...................cccc..... 84
Figure3-10. (a) Meardaily observed air temperature (blue line) and modeled-dadmPQ (red

line); (b)observed wind speed (grey line); (c) modeled ice thickness at station 1 (blue) and basin
averaged TChla concentration (green line); (d) modeled-aasirage atmospheric DO exchange
from the surface per unit of volume of the lake (+ is thie lake) (red line) and modeled basin
average photosynthetic DO production per unit of volume of the Tdileintegral of these lines

over time gives the total photosynthetic DO production and atmospheric exctangedelled
VWHDO at station 1 (redre) and modeled basawverage DO (blue line). (f) water temperature

at various depth at station 1. (g) calculated vertical scale velocities. Dark and light gray shading,
respectively, represent fall turnover and spring turnover periods in all panelslu€hear at the

top of the panels shows ice cover. Vertical dotted lines denote the end of winter | and the onset of
L7 = g | PP 85
Figure3-11. Schematic representation of annual sources and sink of dissolved.axygen87
Figure3-12. (a) Average wind speed duinglfalrnover vs. the watercolumn oxygenation rate
(fatm). (b) Hypolymnion thickness vs. rate of DO depletiasoff. The modeled data (blue) during
winter 1l were compared to the obsereved summer values in Eagle Lake, Lake Simcoe (Nakhaei
et al. 2021aand Lake Erie (Bouffard et al. 2013a). (c) Water temperature gradient at the onset of
winter Il vs. HF (Equation-3) at the end of winter Il. (d) Calculated vertical scale velocities (W

Figure4-1. (a) Eagle Lake location and (b) bathymetric map, transects A, B and C show the
locations of virtual curtains extracted from the compaorteal model. Field stations 1, 2 and 3 are
indicated, where water temperature and water quality sensors were located. Red circle shows the

Figure 4-2. Stacked plot showing calibrated model (colored areas) and observed nutrient
concentrations (circles) in the surface mixed layer (a, c, €) and at 30 m depth (b, d). (a, b) modelled
TP (blue),modelled P@ (red) and observed TP (circles) (c, d) modelled TKN (blue), modelled
NOs(red), modelled NE(yellow) and observed TKN (circles) (e) modelled DOCL (blue), POCL
(red) and observed DOCL (circles). Vertical bars show the range of the measurements from various
locations in the lake(f, g) comparisons between observed and modeled TP and TKN for the
validation period (201-2018) using RVCA data. Blue circles represent surface and red circles



Figure4-3. Observed TP and R@oncentrations at station 1. The measurement threshold‘was 2

Figure4-4. Observed turbidity (ople and red lines) and TCGhl(dark and light green) at 28 and

5 m by RBRXR data loggers (a) Modeled (b) K€ TChta (d) DO, (e) water temperature, (f)
vertical turbulent diffusion coefficient from the heat budget method, and (g) light limitation
function for algal growth at 0.5 m depth. Simulation output is at station 1 from May 2011 to Jul.
2012. Black and blue vertical dashed lines represent the onset and end of fall and spring turnover,
respectively. The black rectangle shows a mixing event disger§Chta through the
watercolumn and increasing light limitation, resulting in reduced EQjrbwth (panel b), despite
available P@(panel a). Horizontal black dashed and solid lines show the bottom of the CML and
thermocCling, rESPECHIVEIY.........cooiiiiieeee et e e e e e enen s 120
Figure4-5. Modeled TKN, P@ TP, TChlaA, DO and water temperature at station 1. (a) colormap
shows the profile of TKN and coloredrcle represent observed TKN by RVCA. (b) £O
concentration profile (c) TP concentration profile (d) colormap represents total chloraphyll
(TChl-a) concentration profile. (e) colormap shows the DO contours, the solid line represents the
hypoxia threshal (contour of DO=2 mg t) (f) modelled contours of water temperature, the solid

line shows the estimated base of thermocline depth. Colored circles show the observed values
measured by RVCA. Red rectangular represents the-a@ldpersion in the watereohn. Black
rectangular shows the R@roduction in 10 m depth at the end of summer. Black ellipse shows
the mixing of late summer phytoplankton bloom from the surface to the bottom. White ellipse
shows the mixing of P during fall turnover from bottom te surface............ccccoeeiveieenieee. 123
Figure4-6. Modeled internal PQnputs through mineralization and sediment flux. (a) basde
mineralization rate, red and blue lines represent sediment releassm®OP; (b) basin average

total chlorophylta (green), P@in the photic zone above 6 m depth (solid red line) at stdtjo

and basiraverage P@(dashed red line) (c) blue line represents the total modelethP@ from
mineralization and sediment flux per unit of volume of the lake (+ is into the lake) and the green
line shows the total modeled phytoplankton uptakeupérof volume of the lake. The integral of

this panel over time represents the totak Rfput (red line) and uptakéd) modeled basing
average DO (blue) and hypolimnetic DO average (red), (e) water temperature at various depth at
station 1. The blue bam the top of panels shows the ice cover while dark and light gray shading
indicated fall and spring turnOVer, reSPECHVElY............uuiiiiii i eeeeee 126
Figure4-7. Schematic annual average internak B@urces and Sinks...............ccccvvvvivieenes 127

Figure 4-8. The spatial vartoon of PO4 above the bed. The first column shows the water
temperature above the sediments, the second and third columns represents the DO and PO4 above
the bed. Periods are indicated on each panel and arrows exemplifies the hot spots for PO4 inputs.

........................................................................................................................................ 130
Figure4-9. The relationship between hypoxic factor and average phosphate concentration after
1= 1L 8T T0 )= PRSP 133

Xiv



List of Tables
Table3-1. Potential contribution of photosynthetic DO production to VWHDOxggenation
(o (U] o ISy o] £ 1T (U] L0 17 =T OSSPSR 88
Table4-1. Nutrient comparison results at 3, 10 and 30 m where observed data was available

during the calibration Perth..............uiiiii i e — 114

Table4-2. Summary of model results on stratification, hypoxia and P fractions............. 122

XV



IPO4

Mmineral
HNH4
A

AEM3D
AIP
B

CAEDYM

Co

Cp

DO
DOCL
DONL
DOPL
ELCOM
§DO
fatm

fo

it
fohyto

fsop

fr

HF
Hs

List of Symbols andAbbreviations

Algal internal phosphate

Mineralization coefficient of organic P

Ammonium sediment flux rate

Area

Aquatic EcosystemModel

Algal internal phosphorus

Effective buoyancy

Computational Aquatic Ecosystem
Dynamics Model

Wind drag coefficient

Specific heat capacity of water

Dissolved Oxygen

Labile dissolved organic Carbon

Labile dissolved organic nitrogen

Labile dissolved organic phosphorus

Estuary and Lake Computer Model

Half saturation equation for oxygen

Atmospheric dissolved oxygen exchange

Growth function

Oxygen consumption through nitrificatior

Phytoplankton uptakginction
Sediment oxygen flux

Water temperature equation for algal
growth

Gravity

hypoxic factor

Heat flux

XVi



Kp04
Kz

Leme

Lmo

NH4
NRMSE
PIP

POy
PONL
POP
POPL

Qst
RZ

RANS
RMSE
RVCA
Sc
SOD
Spos
SRP

TChl-a
TN
TP

Photorespiration rate

Phosphate half saturation
Turbulent diffusion coefficient
Forcing plain length

Convective mixed layer depth
Monin-Obukhov length scale
Buoyancy frequency

Ammonium

Normalized root mean square
Particulate inorganic phosphorus
Orthophosphate

Labile particulate organic nitrogen
Particulate organic P

Labile particulate organic phosphorus
Discharge rate

Discharge rate per unit length
Correlation coefficient
Respiration rate
Reynoldsaveraged NavieBtokes
Root Mean Square Error

Rideau valley conservation authority
Schmidt number

Sediment oxygen demand
Sediment P@flux

Soluble reactive phosphorous
Watertemperature

Chlorophyll a concentration

Total nitrogen

Total phosphorus

wind speed

Xvii



*

u Wind shear velocity

Vhypolimnion Hypolimnion volume

VWHDO Volumetric weighted hypolimnio®O

w Wind work

W Convective scale velocity

Y Chlorophylta biomass

Z Depth

Z Thermocline depth

U Thermal expansion coefficient

= Temperaturenultiplier

9 Von-Karman coefficient

| Water density

AW Average air temperature x average wind
speed

Xvili



Chapter 1

| ntroducti on

1.1 Background and motivation

Aquatic ecosystems are heavily impacted by anthropogenic activities at local to globaB3elales
Giudice et al. 2018)Changes in meteorolagil drivers over the pasteveraldecades have
impactedthe water temperature, hydrodynamiaad cycling ofoxygen andnutrients, such as
orthophosphatd@Qs) , in lakes and reservoirs worldwi@8northeim et al. 2017; Tan et al. 2018)
Lake summer surface temperasineve increasedy 0.34 T decadé due to globahnd regional
warming while this ratio isdoubled(0.72°C decad@) in ice-covered lakes O6 Rei | |y et
A change irthethermal structure of lakes influences mixing regimes and turnddeaslway and
Merchant (20183uggestethatmonomictic lakes will become predominantly stratified aoche
of dimictic lakes vill convert to monomictic. This could translate to changes in the state of oxygen
and nutriend in the watercolumihat may heavily impact the ecosystem

Hypoxia (here defined as oxygen concentratidhrag & L™ (Del Giudice et al. 2018)
increases due to longer and stronger stratificatiah has been occurrirgs a result otlimate
change Hypoxia is an important factor controlling growthdasurvival of aquatic organisniili
et al. 2020rnd the trophic status of water bodlileg affecting the amount of phosphorus release
from anoxic (< 1 mg @L%; Snortheim et al. 20)%&edimentgNiirnberg et al. 2019; Mi et al.
2020) This can directly impact the quality aeshwater ecosystenisor instance, in Lake Erie,

nutrientrich and oxygerdepleted hypolimnetic water from deeper locations in the central basin



can be advected to the north shore of Central Bdailvbari et al. 2019; Nirnberg et al. 20490l
decrease the quality of water used for drinking and recreational purposes.

Turnover is an important processthe vertical transport adissolved oxygen (DO) and
POy from surface tahe bottom and vice versa in lak@ouffard et al. 2013a)n dimictic lakes,
deep mixing events (turnovers) are an important physical phenomenondbeg twice a year in
fall and springNurnberg 1988; Molot et al. 199a@hd predominantly contrethe overalDO and
hypoxic conditions(Schwefel et al. 2016)which impact the release of P@om sediments.
Turnoveris associated with thiereakdown of stratificatiormegulates the oxygeconcentration
and nutrients of bottom watéBoegman et al. 2012 he timing and depth to which turnover
happes varies annuallybased on meteorological drivers. Therefore, the turnover period is a
critical time for lakes and reservoirs in which changes in the strength or duration of turnovers could
alleviate hypoxia, P©and phytoplankton growth in the next seagdiirnberg 1988; Kreling et
al. 2014) Hence, there is a need to investigate the role of fall and spring turnover in theagynam
of hypoxia(Jabbari et al. 201&nd internal phosphorus cycles.

The hydrognamics of turnovers are complicated due to ititeractionsof multiple
processes such as (i) convectivelguced mixing({Oveisy and Boegman 2014; Chowdhury et al.
2016; Yang et al. 2017)ii) wind-induced mixingBouffard and Wuest 2002; Schwalb et al. 2014;
Lowry et al. 2018pand (iii) densitydriven plumes induced by differentialalong and heating of
sidearns (Kirillin et al. 2015; Bouffard and Wuiest 2019; Ulloa et al. 201Bhese physical
processes result in degm@ter renewal and can strongly regulate the oxygen and nutrient
availability (Fer et al. 2002a; Bouffard and Wiest 2019; Bouffard.&dl9a)

The physical characteristics thfeseprocessesemain relatively umvestigatedThere is a

lack of understanding on how these physical processes contribute to the occurrence of fall and
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springturnoversin small temperate lakesloreover, dtaining in situ measurements aliéficult
during ice on periosi(Block et al. 2019)consequentiythe majority of research on lake turnovers
is based on shoterm studiesypto few weeks)Bouffard and Wiest 2019T herefore, there is a
need to investigate fall and spring turnovers in detaid determindoth how effectre turnover
events are in different years and whether spring or fall turnev@ominantin contributingto
deepwater renewalThus,acomprehensive hydrodynamic mdidg studyneeds to bandertaken
to support limited observations

In order to set up &dctive water management strategies including nutrient load targets in
lakes and reservoirs, determining the main drivers of variatiotiseiidO budgets necessary
(Nurnberg 2004; Del Giudice et al. 2018)he interannual variability inDO concentration
originates from climatic drivergNurnberg et b 2019) For instance, warming shortens the
duration oftheice-on period(Pilla andWilliamson 2021)and causes incomplete spring turnover
(Boegman et al. 2012; Woolway et al. 20Mhich in turn decreaseshe hypolimnetic DO
concentration atie onset of summer stratificatioviang et al. 2020b)This may cause extensive
hypoxia by the end of the following summeévertical DO fluxes that sustain the lake
biogeochemistry occur during turnovéBouffard and Wiest 2019%ince thermal stratification

separates the wetixygenated epilimnion from the hypolimnion.

Better insight into the nutrient dynamics within seasonatmeered lakes is essential
in order to estimate future water quality adésignthe best management practiqgto and
Michalak 2017; Paytan et al. 201 Theprocesses that relegsleosphorus (P) to the watercolumn
arepoorly understoodWatson et al. 20165ources oP include(i) sediment redase in the form

of orthophosphatanderhypolimneticanoxic condition(ii) mineralization andiecomposition of



organic matterunder aerobic conditianat the sedimentwater interface (iii) sediment
resuspensionnto the waterolumn(Watson et al. 2016)and(iv) internal loads from algae and
zooplankton excretiofSchwalb et al. 2015)

Orthophosphate (PQis the fraction thais taken up by phytoplanktort is knownthat
limits the phytoplankton growttSchindler et al. 1971; Schindler 197Anoxic sedimerd (< 1
mg & L) release PQinto the overlying lake watethrough diffusion(Niirnberg et al. 2013;
Crockford et al. 2015; Markelov et al. 20I%)erefore, ipoxiaanoxiacan control th& Qs release
from the sedimentand associategbhytoplankton growthin lakes with prolonged stratification
periods, sedimerderived PQy is trapped in the hypolimnion anllenrapidly introducednto the
epilimnionduring turnoveto initiate phytoplankton growttCrockford et al. 2015)

The role of turnovers and stratification in internal P loadamgl it ispossible impacts on
phytoplankton growthare not well undestood Lake thermal structure and dynamics of mixing
control the distribution of bottom nutrienin the watercolumnWang et al.2012) Stronger
stratification and weaker turnoveeduce the intern&Qs loadfrom the bottono the photic zone
(Kraemer et al. 2015; Schwefel et al. 20I®)nverselystrong mixing can affect the trbjg status
of lakes by redistributing Qs to the epilimnion, increasing grow{Bimona 203; Salmaso et al.
2005; Peeters et al. 2007Agluding under ic€Yang et al. 2017)

A threedimensional hydrodynamiciogeochemical model issed as tool thatcould fill
the gaps irfield datato improvethe understanding ddO andP dynamicsduring andbetween
turnover eventsspecificallyduringtheice-on periodwhenobtaining filedobservationss limited.
The threedimensional Estuaryand Lake Computer Model (ELCOM) coupled to the
Computational Aquatic Ecosystem Dynamics Model (CAEDYM) has peaven to be capable

of modeling different aspects of hydrodynamics and biogeochemistry af dakkreservoirgor
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example: Lake EriéLeon et al. 2011; Oveisy et al. 2014; Bocaniov et al. 201&e Simcoe
(Schwalb €al. 2015) Lake MinnetonkgMissaghi et al. 2017)and Edmontontesrmwater ponds
(Nakhaei et al. 2021b)A parallel version oELCOM-CAYDEM, the Aquatic Ecosystem Model
(AEM3D-iWaterguality has made muHlyear simulations computationally efficient

In this thesisturnover events are observed and computationally modelled d@erear
period ina small Canadian Shield laKEne specific objectives of this thesis are to:
1. To quantify the relative importanad physical processes drivirfgll and springurnoverin a
small temperate lak&loreover to comparehe relative strength of falirnover taspring turnover,
in order to better characterize the annual cycldeejpwaterrenewal.
2. To characterize the processeausingvariability in the hypolimneticdissolved oxygen
concentratiorbetweenfall-turnoverto-springturnover in a small Canadian Shield lake aod
guantify the relative contributions atmospheriexchangeversus photosynthetigroductionas
DO sourcedo the lake.
3. Toestimatehe internal P@loading and determine the fate of upwelled;B@xing fall turnover

and its impacts on lake productionthe fall, winter and spring

1.2 Layout of the thesis

This thesis is concerned wittharacterizing the physics of fall and spring turnocamed their
impacs on the dynamics of DO and R@ a small dimictic lake by combining field observations
and threedimensional simulations. In Chapter 2, the physical characteristics of fall and spring
turnoverwereinvestigated by initiating/calibrating/validatinghgdrodynamics model for Eagle

Lake, Ontario, Canada. The objectiwesreto quantify the dominant physical process in driving
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fall and spring turnover. Using the same simulations from Chaptie2Jynamics of DO and
annual oxygen budgeterestudied in @apter 3 by adding the biogeochemicamponent of the
model. In Chapter 4istorical and recent water quality observationsaodel resultsvereused

to estimate thenternal PQ load to thelake and determine the impacts of upwelled; @@
triggering dgal blooms in fall, winter and sprind summary and conclusions follow in Chapter

5, along with suggestiorier future work
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Chapter 2

Turnover i n a Small Canadi an Sh

2.1 Introduction

Turnover and deep mixing events occur during the fall and spring in small temperate lakes, when
heat flux through the fresurface erodes the density stratification, allowing wind and/or
convection to nix the water columr(Yang et al. 2020a)The degree of turnover, varies inter
annually according to the meteorological forcing and lake morphon(Etojot et al. 1992;
Stainsby et al. 2011; Boegman et al. 20IR)rnover deliers dissolved oxygen (DO) to the
hypolimnion over seasonal timescales, acting as the first order process that regulates hypoxia
(Schwefel et al. 2016)This impacts nutrient mineralization from the sediments, which may
fertilize phytopankton growth(Nurnberg 1988; Wang et al. 2012; Kreling et al. 20A&)a result,
turnover can influence the lake trophic state, biogeochemical lifecycle events anchteidish
habitat(Nelligan et al. 2019Li et al. 2018) Stronger stratification and weaker turnover, due to
climate change (e.g., Stainsby et al. 2011), may alter D@aR®CH pathwayqSchubert et al.

2012; Kraemer et aR015; Schwefel et al. 2019)herefore, developing an understanding of what
drives the variations between fall and spring turnover, and consequently deep mixing of oxygen
and nutrients, is essential for lake managergteinilin et al. 2012)

The hydrodynamics of turnover events in small lakes are complicated, with several
processes involved: midasin penetrative convective mixin@veisy and Boegman 2014;
Chowdhury et al. 2016; Yang et al. 201®)nd-induced mixing(Bouffard et al. 2013b; Bouffard
and Wuest 2018; Lowry et al. 201&nd densitydriven plumes initiated by diffengial

heating/cooling between the littoral and pelagic zdiMenismith et al. 1990; Fer et al. 2002a;
12



Lei and Patterson 2002)he physical dynamics of each of these processes has been investigated
in isolation. For exampl he effects of wind on mixing and the hypolimnion temperature
(Boegman et al. 2012; Liu et al. 201#)e convection velocity during ieen and iceoff periods
(Austin 2019; Cannon et al. 2019; Volkov et al. 2018 rate of convective mixed layer (CML)
deepening €annon et al. 2019; Mironov et al. 2002nd the effect of slope on densisiven
plumes caused by differential cooling and heaffigirman et al. 1999; Lei and Patterson 2002;
Gu et al. 2018)

There is, however, a lack of understanding on how the physical characteristics of turnover,
as driven by these processes in concert, varies between fall and spring in small temperate lakes.
This results from the majority of research on seasonal turn@rmetshe driving processes, being
based on shoterm studies (2 days to a few weeks), due to the difficulty in obtaining
measurements during the {oa/off periodgBouffard and Wiest 2019J herefore, there is a need
to investigate fall turnover from summer through wintérand similarly, spring turnovérfrom
winter through summeri and how these events change rabtmually; thereby influencing
interannual variations in deepater biogeochemistry.

The threedimensional hydrodynamic model is a tool that may be employed to increase the
understanding of lake processes during thecmeer season, when observations lémited over
multiple years. Unlike ondimensional models, thraimensional models directly resolve, as
opposed to parameterize, the complex sub kmste processes involved in turnovers such as
convective plumes from sidearms and in +basin. The Hreedimensionality allows for
investigation of the spatial and temporal variation in these complex prockstas. study, we
apply the threglimensionaEstuaryand Lake Computer ModéELCOM) has been successfully

applied to large and small lakes for hydrodynathermodynamic studies, for example: Lake Erie
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary

(Leon et al. 2011; Oveisy et al. 2014)ake Simcoe(Bouffard and Boegman 2011)ake
ConstancéCaramatti et al. 2019). ake Minnetonkd&Missaghi et al. 2017Edmonton stormwater
ponds(Nakhaei et al. 2018)ncludingsimulation of ice cover on a small temperate |gReeisy
et al. 2012)

The primary objective of the present study is to combine fidlgervations with three
dimensional numerical simulations, to quantify the relative importance, anéiimaal variation,
in the processes (molasin penetrative convection, sidearm convection from differential
heating/cooling and mixing from the surfasand stress) driving both spring and fall turnover in
a small temperate lake. As a secondary objective, the relative strength of fall and spring turnover

was compared, in order to better characterize the annual cyddepivaterrenewal.

2.2 Methods

2.2.1Site description

Eagle Lake igure2-1) is a small Precambrian Shield lake with a maximum depth of 31.1 m, a
mean depth of 10 nsurface area ofo= 6.65 knt and a relative depth of 1% £B0XZnaxx —)

|l ocated in Central Frontenac Township, easter
seasonally ice covered with low snow accumulation (<10Qwejsy and Boegman 2014) has

an inflow from Leggat Lakes via Eagle Creek and a controlled outflow to Bobs Lake, which causes
aresidence time of 6to 7 years. Eagledaki s a sensitive Lake Trout
capacity6é by the Ontario Ministry of BB vi r onn

summer mean volurageighted hypolimnetic dissolved oxygen concentration is commonly below
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7 mg Lt dhecapacityd designation, prevents addi
surrounding the lake (OMOECC 2011). Given the low deafer oxygen concentrations, there is

a need to investigate how turnover events are influencing deep water oxygen.

m)

Northing (k

82°W 8w 78w 76 W 74°W
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Easting (km)

Figure2-1 (a) Eagle Lake location and (b) bathymetric map, Transects A, B and C show the locations of computational
model curtains, where model output was extracted. Field stations 1, 2 and 3 are indicated, where thermistor chains

were located. Red circle shows tbeation of the meteorological station.

2.2.20bservational Data

Meteorological dataFigureA.1) were recorded with a tripeghounted Onset HOBO U30 Weather
Station on a small isolated island during 2aBlat 16min intervals (484 1 . 5 2 4°@1.487? 76
W). The instruments measured air temperature and relative humidity (M08R; +0.21 °C,

+2.5 % accuracyjncomingshortwave radiation-LIB-M003; +10 W/n? accuracy) and :nin
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average wind speed and direction-W&FMO003; +1 ms', +7) at a 2m height. Day
precipitation was obtained from the Environment and Climate Change Canada Hartington
meteorological station [6103367], located ~ 30 km to the south. Mean daily cloud Emaoter
et al. 1979)was input each timestep, as calculated from daily averagedskigaadiation Seckel
and Beaudy 1973; clskswr.rahd measured shortwave radiation.
Water temperatures werecorded at stations 1 and 2{440 . 6 8 6°@2.183W; %464 1. 524 6
N, 76° 42.073 W, Figure2-1b) using Precision Measurement Engineerintydins (+0.005 °C,
www.pme.com) with nodes were located every 0.5 m in the vertical, starting 2 m below the surface
to avoid boat traffic and ice cover. Data was acquired from 20 May 2011 to 22 Nov. 20%1, at 10
sec intervals and subsampled teriih averages. Between 10 and 24 RBRII®O temperature
loggers (0.002 °C accuracy and 0.00005 °C resolution; httpsglisbal.com/) were also deployed
at stations 1, 2 and 3 (Tab%el), with 10 s sampling subsamplexl10-min averages, from 23
Nov. 2012 to 31 May 2014igure2-1b). Water quality sensors (RBR X4&20/620; DG1050)
were also deployed to measure dissolved oxygen, turbidity, fluorescence, conductivity and
temperature (Tabla.1). These results will be presented elsewhere.

The only available velocity measurements were from an Acoustic Doppler Current Profiler
(ADCP) [600 kHz Nortek Aquadopp]. Observations at@i@utes intervals with a-fn cell size
(Jun. 2012 to May 2013) did nbave a sufficient signdb-noise ratio to be useable from this low

velocity oligotrophic lake.

2.2.3Computational model

The threedimensional coupled hydrodynamic Aquatic Ecosystdviodel (AEM3D;

www.hydronumerics.com), which is a parallel version of walbwn ELCOM model (Hodges et
16



al. 2000), was applied to simulate the Eagle Lake on a 30x30 m horizontal grid with 32 vertical z
layers ranging from 0.5 m at the surface to 2 m thranghhypolimnion. The bathymetry was
digitized manually from a map provided by the Ontario Ministry of Natural Resources and
Forestry, which was compiled from bathymetric soundings taken in 1970, that are no longer
available. AEM3D is a thredimensional ersion of the 1D hydrodynamic model DYRESM,
which previously has been applied to Eagle Lake in a meér simulatior{Oveisy and Boegman
2014) It solves the Reynoldaveraged NavieBtokes equations based on the senplicit TRIM
approach, with a turbulent kinetic energy based mlagdr model for turbulent closure in the
vertical direction(Hodges et al. 2000)Standard bulk transfer models govern the heat transfer
exchanges between the water surface and atmespieee applied with an assumption of a stable
atmospherg¢Oveisy et al. 2012)In hydrostatic mode, vertical velocities are computed by applying
thecontinuity equation to the bottom cell, which has zero flux through the sediment, and sweeping
upward in each water column. This appnoeation does not directly resolve the vertical momentum
associated with convective plumes. In nonhydrostatic mode, the vertical momentum is obtained
from the relation between the vertical acceleration and vertical gradient of the nonhydrostatic
pressureiéld (Wadzuk and Hodges 2004)

In the present study, AEM3D was run for 7 years from 20 May 2011 td.1Z01(r in hydrostatic

mode with a 30 second timestep to satisfy the CotiaatirichsLewy condition. Surface and
bottom drag coefficients were calibrated todbe p® p ™ andw p T, respectively. The
model was also run in nonhydrostatic mode foedqa of 7 months, from 20 May 2011 to 22
Nov. 2011. The Fear and fmonth runs took 15 and 60 days of we&lthck time, respectively, on

a 4core 3.10 GHz XEON Windows server with 32 GB RAM,; illustrating the unfeasibility of

running the nonhydrostatic meldfor the entire #ear simulation, which would take 2 years
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realtime. Model output, including profiles (station8 in Figure 2-1b), curtains (AC lines in
Figure2-1b) and sheets at the surface, bottom and 8 m depth, were analyzed to investigate the
spatial and temporal changes in lake hydrodynankiggu(e 2-1b). A grid sensitivityanalysis,

with a finer resolution of 66 vertical layers at 0.5 m, a horizontal grid size df@fn and a time

step of 10 s took 38 days to completeyear run in hydrostatic mode.

2.2.4Analytical methods
The convective mixethyer depth l(cm.) was computé as the depth where the square of the

buoyancy frequency) —— first exceeded 10 s?, which corresponds to a temperature

gradient of 0.02C m! at a water temperature of°’8. Here, the gravitational constapt 9.81
m s? and reference density  p 1 kg M3, where” is the water density arglis the vertical
coordinate direction (positive upwards). During ice colef. was measured from the base of
the cold layer (AL.5 °C) immediately beneath the i@i€irillin et al. 2012).

Profiles of vertical diffusivityy & were computed using the heat budget method, which
is based on diffusion of temperature through the water column, where the vertical transport of heat
at a certain depth is equal to the rate of heat exchange from adjacent depths. Given the low spatial
variation in pelagic water temperature and a distinct lack of internal wave motions, Eagle Lake is
an ideal site to apply this meth@@owell and Jassky974; Jassby and Powell 1975)0 account
for the temporal and spatial gaps in the observational data (Aablethe heat budget method
was applied tahe AEM3D output and corrected for incoming solar radiation. The CML is
controlled by largescaleturbulenceBouffard and Wiest 2019jnaking the heat budget method

suitable for capturing diffusivity through thisyer.
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Equation 1 gives thMonin-Obukhovlengthscale, indicating the depth scale over which
the wind energy balances the change in potential energy from surface cooling or(hadknger

1985)
- (2-1)

where, 0. is the surface winghear velocity calculated from the-fiDadjusted wind speed.(

——"Y ),06 isthe drag coefficien, 1@ g@s the Von Karman constant afidepresents

the surface buoyancy flux, calculated from the effective heat flux (IHferger 1985)

5 — (2-2)

Here, is the thermal coefficient of expansidnQ?), andd is the specific heat capacity of water
(J kgt °CHh.

AEM3D output was also used to compute the effective heat flux, which includes net
radiation and sensible and latent heat fludenas et al. 2003; Pernica 2014; Nakhaei et al. 2018)
The thermal expansion coefficient is a function of water temperature, approaehmgt the
temperature of maximum densit¥fn{s-Figure A.2); therefore, temperature effects on density
become neglidgile whenB is undefinedKirillin et al. 2012) During icecover, the sensible and
latent fluxes were calculated, as in the absence of ice, using the ice temperature instead of the water
surface temperature, while the penetrative heat flux from the ice to the water was calculated by
subtracting net shtwave radiation from the amount of radiation absorbed by the snow, white and
blue ice layers, with a particular attenuation coefficient for each [@egisy et al. 2012)ice
temperature was calculated in the ice module, at each time step, using the steady state conduction

equation based on the attenuation of incident solar radiation through the three layers of snow, white

19



and blue icgOveisy et al. 2012)Moreover, the heat flux from the water to the ice layer was
calculated using constant ice and snow conductivit§ficants, multiplied by the surface water
temperature gradierfOveisy et al. 2012)The heat flux calculated by the model was validate
against the heat flux calculated from the thermistor chains at stations 1 and 2 f&)ufEhe
RMSE between the modeled and observed heat flux were 44 (station 1) and 4%stEtion 2),

showing reasonable reproduction of heat flux by the model.

The ratio of MonirObukhov length scale to the convective mixed layer) represents

the portion of the surface mixed layer influenced by wirdliced turbulence, where belawo,
convection induced turbulence dominatesbergerl985) The thermocline depth (Equati@rB)
was also calculated as the first moment of the density gra@iaoivdhuy et al. 2016)with the

hypolimnion being below this depth.

6o — (2-3)

In order to compare vertical velocities during the fall and spring turnovers, the absolute value
of convective scale velocity was cdlated followingPatteson and Hamblin (1988) and Bouffard

et al. (201%

V.5 PO s 7 (2-4)

Classification of turnover events

From the simulations, fall turnover was manually observed to begin once the entire water column
became nearly isothermal at teepest point of the lake at station Thufhce Tmaxdept] < 0.4°C
equivalent to a temperature gradient of <0.01 °@).nDuring turnover, the eddy diffusivity

increased({ x 103-102 m? s) toward the bottom of the lake. A relatively weak wind could then
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mi x or O6turnoverod the entire water column at
onset of oOinversed wint e 0.03°CMegTuicdTra@e@X1i0°€N, wh e |
formed in the water colum@Woolway et al. 2014)We note that using an isothermal criterion

means that the conditidrzm > the maximum depth, is not necessarily satisfied at the onset of fall
turnover. Similarly, spring turnover was manually observed to begin Wigewater column, at

the deepest part of the lake, became nearly isothermal (temperature gradient of <0:0dr°C m

| Tsurface Tmaxdept] < 0.4°C) after mixing of the winter stratification. Spring turnover ended once the
average water column temperature reached 4.0 to 4(3it£2 and Austin 2014; Austin 2019;

Yang et al. 2020a)

2.3 AEM3D calibration and validation

AEM3D was calibrated for a 2011 hindcast (20 May 2011 to 22 Nov. 2011) by adjusting the light
extinction coefficient, albedo, ice/snow albedo, wind drag coefficient and surface heat transfer
coefficient (Tables SB2). The final parameter set chosen gave the lowest error in comparison to
the PME thermistors at stations 1 and 2, which have the highest hegBotion. The water
temperature and the timing of the turnovers, from the calibrated model, were then validated against
the RBR logger data at stations 1 and 2 from 22 Nov. 2011 until 1 Jun. 2014 and station 3 from 19
May 2011 until 17 Aug2011. The ¢e/snow albedo values were from a sensitivity analysis
applying a 1D model (DYRESM) to Eagle Lake, which uses the sarsmave model applied in

each grid cell of AEM3D Qveisy and Boegman 20iHeir Figure 9) Small errors
(RMSEsuriace=0.8 “C) between modeled and observed water temperature at the gtofagem)

under the ice indicates reasonable reproduction of solar radiation penetration throughTibe ice

examine whether the model appropriately reproduced vertical motions, the simulated velocities
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and sizes of the vertical plumes were compared weithes from the literature, for the hydrostatic,

nonhydrostatic and grid sensitivity runs (fggendix A).

2.3.1Water temperatures

The model accurately simulated the thermal conditions of Eagle Lake; however, compared to
observations, the modele#asonal thermocline was more diffuse. The duration and onset of
stratification, as well convective mixed layer thickness, were successfully reproduced by the model
in comparison to observations at three statiéingufe2-2a-e).

Rootmeansquare error (RMSE) and degree of correlatiof) (Rere usedo quantify the
error between the observations and simulated water temperatures at different depths (station 1 and
2) during the calibration and validation periodss anexample of the calibrated runs, water
temperature time series versus depth were compBrguar€2-2a-¢).

The RMSE during fall and spring turnover at stations 1 and 2 was within a range of O to 2
°C with an average d3.78°C in fall and 0.73C in spring Eigure2-2f, FigureA.3). The mean
annual range was higher (RMSE = 0.2 to X3, with an average of 1.5C from 2011 to 2014
(Figure2-2g-h). The RMSE at station 3 was 0C in 2011(Figure2-2e). The RMSE were lower
for the calibration period (0.9C) than validation (1.7C) (Figure2-2g-h, circles vs. asterisks and
triangles) The correlation coefficient 3R between the simulated temperatures and observed data
were reasonably high (0.4¥97) over the 3 years of validati{figure2-2g, h). More temperature
comparisons are given in FiguAe3. Ice thickness was simulated with an error of ~3 Emgufe

2-9a-blue circles).

22



E E _
= : o
& = 10+
a8 &
0
Jun Jul Aug Sep Oct Mo
E .
£ £
o 10 +
[
0
Jun Jul Jun Jul Aug Sep Oct Mo
25 0
Obs 5m e . #  Spring,2012(RER)
Obs 11m _ #H ¥  Spring,2013%RER)
& Model 5m E-10 # &  Fall2012(RER)
& 15 Model 11m  # % &  Fall2013(RER)
= o L
* ¥ *
5 PR SRR P - | 0 - . f, 5T1
Jun Jul Aug 0 2 3
2011 T°C)
0 - 0
. * - & 2011(PME)
& L0 # . * % 2012(RER)
E-10 . *{ E -0 .3* & 2013(RER)
= Fi) = L ] *
% ol "1 E : %
a =20 M iy * 1 0 =220 - z
¢ ST1
=30 by * g' 30 |'|J STE
0 05 1 15 2 25 3 35 0 1 3
T(°C) T4

Figure2-2. Simulated water temperatures, from model calibration, are shown against the observechBMivater
temperatures (d) stations 1 and 2 in 2011. (e) comparisons between modeled (blue and black lines) and the observed
RBRwater temperature at station 3in 5 m (red) and 11 m (pink) in 2011. (f) RMSE comparisons between observations
and model temperatures with depth during fall (circles) and spring turnovers (asterisks) for 2012 and 2013 at station
1. Twelvemonth RMSE comg@risons between observations and model temperatures with depth for calibration (2011)

and validation (2012, 2013) periods at stations 1 (panel g) and 2 (panel h).
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2.3.2Vertical velocities
Water temperature data were used to examine whether the sudden changdsled vertical
velocities (v), were consistent with observed sudden changes in water temperature. Strong vertical
motions ~°3 mm s' occurred at the same times as the water column homogenized through
deepening of the CML during turnover everiig(ire2-3). Both surface heat fluand wind speed
are important drivers of turnover in temperate laf@suffard and Wiest 2018 omparing the
observed lake temperature and calculdtedt flux (Figure 2-3) shows the lake temperature
response to follow the same pattern ashtba flux, with a time lag. During the cooling period,
the CML deepening accelerated whesat fluxbecame negative, eroding the stratification and

homogenizing the lake.
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Figure2-3. Turnover events atation 1 from 1 Jul. 2012 to 1 Jul. 2014. (a) modeled vertical velocities, (b) total heat
flux (blue line and left axis; positive into the lake) observed wind speed (black line; right axis), and (c) the observed
water temperature time series at 5 m (hld®) m (red), 20 m (black), and 25 m (green) depths. Black and red boxes

denote fall and spring turnovers, respectively.
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2.3.3Vertical turbulent diffusivities
The averag&; during the summer of 2011 was compared to publighuofiles during the same
time interval Figure2-4a), obtained from Batchelor fitting to microstructure ditakhaei et al.
2016) The observed and simulatégwere comparable in the epilimnion and metalimnion, but in

the near laminar hypolimnion, the simulated values were consistently an order of magnitude larger

than the observations (10s. 10° m? s1).
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Figure2-4. Average Kz at station 1 (a) Observed average Kz from Batchelor fitting to microstructure data at station 1
from 27 Jul. 2011 to 5 Oct. 2011 (black line; Nakhaei et al. (2016));dwveeagedz from heat budget method
applied to modeled results over the same time interval (blue line). (bateragedz using the heat budget method
during fall turnover (solid line), spring turnover (dashed line), winter stratification (dotted line), and summer

stratification (circles). Reox denotes main portion of the water column, away from surface and bottom boundary

layers.
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2.3.4Horizontal scale of vertical plumes

To evaluate how the model reproduced convective motions, the physical scale and characteristic
velocities of the simulatedertical plumes at the surfacEigure 2-5a) and from crossections
(Figure2-1b (curtain A),Figure2-5b-g) were compared to literature values from similar lakes (see
Discussion). The simulated radius of the vertical plumes ranged from 15 m to 122 m during spring
and fall, with the 15 m radius (30 m diameter) plumes occupying a single 30 m grid cell. These
hydrostatic results were grid independent on a 10 m x 10 m grid (FAgéyend consistent with

the nonhydrostatic simulation on a 30 m x 30 m grid (Figu®e TableA.4).
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Figure 2-5. Successive model output snapshots of-ba@din convective plumes in the surface sheet and curtain A

(dashed line) (a) Surface sheet showing vertical velocities (b, d, g) streamlines (blue lines) and water temperature
(colors); (c, e, g) vertical velocity (colors) and-phane velocity (black arrows). Black box emphasizes the

development of a mithasin convective plume. Times are indicated in the panels.

2.4 Results

The individual processes contributing to turnover are firsitiied in the hydrostatic 30 m x 30

m grid model output and in the field observations, followed by a description of how these processes
27



combine to drive fall and spring turnover. The implications of the hydrostatic assumption and

chosen grid resolution @aaddressed in the Discussion.

2.4.1Processes driving turnover

2.4.2Mid -basin penetrative convection

The generation of midasin penetrative convective plumes during fall and spring overturns is
compared. Consider fall turnovdtigure2-5), when the lake was nearly isothermal (4.6 t°6.3

over the water column) and wind mixing could be neglected; as determined by the- Monin
Obukhov length scalé.(10 e 0). Penetrative convection began with nigihte cooling (e.g., 21:00

on 2 December, 201 Eigure2-5b, c), three hours later (midnight on 2 December, 26idure

2-5d, e), the hdadoss at the free surface had generated an unstable density gradient (~0.1 °C over
~5 m from the surface), which penetrated into the water column at ~1'ramdswith a ~50 m
horizontal radius (from 900 m to 1005 m on the horizontal axis). As time paasgdhe lake
continued to lose heat, the vertical plume expanded in width and depth, sinking at ~2’8 mm s
Eventually, return flows were evident in the streamlines on the left and right sides of the downward
plume Figure2-5f, g). The upward plumes travelled at ~1.3 mhwéth a horizontaradius of 70

m. As the cold plume reached the ldded, the width continued to increase as the ambient warmer
water was displaced towards the surface, until the return flovpaisd. This mechanism persisted

until 03:00 the next day.

In spring, the turnover mechanism initiated with penetration of solar radiation under the ice; but

the physical characteristics of these plumes differed from those in fall. The average gpeed of
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downward plumes was 0.45 to 0.67 mifpwhile the upward return flow ranged from 0.3 to 0.39
mm st. The average horizontal radius of the uridervertical plumes was ~56 m and ~63 m for
downward and upward plumes, respectively. Seasonal differarecesvident in the convective
scale velocities (Equatio?4) during fall and under ice in spring turnover, which can be used to
compare the strengths of the vertical plumes during fall and spiggré2-6a). The onvective
scale velocities were roughly the same8(6m s') in all years during spring turnoveFigure
2-6a, light gray shading), even though ice thickness differe@l@m;Figure2-9). The mean fall
convectivescale velocity Figure2-6a, dark gray shading), over they€ar simulation, was ~8.3
mm st with a standard deviation of 1.1 mnk svhereas in spring, the mean decreasedtb mm

st with a standard deviation of 2.3 mn @igure2-6a; light gray shading).

To understand the effects of mixing on water column structure and, in partiniXang
during turnover, profiles of vertical tuutent diffusivity, calculated from the heat budget method
were compared tbcve (Figure2-6b). Six years of summer stratification are shown, where the
water column was divided into the surface mixed layer or epilimiiem.; Figure 2-6b, black
line), the stratified metalimnion and the hypolimni@iuest et al. 2000)n each cycleK; was
smallest (~16 to ~108 m?s?) in the metalimnion during summer stratification and immediately
following fall turnover;K; was larges(~102 m?s?) during spring and fall turnover even&dure
2-6). ThelLcm extended to the lakieed during fall turnover, in all years, and continued to the
onset of inverse stratificatiofrigure2-6a,b; end of dark gray shading). During wintigepening
occurred gradually as a result of heat storage, which warmed the top layers during ice cover. This
weakened the winter stratification until the onset of spring turnover. Axtexpfom Equation
(2-4), there was a positive correlation betweenand Lcve, both having local maxima during

turnover events, when convection drives mixed layer deepeRigaré2-6).
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Figure 2-6. Calculated convective scale velocity (w*) from 20 May 2011 to 15 Jul. 2017. (a) Black line is the
convective velocity, dark and light gray shading show the times of fall and spring turnover, respectively. (b) Colormap
of turbulent diffusion coefficientaiculated, overlaid with the LCML (black line) and thermocline depth (dotted line).
The convective mixed layer (CML), metalimnion (M) and hyplimnion (H) are indicated. Arrows show the thickness
of hypolimnion at the end of spring turnover in 2012 and 2B#6!. circle indicates deepening at the onset of summer

stratification. Blue line denotes ice cover in both panels.

2.4.3Side-arm convection

Coupling between relatively uniform surface thermodynamics and horizeatation in
bathymetry between the littorand pelagic zones, creates a horizontal density gradient that
initiates downward plunging of plumes along the bottom s{bfmismith et al. 1990; Farrow and
Patterson 1993; Bdiard and Wiest 2019)To investigate their dynamics, the plumes were
visualized during the fall and spring turnovers, when winds were calm (<}.m's

For example, cooling during the night 25 Nov. 2012, generated a littoral zone at the

western shoréhat was 1.5 °C colder than rAsin Figure2-7a). A plume descended offshore
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downslope from 01:00 to 03:00 a53nm s, as visualized with streamlines and velocity vectors
(Figure2-7a,b; arrows). Over the subsequent of 3 hailmes,plume continued to descend with a
subsurface baroclinic temperature differenge~ 0.15°C and a speed10 mm &, driving a
recirculating flow Figure 2-7c, d). As the heat loss continuegl] rose to 0.2°C and the
streamlines separated from the bed, allowing the cold current to move over the bottom toward the
eastern shord={gure2-7e, f). The momentum of these currents was sufficient to carry the water
horizontally across the lakeed Figure2-7e, f). A similar descending plume was also visualized
to occur from cooling along the ¢as shoreKigure2-7e-f). Here, a surface gradient of ~1.0 °C,
from the littoral zone to mid basin, generated a ~5 m thick plume with a baraplintc0.2 °C
and maximum velocity of ~10 mm‘§Figure2-7f).

Convective plumes also occurred in spring, under ice cover, with heated watgr at
descendindgrom the littoral zones. As an example, a plume resulting from differential heating

under ice descended with a velocity ofmgh s and thickness of ~10 nfrigure2-7g, h-arrows).
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Figure2-7. Model output along curtain A showing density driven boundary plumes induced by differential cooling
and heating during the fall of and spring of 2012. (a, c, e, g) water temperature (colors) and streamlines (blue lines);
(b, d, f, h) vertical velocity @ors) and iAplane velocity vectors (small black arrows). Large black arrows highlight
flow direction. Black boxes show the formation of density driven plumes on the western and easteed |akmes

are indicated in the panels.
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2.4.4Wind-induced mixing

Wind can provide energy to mix the water column during turnover. However, in Eagle Lake wind
sheltering by ice and tremver (Oveisy and Boegman 201#jnits the wind impact on spring
turnover. For example, ifigure 2-6, 0. was suppressed during icever; a rapid decrease
occurring when the lake was still isothermal. To bettereustdnd the impact of wiridduced
mixing on turnover, the daigveragedLmo was compared to wind speed, water column
temperaturel.cm. andKz. On 1 Oct. 2011, 5.5 mtswvinds generated x 7 mm s' at the lake
surface Figure2-8d) andLmo = 8 m Figure2-8c), providing sufficient energy to mix the surface
layer to a depth of 6.7 m witk; ~10%2 m? s* (Figure 2-8c, d). The stratification continued to
weaken with increased heat loss and on 21 Oct. a strong <7wind event mixed the water
column to a depth of 22 m witk, ~ 10°m? s (Figure2-8c, €). When the lakeas fully isothermal

on 29 Nov., 5.5 mSwinds andox 4 mm s' mixed the water column to 15 m depffigure
2-8f), as predicted bymo. In general, when there was weak background stratification, the wind
mixed thewater column to the depth predicted lbyo, with a strong diffusivity (K ~10*m? s?)

and wind events, together with heat loss, mixed the lake during the fall turnover eigené (

2-89).
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Figure2-8. The effect of four wind events (black rectangles) on lake mixing during fall 2011. Black rectangles in panel a correspond
to times of curtain A plots (panels d td gs indicated). (a) Daily averaged wisideed, (b) water column temperature at station 1

for various depths, (c) Contours of vertical turbulent diffusivity (heat budget method), black line sko{is|L2-1) and the black

dotted line shows the estimateehi.. (d-g) Curtains A showing how windrents impact the lake circulation; top panels are water
temperature with streamlines (blue lines), and bottom panels are current speegpleitte imelocity vectors (small black arrows)

together with the estimatedsb (White dashed line).
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2.4.5Heat flux during fall turnover

Fall turnover began in November to Decembdgg(re 2-9a, h when the water column became

near isothermal and had a duration of 7 to 23 days, with the water column cooling at a rate of 0.13
to 0.23°C day? (0.15°C day! average). Turnover ended with the onset of winter stratification.
The daily averaged effectivesat flux(positive into the lake) was within a range-d80 to +270

W m2 (Figure2-9a). Ice usuajl formed in late December and lasted until April to May, with a
simulated ice thickness of 12 to 22 cm.

The heat fluxwas roughly balanced (net flux 0) in September through October, when
the stratification weakened in the surface layers t@gure2-9 red rectanglefigure2-10a) and
the difference between the air temperature and the water surface temperature was small (< ~2 °C).
Later in fall, the heat loss increasedcasling accelerated, and the surface mixed layer deepened
until the lake mixed and became near isotherf@ufe 2-9b, beginning of dark gray shading;
Figure2-10b). At this time,the air temperature was >4 °C colder than the lake surface.

Large overturn events occurred, while the lake was isothermal, until the onset of winter
stratification Figure 2-9b, end of dark gray shading). Sidearm \&etion, initiated from the
littoral areasftigure2-10c, red arrows)wind-induced mixing Figure2-10d, red arrowsand mid
basin penetrative convection mixingigure2-10e, vertical red arrowsall occurred within days
of one another. The lake was sensitive to wirdliced mixing during isothermal conditions, when
there was sufficient wind energy to mix the water column. For example, a5wind event
caused largscale overturns when the lake was near isothermal 4C~®&igure 2-10d, red
arrows). These important events mix the lake over ksmmafes, redistributing oxygen and
nutrients, which aretherwise separated by the seasonal thermocline in summer, when vertical

flux is negligible, occurring at molecular levels (Oveisy and Boegman 2014; Nakhaei et al. 2016).
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Maximum heat loss was between November and December, during terfaller events
and prior to full icecover fFigure2-9a; dark gray shading); at this time, the entire lake volume
was available for heat loss to the atmosphere. The water column responded rapidly, to the high
heat los, with ice forming when the air temperature was low (a difference of 3.2 °C between the
air and surface water temperatures). The surface layers cooled and initiated the characteristic
inverse winter stratification prior to ice formatioRidure 2-9b; below black dotted line); the
strength of which varied annually ~ 6.119N 2 < ~ 8.4 x1(P s? depending on the intgrlay
between wind speed and the rate of heat(Méarsg et al. 2021)These changes began in the littoral
areas and progressed toward +hasin Figure 2-10e; red rectangle and arrow®nce full ice
cover formed Figure2-9a; red arrows), theeat fluxbecame positive (into the lake).

Ice thickness depends on the amount of heat loss during theegreriod(Kirillin et al.
2012) For instance, in years when cooling was stronpe resultant ice cover was thicker (e.qg.,
fall 2013/winter 2014, fall 2014/winter 2015 and fall 2016/winter 2Figure2-9a). Ice growth

continued until théneat fluxbecame positive and the lake began to steet.h
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Figure2-9. Heat flux, ice thickness and water column temperature at station 1. (a) Model computed net heat flux
from the lake surface (HF, black line) and modeled ice thickness (blue line) and observed ice thickness (blue circles,
Oveisy and Boegman 2014), redaws show changes in heat storage with ice formation; (b) modelled water
temperature at different depths at station 1. Black dotted line represents thevhich any stratification below this

line considers as inverse.; (c) modelled contours of watquaeature at station 1, the solid line shows the estimated
LCML 8Dark and light gray shaded areas in panels a and b represent fall and spring turnovers, respectively, and red

rectangle indicates time of weakening of stratification together with heat flux

2.4.6Heat flux during spring turnover

Spring turnover lasted for 329 days (meafi standard deviation) and ranged from the end of
February until the end of May, depending on the yEaure 2-9b). Once the lake mixedhe
water column warmed at 0.008 to 0.037 day* (0.023°C day! average) until the onset of

summer stratification.
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Penetration of shortwave radiation, through the ice, warmed the surface layers while they
were colder than 4C and produced plumes that penetrated to the bottom of the CML; the mixed
water column below remained calfigure2-10f; red arrows) The depth to which these plumes
descendedHigure 2-10g) increased with the net heat flukigure 2-9a; black line in light gray
shading). This gradually warmed the top lay€&igire2-10g; red rectanglegnd mixed the invees
stratification, making the lake isotherm&iqure2-10h) under the iceRigure2-9a, b; light gray
shading. Once the water column became isothermal, spring turnover mixéue tbottom,
followed by warming of the entire lak&heheat fluxwas highest 4.4 days before complete ice
off, when the thin ice layer {8 cm) inhibited heat loss but allowed solar radiation to penetrate
through the ice and warm the top layers. Thisiated the formation of dense plumes, with a
temperature of ~4C (ambient water column temperature = 3@),°during the day and
consequently warmed the entire water colufigre 2-10h). At ice off, heat storage dexased

and summer stratification began, once the water column reached 4 @ 4.5 °
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Figure2-10. Cross sections (curtain EigureZ-l), progressing from fall 2012 througpring 2013, showing contours of water

temperature (colors) and streamlines (blue lines). (a) weakening stratification; (b) mixing and deepening of CML; (c) cool
convective plumes descending from sidearms; (d) widdced mixing from a westerly wind ever(e) onset of winter
stratification from the littoral zone (red rectangle). Vertical red arrows shovbasith convective movement; (f) under ice vertical
movement in the CML (red arrows); (g) onset of spring turnover (red arrow) and sidearm convedti@et@ngle) from heating

of the surface layer under ice; and (h) fhisin convection under ice (red arrows).

2.5 Discussion

2.5.1Hydrodynamic calibration
The maximum RMSE of 3.2 °C occurred through the thermoclinel§1t) in 2012; however,
this was reasa@ble for a long term simulation, in comparison to other stugéaslow et al.
2017) Smallerrors in simulation of thermocline depth can lead to large RMSE, even with high
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model resolution@orostkar 2012his Figure 2.6). The error in water temperature during turnover
(0.73 and 0.78 °C) was lower than the annuatayed errors, which was expected when the water
column was uniform. The 2 °C error in hypolimnitic water temperature may be explained by the
lack of sediment heating in AEM3D, which is typicallpW m 2 (= 216 kJ day m2 on average)

in small lakegOveisy and Boegman 2014Jonsidering the specific heat capacity of water is 4180
kJ m?3, this amount of heat is enouthincrease the temperature of 5 m of water column by 2 °C
in the 100day stratification period (0.05 °C dayn™).

The average RMSE of 1.45 °C owarrange of €6 °C (5%) indicates that the model
satisfactorily simulated the thermal structure of Eagle Lake. For instance, in Cayuga Lake using
the MITgecm with 22 m horizontal resolutiddorostkar et al. (201Had RME = 1.9 °C and in
Edmonton stormwater ponds using ELCOM with 2 m horizontal resolltiakhaei et al. (2018)
had RMSE = 1.24.6 °C. Moreover, the model accurately estimated the thermal structure within a
shallow embayment (gtan 3) indicating the uniform meteorological data is adequate to force the
entire domain. fie RMSE betweerLcve, calculated from observed and modelled water
temperatures were, respectively, 0.32 m and 0.2 m at stations 1 and 2 @&igur&Vhen
normalizel byLcme (57 15 m), the error wasil6% indicating that the model accurately predicted
mixed-layer depth.

Hydrostatic models are unable to resolve the vertical velocities resulting from convection;
rather they compute vertical velocities by applyingiservaton of volume to the horizontal
momentum field.However,it would take 2 years to complete thg/&ar runtime simulations in
nonhydrostatic mode; an unreasonable ghltk time. A 7Zmonth runtimenonhydrostatic
simulation, encompassing the firstlfturnover event, shows the nonhydrostatic and hydrostatic

simulations to be qualitatively similar (Tal#e4). The hydrostatic convective cells were slightly
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smaller (14% error; FigurA.9), with highervelocities (56% error; Figs. S9 and S10), resudfi
in a similar overall volumetric flux (4% error; Tabbe4) and buoyancy flux (<0.3 °C difference
in RMSE compared to observations; Figures S9, S10 and S11). Given these small errors, and the
significantly longer nonhydrostatic watlock times, applid@gon of the hydrostatiapproximation
is warranted in this application. Consistent with our resbitgrich and Lin (2002jound unstable
modes in both hydrostatic and nonhydrostatic modes (using DieCAST) to be qualitatively similar,
with quantitatively similar convectively adjusted states, where the hydrostatic approximation
created more energetic plumes.

There were no vertical velocity observations to validate the model olitpritzast majority
of lake models do not include calibration of velocity, which is typically achieved through
comparison to the baroclinic temperature field, which itum a fundon of coupling between
thermodynamics and velociti@idodges et al. 2000; Bouffard and Boegman 2011; Caramatti et al.
2019) However, the model does show good performance véltbcities in limited comparisons
in other lakes (e.gvalipour et al. P15). The predicted vertical plume speed was ~5 mpwich
is in the typical range of 0.6 to 30 mnm abservations (e.g., 0.6 mmt s Heywood LakgMalm
1999) 2 mm s'in Tub Lake and Babine LaKkikens and Ragotzkie 1965; Malm 1999)mm s
1in Soppensee Lakgdonas et al. 20039 mm &' in Lake SuperiofAustin 2019)and 30 mm $
in the Greenland SeéSchott et al. 1993)Similarly, the modeled radius of the rrdsin
penetrative plumes were between 15 m (30 m radius; one grid cell) to @2@rrihe simulation;
again consistent with the literature: 5 m in Soppensee (Hkeas et al. 20031040 m in Tub
Lake (Likens and Ragotzkie 196550 m in Lake SuperiofAustin 2019)and 300 m in the

Greenland Segbchott et al. 1993)This scale is a function of lake siteat flux and the ratio of
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bottom area to the water column depth;mmgbnvection being more vigorous when the ratio is

greater(Likens and Ragotzki#965)

2.6 Comparison of processes governing fall and spring turnover

During turnover, sidearm convection from differential heating/cooling andakel penetrative
convection contribute to mixing and water column over{ter et al. 2002b; Bouffard and Wiest
2019) Wind can also provide sufficient energy to mix the water col(lBouffard and West

2018) however, turnovers can occur when surface winds are sheltered by ice cover. For example,
positiveheat fluxbegins with he ice formation during fa(Kirillin et al. 2012)and penetration of

short wave solar radiation through ice causes vertical plumes during §pang et al. 2017,
Bouffard et al. 20119; Winters et al. 2019Below, we investigate the relative importance of wind

and convection on lake overturn.

2.6.1Differential cooling vs. differential heating

Thermal exchange between the lake surface and the atmosphere generatedrilerspjumes,
whose characteristics differ spatially and temporally. For exartidenodeled plume iRigure
2-7e-h, had a velocity of 5. mm s! and thickness of 10 m, which are within the same order of
magnitude as observations in other ice covered Ig&efanovic and Stefan 2002; Kirillin et al.
2015) However, there is a lack dénsitydriven plumeobservationgBouffard and Wiest 2019)
with the majority of present knowledge on littoral densityrents being from laboratory
experiments (e.gSturman et al. 1999; Wells and Nadarajah 2009; Naghib et &), 2Glopposed

to the limited observational studigd@nismith et al. 1990; Fer et al. 2002a; Kirillin et al. 2P15
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Therefore, this study provides apportunity to further computationally investigate plume
characteristics at fieldcale. The 28 plumes, identified in the model output to result from
differential cooling and heating were measuré\ire 2-11a) along the relatively smooth slope
of the eastern flank of the main badiigure2-1; cross section A). The plumes generated during
cooling were ~60% thinner (~5 m thick, TaBle&), compared to the warm plumes during heating
(~8 m thck, TableA.5), when the surface buoyancy flB Equation 22) driving convection was
remarkably stronger under ice during spring heating. However, the speed of the cold plumes during
fall (~6 mm s!, TableA.5) was ~200% higher than speed of the walumes in spring (~2 mm
s?, TableA.5). The plume thickness had a positive correlation with the buoyanciVlels and
Nadarajah 2009Yherefore, weaker buoyancy flux during fall cooling may limit plume thickness.

The 10 m x 10 m grid sensitivity simulation allowed the modeajénerate smallescale
convective plumes (thickness of 0.5 to 1 m and average speed of 2nfigweA.5). These
smaller plumes did not penetrate beyona 8lepth and their discharge (<2 &1) likely did not
contribute significantly to the basstale seasonal degmter renewal.

To test for generality, the simulated results were compared to those from the discharge

eqguation for steady convective dowsiope flow(Sturman et al. 1999)

Ny T
R (2:5)

P O WE —

(o]

where,Qstis the discharge rate per unit length of shorelinis,the forcing plane length ad € —
is the slope. Error between the simulated disch@gad Qs: was < 20% withR?>=0.66 Figure
2-11a, TableA.5). The discharge per unit length of shoreline ranged from 0.01 tav§<i4n?

and was of similar magnitude for plumes forced by cooling or heating.
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When compared to observations from other lakes, the Eagle Lake discharges were larger
than those for Eau Gaulle Reservoir and Lake Ana (<®8tm™). This is probably due to the
measurements in Eau Gaulle Reservoir and Lake Ana being done during ssinatiferation,

when both formation and intrusion depth of these currents would be ligBiieanan et al. 1999)
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Figure2-11. (a) Comparison between calculated discha@st (Eq.2-5) and AEM3D simulated dischargz(black
dots: cold dense plumes during fall turnover, black triangles: warm dense plumes during spring turnover and green

dots: 1010 m horizontal grid). The modeled data are compared with field data from Eau GalleiRg&tenman

et al.1999) and Lake AnngNaghib et al. 2018)b) Daly-averaged wind speed vs ttadio—— during fall turnover.
2.6.2Contribution of wind to fall overturns

The ratio of the MonirObukhov length scale to the CML depth< represents the fraction of

the surface mixed layer with active turbulencerfreind sheatimberger 1985)below that depth

convective processes dominate. For Eagle Lake; was estimated for all 7 years during fall

turnover (TableA.6) showing that wind mixed the water column to a depth of 5.8 to 12.5 m with
an average CML thickness of 25.8 m during fall turnover. Therefore, wind contributes to mixing

of 22 to 48% (35% on average) of the CML during the fall turnover period.
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The correlation of— to the parameters driving mixing (Tab%6) was investigated,

with wind speed being most relevaff£0.93), giving a linear relationship between wind speed

and——-during fall turnover Figure2-11b). The rehtionship betweehmo and wind speed was

expected to be a&lind)!°, which is near the suggested linear correlation considering the narrow
range of observed wind speed (3.8 m s'). This could be explained by the consistent range of
B over the year§i 0.5 to 0 m ¥; FigureA.2c), due to the narrow range 0B{-0.2-0 °C*; Figure

A.2b) during fall turnover when the water column temperature was6-:@& (Figure2-9b; dark

gray shading)The turbulent diffusivity ;) was the least correlated#®.42) parameter to—.

This is likely because diffusion of heat, due to convection, is embodiedwhereas® is only
related to winenduced mixing ExtrapolatingFigure2-11b, suggests a meataily 8.6 m 3 wind

event would mix the entire water column. This agrees with simple energetics calculations in
Boegman et al. (2008During October through November, the water column was weakly stratified
with lake surfacdemperature of 10C (” w w&kg ) and a bottom temperature of’@

@ p 1 Tkg n°). Considering a mean depth of 10 m, the amount of work required to mix the

water column i€©O ———— ¢ ® Jm? The available wind workp @&t 06.Yoover

a time period ofYo = 24 hours(Fischer et al. 1979)is a function of the surface strebs

0 Y , whered p® p 1 and” p& kg m3 (Boegman et al. 2008The coefficient
of 0.3 accounts for the stirring efficiency of the wind, shear productidrcanvective overturns
(Spigel et al. 1986their table 1). From these calculations, an 8.6'wind produces 25 J ¥

over 24 hours, which is just enough to overcomecti® J nm?embodied in the stratificaticand

mix the water column.
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2.6.3Predominant processes driving fall and spring turnovers

We modeled). to range from 613 mm &' during fall turnover and -8 mm s' during spring
warming under ice; these results match observations of under ice convection in Lake Onega
(Bouffard et al. 2016)Under ice). was on average 78% of the convection velocity during the fall
turnover period in Eagle Lakwhich may be similar in other small temperate lakes.

We have shown that wind stress contributes to mixing only the upper 35% of the CML during fall
turnover; therefore, deepening at the base of the CLM is driven by convectichasidplumes

are mucHarger and more effective at deegter renewal, but occur later in the season, with the
temperature of the shallow littoral zones responding faster tha#basid sites to changes in
surface heat flux. An average niidsin fall plume carries ~600 ! sn! (Equation2-4, Figure

2-6); whereas, an average plume driven by littoral cooling is ~28 o5 (Equation2-4, Figure
2-6), whichis (——— p )1+ 3% of the volume and <2 % of the total vertical mixing.

Conversely, during spring the discharge for an averagebasih plume was (55 mx6.5 mm)s
~ 0.4 L st m! and for a sidearm plume ~16 L$m™, which is <~4 % of the mithasin value.
Consequentlyin both spring and fall, midasin convection likely drives the majority of deep

water convective transport in Eagle Lake.

2.6.4Rate of cooling vs. Rate of warming

During fall, the water column cooled at a rate of 0.13 to 628ay*, with an average of.05°C
day?, until large scale overturns ceased when the watercolumn appro&gshddhe total duration

of the cooling period ranged from 25 to 61 days, for fall turnover duration of 7 to 23 days. During
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spring, the water column warmed at a rat6.608 to 0.037C day* with an average of 0.02€
day?, showing the water column to cool ~7 times faster than it warmed. The same order of
magnitude of warming was measured in Lake Superior (F02%ay') by Austin (20B) and in

Lake Onego (0.036C day') by Bouffard et al. (201%luring three short spring campaigns.

2.6.5Interannual variation in seasonal turnover

The duration of fall turnover was similar in all years (mean of 13 days + standard deviation of 4
days), but the inteannual variability was large for the duration of spring turnover (51 days * 30
days). This suggests that complex intéoas between ice thickness, ice duration, the CML
temperature at the beginning of winter stratification, andhteg flux occur with inteannual
variation in springbut fall turnover depends directly on theat flux, which has lower variability
(Figure2-6, Figure2-9a). We are not considering snow accumulation (< ~10 cm per @eaisy

and Boegman 2014lue to low winter snowfall (on average < 6 cm) and sufficient siademove

snow cover (Figurd.1f).

We found that a strong inverse winter stratification shorteneditration of turnover by
postponing the onset, leaving insufficient time for mixing before setup of the seasonal thermocline
(e.g., 2013, 2015 and 2DFigure2-9b, light gray shading). The strength of inverse stratification
depended on the amount of heat loss and wind speed prior to ice forrrationtheYang et al.

(2021)c |l assi fi cati on, Eagle Lake is o6cryostratif

log(Hmax O ) = 1.1. In cryostratified lakes, the inverse stratification occurs beforenice
when the wind speed and heat flux control the strength of the stratifi¢ai@mgy & al. 2021)
Similarly, our model predicted inverse stratification to develop in advance-ohid&/eak winds
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cause the stronger inverse stratification to lose more heat prior to ice formation, whereas mixing
from stronger winds erodes the inversetstcation. For instance, the lake experienced strong
inverse stratification in the fall 2012/winter 2013 due to large heat loss (15G;Wigure2-9a)
and low wind speeds (2.5 rt;sFigureA.1b). Incontrast, the inverse stratification was weak in
the fall 2013/winter 2014 with stronger winds (4.5 # and similar heat loss (150 Win

The end of spring turnover depended on the surface heat flux, which determined the water
column warming rate andaosequently the strength of under ice convectorhanced warming
shortened the duration of spring turnover, increaswand causingcwve > 4-4.5°C. For example,
in the winters of 2014 and 2015, which had similar ice duration and thickness (~2Bigum (
2-9a, blue line), the spring turnover was shorter in 2FE§ufe 2-9a; light gray shading) when
there was a stronger heat fllidure2-9a; black line); this increaset in the spring of 2015 to
12 mm $' relative to 8 mm$in the spring of 2014Rjgure2-6a; light gray shading).

The fetch lengti{Molot et al. 1992)gand duration ofce cover (winter severity; Yang et al.
2020) have both been found to be directly pro
level) of spring turnover. While we do not model oxygen, we found in years when ice duration
was longer, spring turnovevas complete prior to ieeut and the initial hypolimniorHjgure2-6b;
zone H) was thicker at the onset of summer stratification. For example, the lake experienced
identical spring turnover events in 2012 and 2Bifure 2-6b; light gray shading) under similar
w= and ice conditions (8 mmlsFigure 2-6a, 0.13 m,Figure 2-9a, blue line), but theénitial
thickness of the hypolimnionF{gure 2-6b, double arrows) was greater in 2016 when spring
turnover ended before iadf and weak stratification formed under the ice. However, in 2012
(Figure 2-6b; red circle), spring turnover continued after-af€ causing the initial thermocline

deepening to be stronger, leading to a thin hypolimnion. This could directly impact the
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hypolimnetic oxygen concentration during summer stratiiioc, which depends on the initial
deepwater oxygen concentration and hypolimnion thickn@suffard et al. 2013b; Nakhaei et

al. 2021a)

2.6.6Diffusivity during turnover

During late summer through early fall, the time averaged observed and simulated (heatbudget)
were within the same order of magnitude, with both elevated near the surface and reduced through
the thermocling~10° to ~10% m? s; Figure 2-4a). Results from Lake Michigan during spring
turnover are of the same order of magnitude as in Eagle Eadperé 2-4b; dashed line), where
during icefree conditiongCannon et al. (2019neasured convectivelgriven K, ~ 10° to 10?
m2s?,

The turbulent diffusivity quantifies the overall mixing rate during turnover, regardless of
the driving physical process. The tiragerage; for fall and spring turnoverg-{gure2-4b) did
not vary considerably wittepth (~1& to 102 m? s1), with the exception of the near surface layer
during spring, where mixing was reduced by 2@ s*. Fall turnoveiK, (Figure2-4b-solid line),
below the surface layer, was 2 to 4 times stronger kaaduring spring turnoverHigure 2-4b-
dashed line and red box), which is not a significant differ¢bogke 2007; Jabbari et al. 2020)
The duration of spring turnover was modeled to be ~4 times longer than fall turnover. This
difference depends on heat flux, iceration and the strength of the inverse stratification. The
longer duration of spring turnover, with a similar turbulent diffusivity as fall turnover, suggests
that spring turnover could be more significant in the annual overturn cycle of thR ke et al.

2012)
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The fall turnoverK; (Figure2-4b; solid line) was also three orders of magnitude stronger
thanK; in the metalimnion during summe¥igure2-4b-circles) and 2 times stronger thmain the
epilimnion and bottom boundary layer. The diffusivity during spring turnover was two orders of
magnitude greater than during wintergure2-4b, dotted line). Further details on the relationship
between watecolumn structure and turbulent diffusivity are given in the supplemental material

(FigureA.5 and associated text).

2.7 Conclusions

AEM3D was applied to investigate the behavior of a small temperate lake during fall and spring
turnover events over seven years. The model was well validated with an average errof©f 1.45
during May 2011 to June 2014. The contribution of three procesgibasin convection, sidearm
convection and wind induced mixing; in fall and spring turnover were investigateebadid
convection was the dominant process, witidal sidearm convective plumes having 2% (spring)

to 4% (fall) of the mass flux compat to those at midasin. During fall turnover, wind shear only
mixed the upper 35% of the surface mixed layer, with convection acting to deepen below. During
spring turnover, iceover sheltered the lake from wind, causing convection to be the only proces
occurring and lengthening the turnoderration (~51 days) compared to fall (~13 dayariation

in the degree of inverse winter stratification caused variation in the duration of spring turnover;
cold years with stronger inverse stratification and &rige duration experienced shorter spring
turnover. Given their longer duratiospring turnover could be more effective than fall turnover

in the vertical biogeochemical flux at the basaale (e.g., relistribution of nutrients and oxygen).
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Chapter 3

The dissolved oxygen budget of a smal

3.1 Introduction

To manage eutrophication and fish habitat in lakes and reservoirs, it is necessary to have an
understanding of what drives variation in the degper dissolved oxygen (DO) concentration
(NUrnberg 2004; Del Giudice et al. 201&)terannual differences in summer DO result from
variahlity in climate (NUrnberg et al. 2019)nutrient loadgScavia et al. 2014and primary
production(Nelligan et al. 2019)or example, warming can shorten the winteiogeriodPilla

and Williamson 2021)lead to incomplete turnovéBoegmaret al. 2012; Woolway et al. 2014)
decrease the DO concentration at the end of spring turr{¥agrg et al. 2020a; Ghane and
Boegman 2021&nd prolong summer stratificatigBtainsby et al. 2011)eading to more severe

late summer hypoxia (DO < 5 mgt(Molot et al. 1992Nakhaei et al 2021})

The majority of limnological observations and subsequent research has focused on the
seasonal summer stratification period, when dimictic lakes experience bibl(giga algae
growth and hypoxia) and physical (e.g., stratification and internal waves) phenomena of interest.
However, in small lakes the seasonal summer thermocline has near molecular vertical turbulent
fluxes, effectively isolating the well oxygendtepilimnion from the nutrient rich hypolimnion
(Bouffard et al. 2013Nakhaei et al. 2016; Bouffard and Wiest 2019)e eneof-summer DO
profile is, therefore, largely dependepon the spring turnover DO concentration, the morphology
of the lake basin and the sediment oxygen denisindbt et al. 19921 ivingstone and Imboden
1996; Nakhaei et al. 2021afonsequently, the basstale vertical biogeochemical fluxes, that

sustain lake biogeochemistry, primarily occur during/between the falihensubsequent spring



turnover eventgBouffard and Wuest 2019; Boegman 2020; Ghane and Boegman 2021)
present research must focus on understanding pmmsagochemical cycling during these time
periods.

A dimictic lake will experience five phases over the period between turnovers: fall
turnover, winter I, winter Il, spring turnover and a transient period prior to summer stratification
(Yang et al. 2020a)all wurnover begins when the watercolumn becomes near isothesitina a
water temperature approaches uniformity with depth (watercolumn gradient is < 0.036C m
the difference between the surface and bottom water temperaguHgs Tohotton< 1 °C (Forrest et
al. 2013). Winter | isthencharacterized by an inverse temperaturati§ication and sediment
heating of the overlying watercolungKirillin et al. 2012) During winter II, the under ice water
temperature increases from enhanced solar radigtimmg et al. 2020a)Spring turnover begins
as the watercolumn again approaches isothe conditions after the degeneration of winter
stratification and continues until the watercolumn reaches 4 to 4(Fif£2 and Austin 2014;
Austin 2019; Yang et al. 2020&)inally, the transient period runs from the end of spring turnover,
when the lake is weakly stratified, until the onset of seasonal summer stiatifiaditen the
vertical temperature gradient € m! (Yang et al. 2017)

Each of the five stages is important for deep watesxggenation of dimictic lakes;
however, the basiacale threalimensional DO budget, during each stage, and the interannual
variation in the DO budget in response to meteorological forcing remainsinadstigated. For
example, the ratio of DO supplied through gas transfer across the free surface, relative to that
produced by spring bloom undee photosynthesis remains unkno@fang et al. 2020a) A
beter understanding of these processes is required, because spring turnover may be complete

before surface rexygenatiorbegins taoccur aftethebreakdown of ice cover. Moreover, we do
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not fully understand how the duration of ice cover couples with ctirreemixing, wind and air
temperature to regulate the completeness of watercolumn mixing and deep water oxygenation
during spring turnoveBoegman et al. 2012; Obertegger et al. 2017; Cortés and Maclintyre 2020)
These factorsetthe initial deep water DO conceation prior tothe development of summer
stratification (Nakhaei et al. 2021alMeasurements of oxygen dynamics during ice formation and
breakup, near the timing of turnover events, is challenging and has led to a paucity of data during
these timeg¢Block et al. 2019)

The threedimensonal hydrodynamigiogeochemical model is a tool that could be used
to supplement field data and increase the understanding of DO dynamics between turnover events
and mooring stations, particularly during-cever when observations are hard to acquirdikeg
onedimensional models, thremensional models can directly simulate, as oppose to
parameterize, complex sub basitale processes such asfibrenation of coldwater oxygenatd
plumes that are generated by penetrative convection and differezataidicooling of sidearms
(Fer et al. 2002b; Ghane and Boegman 20Phé threedimensionaEstuaryand Lake Computer
Model (ELCOM) coupled to the Computational Aquatic Ecosystem Dynamics Model (CAEDYM)
has been successfully applied to a range of lakes from large (~100s of km) to small (~10s of m)
for coupled hydrodynamibiogeochemical studies, for axple: Lake EriglLeon et al. 2011,
Oveisy et al. 2014; Bocaniov et al. 201bake SimcogSchwalb et al. 2015} ake Mimetonka
(Missaghi et al. 2017)and Edmonton stormwater pon@éakhaei et al. 2021bA recent parallel
version of the code, the Aquatic Ecosystem Model (AEM3D) has allowed for computationally
efficient multiyear simulation of lake hydrodynamics (e.g., Lake Constar@a,amatti et al.

2019 Eagle LakeGhane and Boegan 2021Lake Erig(Lin et al. 2021g) However, applications
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including simulatons with the ®upled biogeochemical model (iWaterQuality) remain to be
published.

The primary objectives of the present study are to analyze field data and apply the three
dimensional coupledAEM3D-iWaterQuality to: (i) characterize therocesses that cause of
variability in the hypolimnetic DO over each of the five faitnoverto-springturnover stages in

a small Canadian Shield lake; afid quantify the relative contributions of photosynthesis versus

atmospheriexchangeasDO sour@sto the lake.
3.2Methods

3.2.1Study area

The study focusses on Eagl e FiduegB,,loca@c donahei o ( 4
Canadian Precambrian Shield. The lake is small (surface &&hhajanddeep (maximum depth

~ 31 m) and categorized as oligotrophicThe relative depth of Eagle Lake is 1%
(Z:=50%Zmax —). There is an inflow48 L s*) from Eagle Creek and an outfloid2 L

s?1) to Bobs Lakeyielding a residence time of 6 to 7 yeatiéstorical data shows the water level
fluctuateswithin 04 m from January (@.m) to August (0.3 m)Eagle Lake has a hypoxic
hypolimnion(OMNRF 2006)with mean volume weighted hypolimnetic DO concentrations often

far below the provincial standard of 7 mg (e.g., 3.67 mg it in 2005; OMOECC 2011). In 2007,

the Township of Cenr a | Frontenac Official Pl an cl assi f
lake trout. With the intention of protecting water quality, the Official Plan established restrictions

on shoreline development, to minimize phosphorus loads to the lake (Tuooskltihg Ltd.

2008). However, the relative impacts of multiple stressors, such as shoreline development and
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climateinduced warming, on deepater DO concentrations, remain uncléhielligan et al.

2016)
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Figure3-1. (a) Location of Eagle Lake in Canada and (b) bathymetric map, transects A, B and C show the locations
of virtual curtains extracted from the computational model. Field stations 1, 2 and 3 are inditeted water

temperature and water quality sensors were located. Red circle shows the location of the meteorological station.

3.2.20bservational Data

We deployed loggers (XR20/620, TR1060 and D@ELO50; www.rbrglobal.com) to measure
dissolved oxygen, turbity, chlorophylta fluorescence, conductivity and water temperature
(Table BL). To minimize biofouling, the turbidity/chlorophydl and DO sensors were wrapped in
copper tape or used copper sensor guards, respectively. BetvgeBrx©1050 loggers (+ 5%
accuracy) and 124 TR1060 temperature loggers (0.002 °C accuracy) were moored at stations 1

and 2 Table BL), with 10 s sampling, subsampled terhih averages, from 20 May 2011 until 31
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May 2013 Figure 3-1b). During this time, betwen 13 XR-420/620 water quality sondes were

also deployed to measure turbidity, conductivity, dissolved oxygen, fluorescence and temperature.

The DO sensors were calibrated for drift and biofouling by bubbling in oxygen saturated water at
20 °C both prioto and post deployment.

Profiles of watercolumn temperature, DO and Secchi depth, as well as surface/bottom
water nutrient grab samples (total phosphorus, TP; kg&htlahl nitrogen, TKN; labile dissolved
organic carbon, DOCL) were available from thetimo@& monitoring databases of the Ontario
Ministry of the Environment Conservation and Parks (MECP) and the Rideau Valley Conservation
Authority (RVCA) at station 1 during May through September (typically 4 profiles per year).
These data were supplementedthwadditional ad hoc water quality measurements (TP;
orthophosphate, PO TKN; nitrate, NQ; ammonium, NH; total suspended solids, TSS and
dissolved silica, Si) from water samples collected using a Niskin bottle, packed on ice and
transported (~45 minpt t he Queends Analytical Services
(HOBO U30; www.onsetcomp.com) and additional temperature profile data (PdMEirts,

www.pme.com) were also collected as describgdhane and Boegman (2021

3.2.3Analytical Methods
The volumeweighted hypolimnetic dissolved oxygen (VWHDO) is the intego& the
hypolimnetic dissolved oxygen concentration over the ddppiendent volume, divided by the
total hypolimnetic voluméQuinlan et al. 2005FollowingLi et al. (2018)we calculated VWHDO
from the observed DO profiles at station 1. To account for spatial varialmliBG, we also

computed VWHDO from the meattaily basinwide model output:
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Here,A; is the horizontal lake area with depthzs the vertical spacing (of the observations or
model grid) andO; is the DO concentration profile with depi¥hypoimnionis the total volume of

the hypolimnion below the thermocline to the bottom of the lake. The top of the hypolimnion was
identified as the height from the bottom where the water temperature gradiestied 0.1 °C
(Quinlan et al. 2005)The VWHDO calculated from the thremensional baskwide model
output had roemeansquare error (RMSE) <1 mgLin comparison to the obse/&/WHDO
computed from RVCA data at stationHiqure B5).

The convective scale velocityw) was Patterson and Hamblin (1988) and Bouffatdl.
(2019)

0.5 B0 s 7 (3-2)
wherethe surface buoyancy flkmberge 1985)

5 — (3-3)

was calculated from the effective heat flttxe thermal expansion coefficiend, ¢ C1) and the

specific heat capacity of wateb ( J kg! °C1). The convective mixed layer depthcfi) was
estimated as the depth where the square of the buoyancy frequency—— first exceeded 10

5s?(Yang et al. 2017) Here,” p 1 Tkg miis a reference density, the gravitational constant
g=9.81 m &, is the water density argis the vertical coordinate direction (positive upwards).
During ice coverLcmL was determined from the base of the cold layet.8¥C) immediately
beneath the icgirillin et al. 2012) The Hf computed internally by the model had an average
RMSE = 45 W nf (< 15%) in comparison téls calculated manually from meteorological and

thermistor chain data at stations 1 an@Bane and Boegman 2021)
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The hypoxic factorilF) is the number of days in a year that a sediment area equal to the
lake surface area is hypoxic and was used to quantify the extent and duration of hypoxia (DO < 5

mg L (Nirnberg 2004; Bocaniov et al. 2016; Snortheim et al. 2017)
00 B — @4

Heret; is days,a thecorresponding areaf hypoxiaat depth andAs; is thelake surface area.

3.2.4Model description

The threedimensional hydrodynamilsiogeochemical AEM3D-iWaterQuality
(www.hydronumerics.com) was applied to simulate Eagle Lake for ayedOperiod from 20

May 2011 to 10 September 2020. This model is a new parallel version dineglh ELCOM
CAEDYM. The model uses a seimmplicit TRIM approach to solve the Reynoldseraged
NavierStokes equations where turbulent closure in the vertical direction is solved using a turbulent
kinetic energy based mixddyer mode(Hodges et al. 20005calar transport (e.g., temperature,
nutrients or DO) is according to a conservative ULTIMATE QUICKEST appr@astnard 1991)

with a constant eddy viscosity for turbulent closure in the horizontal dirgdtioret al. 2021b)

and a mixed layer model in the vertical direct{btodges et al. 2000Heat exchange between
atmosphere and water surface is governed by standard bulk transfer models assuming atmospheric
stability (Oveisy et al. 2012)The heat flux during iceover is controlled by the ice module, where

the latent and sensible fluxes are calculated, as in the absence of ice, using the ice temperature
instead of the water surfatamperature. Ice temperature is calculated, at each time step, using the
steadystate conduction equation based on attenuation of solar radiation through the three layers

of snow, white, and blue ice with 1.5, 3.75 and battenuation coefficients, resgavely (Oveisy
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et al. 2012) The heat flux from the water to the ice layer is calculated applying constant ice/snow
conductivity coefftients, multiplied by the surfaseater temperature gradiertmall errors
(RMSEsurtace=0.8 'C) between modeled and observed water temperature at the tofagem)

under the ice indicates reasonable reproduction of solar radiation penetration through the ice

The DO concentration is modelled, in each grid cell, as mass balance (Ed&)ion

~ 8
Exchangewherethe atmosphér flux fam=K(CairCwate) dependson Q p @ @ —  the

oxygen transfer coefficienti the wind speedScthe Schmidt number, ar@yater and Cair Which

are the oxygen concentration at the water surfacenathe atmosphes, respectivelyanddepend

on air temperature and pressurke retof photosynthetic production and respiratory consumption
fo=B  Qp Q Y 00O®)is calculated as the sum over the phytoplankton grddps (
and depends on the phytoplankton concentra#gnphotorespiration ratekd), respiration ¢ss

rate Rs) and maximum growth ratég] as a function of light, temperature and nutrients, where
Y1 and Y2 convert the total chlorophyd (TChla) concentration to carbon and then oxygen.
Hydrodynamic transport of D@yarincludes vertical and hawontal diffusion as well as advection

by the resolved flow field. The DO consumed by nitrificatiGa=( 0’0" Q "Q ) depends

on the0 "O concentration and water temperature and DO functiéhs 1Q ) multiplied by tte
nitrification rate coefficienti{nHa). The mineralization term includes utilization of oxygen during
biotic and aerobic oxidation of reduced elements and oxygen consumption in decomposition of
organic matterwith a maximum mineralization rate Qimax This is calculated from a
carbon/oxygen stoichiometric modé( B ° "Q"Q 00 OU @) that removes a
stoichiometrically equivalent amount of DO for mineralized dissolved organic carbon (DOC), DO

and temperature. Consiption at the sediment/water interface (i.e., the sediment oxygen demand,

66



SOD;fsop="Y "Q'Q ) assumes a simple flux equation with a maximum oxygen demand across

the sedimentvater interface$po) that varies depending on watemperaturd ('Q 7 ) and

DO concentration'Q

) functionswherg is the temperature multiplier amdbo is the

half-saturation constant for SOD

— 0 Q0 "Q N 0 (3-5)

The hydrodynamic model was previously calibrated over 2011 to 2014 with-mneaot
square error (RMSE) of 1.5 °@Ghane and Boegman 202Here, we extend the prior work to
include simulation of nutrient/phytoplankton/oxygen dynamics, by including the following
additional state variables: DO, orthophosphatesPabile particulate and dissolved organic
phosphorus (POPL, DOPL), algal internal phosphorus (AIP), nitrite plus nitratg, @@monium
(NHa4), labile particulate and dissolved organic nitrogen (PONL, DONL) and carbon in the forms
of liable dissolved and partilate organic carbon (DOCL, POCL) with inorganic suspended solids
and two phytoplankton groups (diatoms and cyanobacteria). Data on seasonal phytoplankton
succession was not available, thus favoring a simplistic phytoplankton group representation (N.
Nakhae personal communication). Diatoms were simulated due to their large abundance (75%)
in the phytoplankton composition of 7 nearby lakieatérson et al. (2008and their under ice
predominane during the early stages of the spring bloom, while cyanobacteria was simulated due
to their ability to fix atmospheric nitrogen and overall importance as a toxin producing warm water
group(Bermanfrank et al. 2003) Both groups have been microscopically identified in Eagle Lake
water (Township of Central Frontenac 2020) St okes 6 settling was empl
migrated vertically according to th@mphotoinhibition light function based on théebb et al.

(1974)model, which regulates the growth rate using the fractional limitation by Tigii€ B).
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3.2.5Model setup

The model was initialized on 20 May 2011 using observed in situ Talke (B3) and was run on

a 4core 3.1 GHz XEON Windows server with 32 GB RAM. Skertn (201112) calibration
simulations were on a 60x60 m horizontal grid (1.2'dmnntime vs. reatime) and longterm
validation(2011 to 2013juns were on a 30x30 m lwontal grid (7 d ¥; runtime vs. reatime).

The ~10year runs of the calibrated model, therefore, took ~70 days CPU time. Both grids
employedaU 0.5 m vertical layers with time steps of 30 s or 60 satisfy the Courant
FriedrichsLewy condition. Themodel was forced with Xfin interval meteorological data; air
temperature, relative humidity, wind speed/direction and shave solar radiation as observed
with the meteorological station. Mean daily cloud cover was estimated from the measured short
wave radiation and daily average clear-skygiation(Seckeland Beaudy 1973; clskswr.nDaily
precipitation was obtained from the Hartington meteorological station (6103367), ~ 30 km to the

south, maintained by Environment and Climate Change Canada.

3.2.6Model calibration and validation

The modelled D@ynamics depend on the nutrient and phytoplankton concentrations, and so there
was a need to reasonably simulate the distributions of these state variables in addition to the DO
concentration. The model predictions were calibrated against data fromssfiatiod 2 for a ore

year period from 20 May 2011 to 29 May 20Ialjle BlL) andvalidated from May 2013 to
September 2018. liwtal 35 calibration runs were undertaken, totaling ~1000 hours of CPU time.
Calibration was both qualitative, such that the nhodgproduced trends in the timesi
observations and quantitative, to reduce RMSE between model and observations and increase the
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coefficient of determinatiofiR?. In particular, the maximum DO sediment flux and wind drag
coefficient &o=0.41g nm? d! and Cp=10°) were adjusted to reproduce the changes in the
watercolumn DO. The parameters controlling phytoplankton proceBabke (B2, S5 were also
adjusted according to ranges found in the literafeug Liu et al. 2A4; Nakhaei et al. 2021b)

The calibrated model simulations reproduced the seasonal variation in DO and TChla in
comparison to the timeseries observations at stations 1 and stattagui @-2 and S2).The
watercobmn DO was mixed during turnover events, with the bottom water becoming hypoxic
during both late summer and late winter. TChla was elevated in the surface layet G410

from spring through fall and at lower concentrations beneath the photic zong@s%%. The
calibraed DO error was lower near the surface (RMSE = 0.3 mand R = 0.97 at 3 m depth)
compared to near the laked (RMSE = 1.2 mgtand R = 0.83 at 30 m depth)The calibrated
TChla hadRMSE=6pg L™ (~20%) and R=0.65 at 5m depth in the surface layefhe TP, TKN

and DOCL calibration RMSE were 26ug L, 4381 ug L*and 0.4 mg L, respectively, with

R? of 0.65, 063and 04 at the surface ar@i72 and 093 at the bottonfFigure3-3). For validation,

the DO error was marginally higherearthe surfaceand equivalent at the bottofRMSE =2.6

and 1.3 mg ! with R?=0.25 and 0.86 at 3 m and 30 m depths, respectivebgmparison to the
calibration error given above. However, the Tioer were higher at the bottom and equivalent at
the surface for the validation period with RMSE= 3 apaj2*with R>=0.42 and 0.59 at 3 m and

30 m depth for TP compared to calibration errdtsee TKN errors were higher for the validation
period with RMBE=92 and 93ig L'* and R= 0.29 and 0.32 at the 3 m and 30 m depth.

The qualitative comparisons show the seasonal variability in nutrients to be captured by the model
(Figure3-3). At station 1, from May through July 2011 and from July through August 2012, the

TP and TKN decreased at the surface from phytoplankton uptake and mineralization. A steady
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increase in bottom water nutrients occurred with hypoxia during October of 202052 Figure

3-2b). The model reasonably simulated summer decreases in surface TP and TKN.
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Figure3-2. (a) TChla comparisons at station 1; blue, red and black lines represent modeled TChla concentration at 5,
11 and 28 m and light blue, pink and green lines show the observed TChla concentration at the same depths. (b, ¢) DO

concentration comparison betwemodeled (blue, red, black lines in 3, 10 and 30m) and observed values at station 1
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(panel bjand 2(panel c) light blue, pink and green lines show the observed valued recorded-ApBICRBR loggers

at 3, 10 and 30 m; blue, red and green circles shewliserved values recorded by RVCA at 3, 10 and 30 m.
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3.3 Results

3.3.1The five phases between seasonal stratification periods

As an example of the five watercolumn phases occurring between consecutive seasonal summer
stratification periods (fall turnovewinter |, winter I, spring turnover and the spring transient
period;Yang et al. 2020Q)we consider theeasonal watercolumn changes du@gober 2011

through July 2012Kigure 3-4). Comparing the modeled and obsen2@ time seriesKigure

3-2b,c andrFigure3-4d) shows the model qualitatively reproduced the seasonal changes in DO.

During summer and prior to fall turnover in Octolagrd early Novemberoxygen was mixed
throughthe CML because of transport associated with waniden advection and thermocline
deepening events. For instance}.& m s' wind eventon November 3Figure 3-4b, blue line)
created a large (~500 m~20 m) circulation cellRigure3-5a, white arrows) that carried highly
oxygenated water (9 mg™) from the surface to the top of the thermocline at 22 m depth.
Undersaturatedpilimnetic water (< 2 mgt) then upwelled into the CML near mimhsin Figure

3-5a, black rectangle and arrow).
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Figure3-5. Successive model output snapshots of thermal structure and DO dyakmgsurtain A during the fall
cooling period in 2011 (a, b)tall turnover (c) winter | (d). Arrows highlight flow direction and blue linsbow
streamlines. Black rectangles show mg(panela) and depletionp@neld) of oxygen. Times are indicated in the

panels.

Fall turnover (Phase 1)This phase began near 20 November, 26idufe3-4), when the mean

daily wind speed of 4 msand convection from the free surfa@@gure 3-4b) overturned the
watercolumn causing near isothernsahditions (watercolumn gradient < 0.03 °C!nfrigure

3-4c). Fall turnover typically occurs in Eagle Lake when the average watercolumn temperature is
between 4.6 to 6.4 °GGhane and Boegman 2021puring Phase 1, the modeled DO
concentration, at 30 m depth, increased from near zero to ~9'naglwas observed in the field

data but with a lagf ~7 daysrelative to the modeFigure 3-2b). Full oxygenation of bottom

water took 4 days and continued until 24 November, when the DO concentration homogenized

through the watercolumn at 9 mg [~ 6872 % saturatiorfigure3-2b).
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Like wind events, miebasin and sidearm convective plumes contributed to deep mixing of oxygen
into the lake (Ghane and Boegman 20FDr example, a cold plume (<°C colder) along the
eastern flank created overturns ~400 m from shigufe 3-5b,c, white arrows)Fall turnover
persisted until 5 December with a maximum DO of 10 mid+75 % saturation) and an average
watercolumn temperature of 4.2 °Eiqure 3-4c,d, end ofPhase 1) During this time, primary
production was near zero due to strong mixifgg(@re 3-4a,c, Phase 1) that dispersed the
phytoplankton communitthroughthe watercolummwayfrom the photic zond~or example, on
October 15Figure Br, black rectanglea mixingevent with a turbulent diffusion coefficient ~10

2 m? s mixed TChta through the CML decreasing the light growth function from 0.7 to <0.5.
These mixing events persisted through fall turnokegure B7), whichpersisted until the onset of
winter | (Kirillin et al. 2012)when the average watercolumn fgmature was within 2.2 ta@®°C

in all years and a gradient of 9.03 °C m! (|Tsurface Toottor] > 1 °C) formed through the

watercolumnGhane and Boegman 2021)

Winter | (Phase 2)During winter |,themodelled DO remained near ~10 mg {75 % saturation)

at all cepths Figure 3-4d; Figure 3-2b). Cold air temperatures3(to 0 °C;Figure 3-4b, 8 to 14
December) caused the development of inverse watitatification with a temperature gradient of

0.1 °C m! (Figure3-4c, winter |). Watercolumnawling began in the shallows of the littoral zones,
creating horizontal convection toward rbdsin Figure 3-5d, white arrows), cooling the CML

and mixing oxygen through the top 2 m, increasing the DO concentration to 11.% @871%
saturation) This shows differential cooling contributed7% to reoxygenation, even thoughe
largescale overturns and associated mixing associated with fall turnover was complete at the onset

of winter 1. DO depletion began in the hypolimni@O = 10.2 mg [* versus 10.8 mgt at the
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surfacejFigure3-5d, black rectangle), as the inverse winter stratification developed and regulated
the hypolimnion thickness, which controls the DO depletion(Bdeiffard et al. 2013a; Nakhaei

et al. 2021a)The strength and the depth at which inverse stratification develops varies inter
annually relative to air temperature, wind speed and ice ¢¥aag et al. 2021)

Winter Il (Phase 3)On 18 December, cold]1 °C) and calm (~2 ni'swinds) conditions led to

ice formation and the onset of winter Il (Phasd-@jure 3-4d). At this time, theDO and PQ@
concentrations were within 12 mg L and 59 pg L%, respectively Figure 3-6a). DO was
modelledand observed todgin depleting at 30 m dep(r0.1 mg ! d; Figure 3-2b), which
continued until the beginning of spring turnover in March 2@lt&nately approaching 4 mg'L

(=31 % saturationFigure 3-4d, Figure 3-6b). During this time the DO through tl&ML and
metalimnion remained in the§ mg L range (~52% saturation). Bottom water hypoxia (~15%
saturation) developed with the continual deepening of the CML in wintéiglife 3-4c, Figure

3-6¢l, cll). Phytoplanktomgrowth eventually began in a very thin layer under the ice (<0.5 m depth,
<3 ug LY (Figure3-6b, black rectangle). Under ice convection from the surface to the bottom of
the CML transported oxygen and buoyancy through the watercolumn, which weakemeetbe i
stratification from February through Mardhigure3-4c, Figure3-6b, black arrow). Foexample,
warmer sinking water (+0.8C) along from the littoral zone of the western shore displaced colder
water with lower oxygen (4 mgtat 20 m depth) upward toward the eastern sHéigr(e3-6b,

red arrows).
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Figure3-6. Successive model output snapshots of thermal structure, DO, TChla aaRgaurtain A during winter
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in the panels.

Spring turnover (Phase 4yVith the onset of spring turnover (18 March; Phase 4), the DO began
to increase at 30 m depth as the lake became near isothEigouaéB-4c). Rapid warmingf the

overlying air (to ~16 °Cfigure 3-4b) thinned the ice covelF{gure 3-4a) and increased the
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temperature of the cold layer beneath the ice (from 0.5 to 2 °C on 24 Mayuhe3-4c); driving
convective mixing Figure3-6dl, red arrows and black rectangle). As spring turnover progressed
beneath the ice cover, nearrface algal growtkontinued uninterrupted in the density stratified
layer adjacent to the ig€igure3-4c). This was contrary to fall turnover, whér€hl-a growth
became light limite@sconvective plumes mixdatie CML, including theesident TChlato deptls

below the photic zondFigure Br). Spring turnover, and associatedorygenation of the
hypolimnion, occurred beneath full ioever with the DO at 3@ depth simulated to increase to
8.5 mg ! (~66% saturation) on 5 April argl3 mg L (~72% saturation) on 22 Apnithen ice
breakup began. The ice cover was fully melted by 15 Nrgure3-4a).

Transition period (Phase 5)The transition period began at the end of spring turnover
(waterolumn temperature = 4 to 4.5 °C) and persisted until the onset of seasonal summer
stratification, characterized by a temperature gradient > 1" *¢hrough the watercolumgyang

et al. 2017)During this time, the ice thickness decreased wittoideon 10 May. TChla increased

to ~30ug L (Figure3-4a) and photosynthetic production increased the DO concentration at 3 m
depth to 15 md. ! (~120% saturationFigure3-2b). Simultaneously, sediment oxygen demand

began taeduce DO in the stratifying layers belokiqure3-4d).

3.3.2Spatial variation in DO production under ice
The initiation, duration and end of each phase varies between basins depending on the basin depth.
The erosion ofummer/winter stratification occurs earlier in shallower reg{eh<) compared to
deeperregions(st. 1)(Figure3-2b, candFigure3-1). Fall turnoverbegan oril5 August at station

2 in comparisort November astation 1 with a longer period of winter | stamy on10 September
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and contining until 3 NovemberSimilarly, spring turnover began earl@r 3 February at station

2 before largescalespring mixing occued at station 115 March(Figure3-2b, c).

We have considered the lake response, between fall and spring turnover events at station 1 and
curtain A over a single season. Given the interannual variation in meteorological forcing and
spatial variatio in lake depth, we investigated tteamporal and spatialariability in under ice
photosynthetic DO production over the-i€ar simulation period. As an example, the TChla and

DO concentration increased to ~7 ug and~14 mg L* within the top 2m at the onset of winter

II (9 March 2013) in the shallows (<2 m dedfgure 3-7a, d), where the modelled water
temperature was 0.5 °C higher from differential heating. Here, the photosynthdyicaitive
radiation (PAR) was-Z W ni? lower at 0.5 m depth, compared to Aiasin Figure3-7b, c) from

light absorption by phytoplankton and ice through the top 0.5 m of the watercolumn. The warming
of water tempetare to ~2°C, near the end of winter IF{gure3-7f), increased growth of TChla

(to >10 ug LY (Figure 3-7e). Comparatively, TChla increased from <2 ¢ ko ~5 pug L* at
mid-basin. The spatial extent of the productive nearshore zones expanded through spring turnover,
covering a larger area of the lake with TChla >10 pigand DO >13.5 mg t (Figure 3-7i, |).

Near the end of ice cover, the surface water temperatneased te-3 °C and ice thinning caused

TChla concentrations > 10 ug!lto spread throughout the surfadégure 3-7m-p), with both

temperature and Iig growth limiting functions rapidly increasingigure B3).
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Figure3-7. The spatial variation cdnalgal bloom under ice during winter 2013. The first row (a, d, g, i) shows the
average concentration of TClitathe top 2 m, the second row (b, e, hsjpwsthe meanwater temperature within
top 2 m and the third row (c, f, i, k) showse PAR at0.5 deth. Times areasindicated and circles highlight the

processes occurring in the shallows, as described in the text.

3.3.3Inter -annual variation in deepwater hypoxia

There was significant interannual variation in deepwater hypoxia, indicating interannu@braria
in the DO budget, resulting from interannual variation in meteoroldgytrient loads from the
inflow were both small and invariant (e.g. 03§ PQ L™ y1; <15 % of annual inpyiand had no

impact on variation in hypoxia. On averagetre deepdgoint of the lake (station 1), the model
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predicted hypoxiaKigure3-8c, black line) for 10% 54 days per year (meanstandard deviatign
within the hypolimnion. The thickness of the hypoxic layer increased duiimgr and summer
stratified periods (e.gFigure3-8c, red arrows) and it varied betweei2Bm (14 m on average)
inter-annually.

The strongest hypoxia occurred during the summers of 2016 andi2B2186 and 21@l) when

the maximum thicknesses of the hypoxic layers were 19 and 21 m, respeéiigehe3-8c, black

line). The shortest hypoxic period occurred during the summer of B0 d with a thickness

of 8 m.The thickness of the hygic layers implies a longer period of stratificatidmter-annual
variation of winter hypoxia was larger than that of summer hypoxia. Seasonal winter hypoxia
occurred during 201HF=25 days), 2013H{F=46 days) and 201HF=51 days) with a maximum
hypoxic zone thickness of-8 m at station 1. In 2016 and 2017, winter hypoxia also occurred and
was carried into summer because of incomplete spuimgpver Figure3-8c). In contrast, winter
hypoxia did not occur durinché winters of 2018, 2019 and 2020. Therefore, these variations

indicate the deepwater DO budget varies significantly Hateually.
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Figure 3-8. Modeled TChla, DO and water temperature at statio@)1PAR, (b) TChla concentration (c) DO

contours, d) modelled water temperatucentours.The red circldn panel bshows the deepening of TChla into the
CML during spring turnoverThe blackline in panle cshows the hypoxia threshold (contour of DO=5 my, lthe
coloured circlesindicatethe observed DO values measured by RVCA and the drdiwatethe development of
hypoxia through the watercolunwith time. Theblackline in panel d giveshe esmated base of ththermocline,
the arrovs show the decline in the hypolimnion thicknessd te black and red circledenotethe top of the

hypolimnion at the onset of summer and winter stratification, respectively. Bluddyateice coverin all parels.

3.3.4Relationship between interannual variation in DO concentration and density

stratification

Meteorologically inducedhlanges in density stratification and primary production are the first

order processes influencing the deepwater DO budget otexraimnual timescales in Eagle
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LakegNakhaei et al. 2021a@nd elsewheréSteinsberger et al. 2020; Ladwig et al. 20Ab)is is
because of the10 year lag in the contribution of newly accumulated organiteniaé to the
sediment oxygen demaififlatzinger et al. 2010Here we consider how warm and cold winters

influence hypoxia the following summer.

Warm winters:Winter conditions regulate the strength of the inverse stratification, which

leads to variation in deepwateragygenatior(Yang et al. 2021)n warm winters (averageinter
| air temperaturex average winter | wind speg@W) >10 °C m s?; Figure 3-9) following
prolonged summer stratification (e.g., 2016 and 2017), inverse stratification was very short or did
notoccur Eigure3-10f). The CML temperature was near the maximum density temperature during
winter 1l and spring turnover was incomplekgure 3-6¢ll-T). Warmer water and remnant PO
in the watercolumn from fall turnover supported algal growth t22@g L* through the top 4 m
(Figure3-6cli-black rectangle). This resulted in near surface oxygen production (DO >12)mg L
and PQ depletion. The bottom water wast renewed and deepwater DO depletion continued
until the next fall turnoverigure3-6cli-black circle). Therefore, prolonged summer stratification
followed by a warm winter caused extended and severe hypoxia the following s(emgne2016
and 2017 wititHF=186, 216 dFigure3-6dlIl; arrows).

Cold winters:Eagle lake could be classified as a cryostratified where the inverse stratification
will form under the ice remaining above a layer of water wit€ 4Yang et al. 2021)Winter |
AW is between10-0 °C m s during relatively cold winteréFigure3-9) with thick ice cover and
strong inverse stratification (e.g., 262014 and 201-2020), the CML deepened during winter Il
(phase B until the inversely stratified and deoxygenated bottom water was mixedHigure

3-6¢l; arrows).Thick ice (~20 cm) attenuated PAR (<5 WPnlimiting primary production during
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winter 1l (Figure 3-8a, Figure 3-10c). The phytoplankton concentration eventually increased
during springurnover as the surface layer warmed and PAR incre&sgar€3-8a, Figure3-4e).
This enhanced the DO production under ice increasing thesudace DO concentration. As the
inversely stratified layer becammixed, under ice convection transported oxygen into the
hypolimnion (e.g., spring 201, Zigure3-10e). The spring oxygenation alleviated winter hypoxia
(e.g., spring 201Zigure3-8c) andresulted in a shorter period of hypoxia the following summer
(HF=31, 72 d)AW is <-20°C m s* during severely cold winters with relatively weaker inverse

stratification (e.g2013;Figure3-9) .
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Figure3-9. Water column temperature gradient vs. average winter | wind speed multiplied by average winter | air
temperatureZones of varm wintes (peach shading), cold winters (light blue shading)sawerely cldl winters

(dark blue shading) are indicated
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Figure3-10. (a) Meanrdaily observed air temperature (blue line) and modeled védie PQ (red line) (b)observed

wind speed (grey ling)c) modeled icehtickness at station 1 (blue) and basireraged TChla concentration (green

line); (d) modeled baskaverage atmospheric DO exchange from the surface per unit of volume of the lake (+ is into
the lake) (red line) and modeled baawerage photosynthetic D@oduction per unit of volume of the lakEhe

integral of theselinesover timegivesthe totalphotosynthetic DO production and atmospheric exchgeymodelled

VWHDO at station 1 (red line) and modeled baasuerage DO (blue line). (f) water temperature at various depth at
station 1. (g) calculated vertical scale velocities. Dark and light gray shading, respectively, represent fall turnover and
spring turnover eriods in all panels. The blue bar at the top of the panels shows ice cover. Vertical dotted lines denote
the end of winter | and the onset of winter II.
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3.3.5Sources and sinks of dissolved oxygen

Atmospheric exchange and photosynthetic production aramntna sources of DO in lakes
(Equation3-5). The amospheric DGexchangenput waslargest during fall cooling and intensified
during fall turnoveto ~0.25 mg [*d* (e.g.,Figure3-10d, e.g., black arrow), while phugynthetic
production decreased. During icever, atmospheric exchange was negligible, with
photosynthetic production continuing under the ice (~0.2 rhg!). After ice breakup, the model
simulated DO flux was from the lake to the atmospher@.12 mgL™ d1), indicating that the
surface water was supsaturated (~13 mgt; Figure3-10d; e.g., red arrowkigure3-8a).

Over the entire simulation, the net-{€ar averagatmospheric DO exchange was 6.0%10
3+0.05 mg 1 d* (annual average standard deviatiorguring the iceoff period, less thathe net
(productionrespiration) annuglhotosynthetic DO production at 7.3%%#D.07 mg 1 d*. These
numbers shovihe net atmospheric input to be only 8% of the total DO input; consequently,
photosynthetic production provided 92% of the DO available for respiration and decomposition.
Of the photosynthetic production, 41% occurred under the ingkcating the remarkable
importance of under ice DO production on the annual DO budget and mediation of hypoxia.

The net DO production was approximately zero during fall turnover, when the -basin
average TChla was smakigure3-10c-d, green linen dark gray shading). Thue atmospheric
DO exchangaluringthekey period of fall turnover wassed forbottom water oxygenation. This
increased the VWHDO and basiride DOfrom 4.6 andLO + 0.5 mg ! to 9.8 + 0.4 mg I* and
11 + 0.3 mg E* (fall turnover average: standard deviation over 10 yeg(Bigure 3-11; Figure
3-10e; dark grey shadingince the epilimnion was highly oxygenated yeamnd igure3-8d,

top 5 m),using the changes in basin averaged DO concentratiguré 3-10e), 64% of the
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atmospheriddO utilized for watercolumnoxygenation was supplied during cooliagd CML
deepeningnd 37 % during fall turnover.

The main oxygen sink was the SOD, consuming 53% of the-B@5x10*mg L d* or
-0.39 g n¥ d'1), mineralization consumed 33%2(45x10*mg L d'1), and nitrification consumed
13% (~1x10%2mg L* d1) (Figure3-11; Figure B4). The SOD was lowest after fall turnover as
the bottom water DO concentration increased and it was the highest near the end ofawinmer
through fall(Equation3-5). The maximum nitrification and mineralization of DO occurred-mid
summer when DO concentrationwere high and the watercolumn wasvarm; whereas,
mineralization and nitrification of DO were low@8x10?g ni? d) during winter due to the cold

water temperaturegigure B1).

(. 8 %, Atmospheric Exchanges

Figure3-11. Schematic representation of annual sources and sink of dissolved oxygen
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3.3.6Potential contribution of photosynthetic production to spring turnover DO

To determine the potential for photosynthetic production under ice to fully oxygenate the
watercolumn during spring turnover, we calculated the hypolimnetic DO d&f&EiC at the onset

of spring turnoverO PO WWOORXY p m where 13 mg L!is the saturation
concentration and the average volume of hypolimnion i8188m?3. The ratio of photosynthetic

DO production to the DO deficfO0 OO0 700 ) gives the potential amount of DO
available for reoxygenation under iceT@ble 3-1). On average X11% of the spring turnover
VWHDO saturation deficit could be replenished by photosynthetic DO production. This value was
highestduring the spring of 2015 (36%), when spring turnover was complete and persisted for
longer in comparison to the incomplete spring turnover in 2016 (2%). Further study, using oxygen
isotopes, could determine how much planktonic DO contributes to in¢heag®/HDO (Juranek

and Quay 2013)

Table3-1. Potential contribution of photosynthetic DO production to VWHD®Oxggenation

during spring turnover
Integrated net

VWHDO at  VWHDO at

the onset of  the end of Hypollmnetlc photosynthetic DO from Total Photosynthetic

; ; DO deficit to : . -

Year spring spring , the onset of ice on to the Photosynthetic DO to deficit
saturation at 4 ; :

turnover turnover °C (Mg ) end of spring turnover DO (Mg &) DO ratio (%)

(mgL™ (mgL™? 9 (mgL'season)

2012 5.3 9.0 21 0.97 2.7 13
2013 4.1 5.9 25 2.2 6.1 24
2014 5.0 8.1 22 1.5 4.1 18
2015 8.1 6.0 14 1.7 5.0 36
2016 10 11 7.3 0.05 0.14 2.0
2017 7.9 7.5 14 0.61 1.7 12
2019 8.5 9.1 13 0.23 0.6 5.0
2020 9.0 8.1 11 1.1 3.0 26
Mean 7.3 8.0 16 1.0 2.9 17
Sd 2.2 1.6 0.6 0.74 5.5 11
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3.4 Discussion

3.4.1Water quality calibration/validation

To ensure the model accurately reproduced tedygen we compare the RMSE to values in the
literature. The DO RMSE at 3 and 30 m depths wa2@3ng L for the calibration period (20
May 2011 to 1 June 2012). This wamsider less thaRMSE of 5and 3 mg ! using a 1D model
(CSLM) applied to the same lake bgbbari et al. (2016, 2018Dur DO RMSE were also in the
same range as other studagplying ELCOMCAEDYM (an earlier version of AEM3D): 0.5 mg
Lt in Lake Erie(Bocaniov et al. 2016)which is much larger than Eagle Laked 2.7 mg X in
Edmont on st o (Nakhaeietak 2021pyhichdase much smallefhe R of 0.80 and
0.97 at 3 mand 30 m indicate successful reproduction of seasonal changes in DO.

The undesice TChlaand DORMSE were low 6 pg L* and 1.3 mg L) indicating
excellent performance of the model in reproducing DO and T@&maentrations during spring
turnover, when 2% of photosynthetic productionccurred, providingl7+11% of the spring
turnover VWHDO saturation deficiin most years, the model predicted the peak of TChla
concentration to occur in early spring near the end ebitdFigure3-10b-blue bars, green lines)
similar to observations byang et al. (2020and (Pernica et al. 2017 Lake Simcoe and 3
mesotrophic reservoirs in southern Saskatchewan. Spring turnover strength and VWHDO
variation is related to the TChla in the upper laf@ley et al. 2012)Phytoplankton absorbs the
incoming solar radiation and decreases the solar hdaiogy the layer beneath the i(@hell et
al. 2003)amplifying the seasonal surface water temperature by (M&aizza et al. 2005)This

could postpone the formation of stratification beneath the ice, lengthen spring turnover and support
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large convection cells (e.g., 2018). These could transport more DO from the highly oxygenated
photic zone to the bottom tie lake during spring turnoveFifure3-6-cl, dl).

The ratio of modelled summ#o-winter TChla concentration was compatedaverage
observed ratis from lakes in the same latitudinal range°{4@° N; Figure B2b; Hampton et al.
(2017), yielding good agreement (RMSE=3 ug,lR?>=0.86) This suggests that lakes within this
climatezonewill have similar winter phytoplankton concentrations and, as a result, similarunder
ice photosynthetic production of DO during spring turnpieistrating the expected generality of
our observational and model results for Eagle Lake. Historical TQiskareations in Eagle Lake
show an increase in summer average TChla frah82ug L' from 1975 to 1995MOECC 1995)
to the pesent model predictions of 365 g L! between 201-2020. This is in agreement with
sediment core analysis showing a trend of increasing annual phytoplankton biomass concurrent
with increases in air temperatufigelligan et al. 2016)FromFigure Bb, these changes should
be associated with increased winter biomass, increased spring photosynthetic production and
consequent increased potential for reoxygenation during spring turnover. Of coussgdhiel
also beincreases imineralization andSOD that would occur, over decadal timescales, from

increased biomass settling.

3.4.2Factors affecting hypolimnion re-oxygenation

3.4.2.1Influence of wind speed on fall turnover

Oxygen sources to the watercolumn included suréxchangealuring iceoff and photosynthetic
production. Wind and convection mixed oxygen from the CML to the hypolimthimimg fall
turnover. The rate of VWHDO oxygenation was linearly correlatgd the dailyaverage wind

speed over the coursetbefall turnover everg(Oxygenation rate=0.3§wind speed].51;Pvaiue
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=0.01% R?>=0.62;Figure3-12a). Winddrives CML deepening anihcreases thatmospheric flux
(Equation 35; fam) (Figure BB). The highesflux rate oxygen from the atmosph¢red 1 “hug L
1 occurred during the fa(2013, 2014 and 20)6vhen the average wind speed was >4.5m s
While correlated to wind speed, the rate of VWHDO oxygenation wasigraficantly correlated
with the duration of fall turnove{awe =0.12). The impact of wind on oxygenation is minimal
during wind events with low speed of <1.5 rhvghile strong wind events can increase the rate of

oxygenation.

~ 3 250
= 3 ) y N, © ©® 201
© 7 \ ® 2012
- v 200
_oj_) ) v _ \ 2013
c P 7 k) \ / 2015
= LIL 100 \ / 2016
g y N, 7 ® 2017
> . 50 N7 ® 2018
[ )
) 0 ¢ o ® 2019
2 4 & 8 10 0 0.05 0.1 0157 2020
Fall turnover wind speed (ms™") Water temp. gradient (°Cm™")
o 08 l(b) ® Eagle Lake,, (WII) i‘ 12 (d)
'_| ® Eagle Lake = o
g 0.6 ‘ . ° \E/ 10 e . -
£ Lake Erie o -
o | : 8 /e
2 Lake Simcoe o .
S 04t = /
c £ 6
S \ & /
B \ 2
PR Y o o 5 4f 4
8 0 ° "’? oo & 2
0 10 20 30 2 y
Hypolimnion thickness (m) W, (ms™)

Figure3-12. (a) Average wind speed duing fall turnover vs. the watercolumn oxygenation rate
(fatm). (b) Hypolymnion thickness vs. rate of DO deplet{®sbp). The modeled data (blue) during
winter Il were comparetb the obsereved summer values in Eagle Lake, Lake SifNeddaei

et al. 2021aand Lake Erie(Bouffard et al. 2013a)c) Water tempgature gradient at the onset

91



of winter 1l vs. HF(Equation3-4) at the end ofvinter 1l. (d) Calculated vertical scale velocities

(W=, Equation3-2) vs.end ofspring turnover VWHDQ

3.4.3Relationships between wind, stratification and DO

Winter | wasimportant in determining variation in DO dynamics during spring and summer
because bottom water-oxygenationduring spring turnoveryas highly sensitive to the strength

of the inverse stratification gradient that developed. This detedntires winter lypolimnion
thickness, which controlled the severity of nbad oxygen depletioffrigure3-12b). At this time,
hypolimnetic DO depletion was 0.01 to 0.15 mgd?, consistent with values observed in other
lakes during wintestratification (0.01 to 1.0 mgtd?; Obertegger et al. 20173trong inverse
stratification could decrease the hypolimnion thicknegsich increases the rate of oxygen
depletion(Figure3-12b). However,athinner hypolimnion during winter fauns oxygeration A
thinner hypolimnionoverlaying sedimentss exposed toSOD and is separated from the
watercolumrabove by stratificationTherefore, the remaining watercolumn remains oxygenated.
The strength ofhte inverse stratification also controlled the duration of winter Il and spring
turnover. Full spring turnover did not occur during warm winters wherwater temperature
gradient was <0.02 °Chat the end of winter | (e.g., 2016, 201T)imited the ekepening of the
convective mixed layer under the ice and inhibit the spring turnover and the watercolumn stratified
early in spring diminishing spring turnov@rherefore, reoxygenation was weak or nonexistent
during those years. On the other hand, fortirgy turnover did occur afteelativelycolderwinters

with strong inverse stratificationausing a delay in summer stratificatiarhis decreased the
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summer hypoxiafollowing years with cold winters and increased the bottom water DO
concentration.

We quantified the strength of the inveraanter stratification according to thstation 1
water temperature gradient between the free surface and lake bottom at the end of winter I. The
end of winter IIHF had a quadratic correlation with the gradient oftiverse stratificationKigure
3-12c). This relationship shows thahincrease in water temperature gradient from 0 @9 €C
m (stronger inverse stratification) decreas®s Howeveras the gradient further increagesm
0.09 to 0.12 °C i the HF begins tosubsequently increase. The weaker inverse stratification
(<0.09 °C mt) could be allowingor a brief spring turnover and a losgsummerstratification
period (e.g., 2016, 201 Akhereas stronger inverse stratification (>0.09 °€ would shorten the
time available for spring turnover to occur (e.g., winter 2013). The regresgeh§R) shows an
optimum inverse stratification gradient (~0.@® m!) would decrease the potentialr winter
hypoxia

The depth to which oxygen mixes depends on the dynamics of the turnover events. For
instance, a warm and calm spring leads to incomplete spring turnover as the mixing depth does not
reach the lake bottofMolot et al. 1992; Boegman et al. 201R)}completespring turnover could
result in a consistent decrease in irganual DO at the bottom. (e.g., Lake To¥@hertegger et
al. (2017). Winter severity is one process that regulates the spring mixing sti@uagbra et al.
2018; Yang et al. 2020ayvhere large convective plumes, forced by solar heating under the ice,
drive mixing on a diurnal basis during early spring and transport oxygen to depth (e.g., in Lake
OnegapBouffard et al(2016). This could limit the development of hypoxia during the following
summer by setting a higher spring DO concentrdtiakhaei et al. 2021allowever, strong under

ice convection can also decrease phytoplankton biomass by circulating phytoplankton through the
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watercolumn, which reduces their access to light and consequently decreases photosynthetic
production(Figure B7; Pernica et al. 2017)

To investigate the relationship between spring mixing and bottom water oxygenation, we
compared Figure3-12d) the average convective velocity scaleduring spring turnover to the
endof-spring VWHDO §igure3-10e,g end of light gray shading].he relationship is aecond
order power curvdEnd of spring DO=y 0. 8 p R?=087; Figure 3-12d). The results
suggst that convection stronger than 4 fvgas not affecting the hypolimnion DO at the end of
spring turnover.Stronger convection occurred following colder winters (e.g., 2013, 2018 and
2019) leading to higher VWHDO at the end of spring turnover. This dsinades that ad
winters with stronger inverse stratificatiprhave stronger convective currenishere CML

deepening enhanc& transportfrom surface to the bottom (e.ginter of 2019).

3.4.4Comparison of photosynthetic production and SOD tditerature values

Hipsey et al(2020)argues for biogeochemical model validation through anson of
simulated and observed systéemel emergent properties. Here, we compare modelled
components of the DO budget to available observati®wsvers et al. (2017jound that
nitrification of DO was 125% of the total consumption in seven seesly icecovered lakes over
a 30year period,spanningthe 10year averag€l3 %) for Eagle Lake.The modelpredicted
photosynthetic production add&®x10%0.07 mg L1 d* oxygen, on average, to the lake volume
(Figure3-10d). As iWaterQuality respiration includes respiration losses, this is comparable (75%)
of the directly measured net primary productibrb&10? mg L1 d?) in the hypolimnion of Eagle

Lake during Aug. 201§Nakhaei et al. 2021a) Nakhaei et al(2021a)also empirically fit
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T O 6 Y0 OO "O0 Qo the observed data presented in the present study, to determine
the SOD ~ 0.1 g i d! andthe hypdimnetic oxygen demand HOD ~ 0.06 g3m’. Ther
estimated SOD accounted for 67% of the DO depletion. These are of the same order as our
modelled SOD ~ 0.4 mi? d* and HOD ~ (mineralization + nitrification) ~ 0.@4m3d*, where
SOD accounted for 53% of DO depletioihe simulated basiwide SOD was ~4 times higher
than the value that was suggestedNiakhaei et al(2021a)calculated fron an empirical model at
the deepest location (station 1). This may be because SOD is stronger in shallow@uaréas
the thinnerhypolimnion) and oumodel integrates SOD over the enfa&e bed. Our modelled
SODis in the same range as observationsther lakes 0-2.9 g n¥ d! Nakhaei et al(2021a)

Our results challenge the gengradccepted paradigm that the background oxygenation
concentration in lakes is set by exchange with the atmosphere, prbdrectionand respation
drives diurnal fluctuations in DO concentration(e.g., Kalff 2002). We find that spring
photosynthetic production is significafr hypolimnion reoxygenationduring spring turnover

anddrives seasonal changes in DOnoentration within the hypolimnion.

3.5Conclusions

AEM3D-iWaterquality was applied to investigate the dynamics of oxygen in a small temperate
lake over ten yearslThe @amospheric DOexchangenput was largest during fall cooling and
intensified during fallarnover while thenetDO production was approximately zdvecausehe
basiraverage TChla was small During fall turnoveratmospheric DOwas utilized for
watercolumroxygenatiorwith 64% supplied during coolirgnd CML deepeningnd 37 % during

fall turnover.The rate of oxygenation was linearly correlated with the daigrage wind speed

over the course dhefall turnover evergwith wind driving CML deepening andhcreasng the
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atmospheric flux While correlated to wind speed, the rateogfgenation was not significantly
correlated with the duration of fall turnover

Overall, production was the ultimate source of oxygen wibb ®f the total input with 41%
occurring undeice. Atmospheric exchange was inhibited during ice cover andgurnover

was complete before igmut, resulting in photosynthetmroduction under icbeingthe primary
oxygen source during spring turnover. Photosynthesis provided sufficient DO to allEKiate
+11%of the VWHDO saturatiordeficit by the end of sprig turnoverVariation in the degree of
inverse winter stratification effected the completeness of spring turnover by regulating the strength
of convective undeice mixing. Warm winters (weak inverse stratification) had weak spring
convection and incompte turnover, whereas cold winters (strong inverse stratification) had
stronger spring convection leading to and complete turnover

The SODwas the dominant D@ink with 53% of total depletionThe SOD was lowest after fall
turnover as the bottom water DOnzentration increased and it was the highest near the end of
summer and through fall The remaining sinks wer83% by mineralization and 13% by
nitrification.

We may conclude that the dynamics of winter stratification, the tindepring bloom and sipig
turnover are important for driving intannual variability of hypoxia during following summer.
Summer hypoxia was worse after warm winters when convective spring turnover was weak.
However, warmingcould also increaséhe release of PAaluring summerwhich may stimulate
photosynthetic production in the spring bloom. How climate, hydrodynamics, oxygen and

nutrients interact to regulate the DO budget remains to be investigated.
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Chapter 4

INTERNAL PHOSPHOROUS DYNAMICS IN A SMALL CANADIAN SHIELD LAKE

4.1 Introduction

Phosphorus (P) is known to be the nutrient limiting phytoplankton growth in Precambrian Shield
lakes (Schindler et al. 1971; Schindld©77) however, the processes thateaseP to the
watercolumrremainpoorly understoodWatson et al. 2016; @rel et al. 2017)These include(i)
sediment flux release in the form of soluble reactive phosphorus (BRE) is a measure of
orthophosphatenderhypoxiahypolimnetic conditios, (i) decomposition and mineralization of
organic matter under aerafgonditiors, (iii) sedimentesuspension into the watercoluWatson
et al. 2016)and(iv) internal loads from phytoplankton excreti@@chwalb et al. 2015)
OrthgphosphatdPQy) is the form of P that islirectly taken up by alga®Q is released from
sediments into the overlying lake watenenthe sediment surface becomes anoxid(mg Q L-
1y (NUrnberg et al. 2013; Crockford et al. 2015; Markelov eR@1.9) In lakes with prolonged
summerstratificationand deepwater hypoxiasedimenderived PQ trapped in the hypolimnion
could be introduced to thphotic zoneaduring turnover, when it can trigger algal gro@rockford
et al. 2015)including under ic€Yang et al. 2017) However the role of turnover in release and
upwelling of PQ and whetheupwelled PQ during fall turroveris taken up by phytoplankton
during winter or is it available for the next spring blommain unknown. This is largely because
measurements ¢fdynamics during ice formation and breakup, near the timing of turnover events,
is challenging and hasddo a paucity of data during these tinjBkck et al. 2019)

The threedimensional hydrodynamiciogeochemical model is a tool that could be used

to supplement field data and increase the understandiRglyfiamics between turnover events



and mooring stations, particularly during-cever when observations are théw acquire. Unlike
onedimensional models, threglimensional models can directly simulate, as oppose to
parameterize, complex sub basitale processes suchseliment release and mineralization of
POy andthe formation of coldwater plumes thatransmrt nutrients vertically during turnover
events(Fer et al. 2002b; Ghane and Boegman 20Zhg threedimensionalEstuaryand Lake
Computer Model (ELCOM) coupled to the Computational Aquatic Ecosystem Dynamics Model
(CAEDYM) has been successfully applied to a range of lakes from large (~100s of km) to small
(~10s of m) for coupled hydrodynarvidiogeocherntal studies, for example: Lake Effleeon et
al. 2011; Oveisy et al. 2014; Bocaniov et al. 201&ke SimcogSchwalb et al2015) Lake
Minnetonka(Missaghi et al. 2017)and Edmonton stonwater pondgNakhae et al. 2021h) A
recent parallel version of the code, the Aquatic Ecosystem Model (AEM3D) has allowed for
computationally efficient mukyear simulation of lake hydrodynamics (e.g., Lake Constance,
Caramatti et al. 201%agle LakeGhane and Boegman 2Q2lake Erie(Lin et al. 20213)
However, applications ieluding simulatons with the ®upled biogeochemical model
(iWaterQuality) remain to be published.

The objectives othis studyare to applyAEM3D simulations and field observatiots
understand internal R@ycling in a small seasonally i@®vered lake, with particular emphasis
on determining the fate of upwelled P@uring fall turnover and its impact on undee

phytoplankton production.

4.2 Methods

4.2.1Study area
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Eagle Lakds asmall 41 ha)and deep (31 rdeptl) Canadian Precambrian shid#ke, located

in southeastern Ontari®® 4 A4 0 Nj N FigueeA 1. TijreMtive depth of Eagleake is 1%
(Z=50xZmaxx — ). The oligotrophiclake hasan overall residence time of 6 to 7 years

with aninflow from Eagle Creek~48 L s) andanoutflow to Bolis Lake (~12 L sb). Historical

data shows the water level fluctuats0.4 m from January to Augusthe lakeis classified as
6highly sensitived f or -weighte@hygolimoatid disslved oxggent h e m
concentration is commonly below the provincial stadad 7 mg L* (Nelligan et al. 2019)To

protectthe fish habitatthe Official Plan establishddnits on shoreline developmenith a goal

of preventng increases thexternalP load to the lakéTunock Consulting Ltd. 2008). Tloemplex

impactsof multi-stressors fronclimateinduced warmingand changes to the watershad the

trophic status of the lakemainunclear(Nelligan et al. 2019)
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Figure4-1. (a) Eagle Lake location and (b) bathymetric ntegmsects A, B and C show the locations of virtual curtains
extracted from the computational model. Field stations 1, 2 and 3 are indicated, where water temperature and water

quality sensors were located. Red circle shows the location of the meteordtation.

4.2.20bservational Data

Surface/bottom water nutrient grab sampiesal phosphorusTP; total kjeldahl nitrogenTKN;
labile dissolved organic carbpPOCL) andwatercolumn temperaturejssolved oxygenO)

and Secchilisk profiles were provideffom the routine monitoring databases of the Rideau Valley
Conservation Authority (RVCAaNnd theOntario Ministry of the Environment Conservation and
Parks (MECP). This data includes faample sets per ge at station from May through Sep
(Table BlL). These data were supplemented with additispahg and winter (under ic@d hoc

water quality samples (TKN; nitrate, NCammonium,NHa4; TP; PQ; total dissolved Ptotal
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suspended solids, TSdssolved silica, Sdissolved inorganic carbon, DI@nd dissolved organic
carbon, DOG, collected for this study at station 1 using a Niskin bottle (from 0 and 30 m depths
during 201112), packed on ice and transported (~45 min)daceseigby t he Queen
Analytical Services Unit However, much of thesdata were uninformative (NONHa4, TP, PQ,

TDP) as they were below the Analytical Services measurement thresholds. Where possible, these
data were used to supplement the RVCA/MECP tatanodel initializationon 20 May 2011

More recent water samplesre also collected by the authors (at station 1 using a Niskin bottle
from 0, 5, 10, 20 and 30 m depths during Sept. 20@@t. 2021), packed on ice and transported
(~45 min) for lowlevel (2° g L™ detection limit) TP and P{analysis at Caduceon Lalabories
(www.caduceonlabs.com

We deployed btween 1624 RBR TR1060 temperature loggers (0.002 °C accuraogil-3 RBR
DO-1050 DO loggers (x 5% accurgcgt stations 1 and ZTéble BJ), with 10 s sampling,
subsampled to 1fin averages, from 20 May 204btil 31 May 2013During this time,1 or 2

RBR XR-420/620 water quality sensors wermoredto measureDO, temperatureturbidity,
conductivity and fluorescence. ThéO sensorswere calibrated for drift and biofouling by
bubbling in oxygen saturated watat 20°C both prior to and post deploymefiio minimize
biofouling, the turbidity/chlorophyla and DO sensors were wrapped in copper tape or used copper
sensor guards, respectively.

Meteorological dataair temperature, relative humidity, wind speed/direction and-sveore solar
radiationwere recorded using a tripgdounted Onset HOBO U30 weather station deployed on a
small island in the northern basin of the lakgy(re4-1). Mean daily cloud cover was estimated

from the measured short wave radiation and daily average cleeadiyion Geckel and Beaudy
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1973; clskswr.m)Daily precipitation was obtained from the Hartington meteorological station

(6103367), ~ 30 km to the south, maintained by Environment and ClPhatege Canada.

4.2.3Analytical Methods
The convective mixethyer depthl(cmL) was calculatedirom the AEM3D output,as the depth

where the square of the buoyancy frequeihcy — — first exceeded 1Bs? (Yang et al. 2017)

This corresponds to a temperatgradient of 0.02C nt! at a water temperature of 8.° Here,
the gravitational constagt= 9.81 m & and reference density p 1 kg m?3, where” is the
water density andis the vertical coordinate direction (positive upwards). During ice cbayggr,
was computed from the base of the top cold lay€r.50C) immediately beneath the i@€irillin

et al. 2012)

The wlumeweighted hypolimnetic dissolved oxygen (VWHD®@as calculated as tlseim of the
hypolimneticDO concentration multiplied by the associated degithtum volume, divided by
total hypolimnetic volumegQuinlan et al. 2005)We calculatd VWHDO using the dailyaveraged

modeled DCconcentration followindLi et al. 2018a)
B
67(%$/ ——— (4-1)

Here,p4s the 0.5m verticallayer grid sizeA; is the horizontal lake aresith depthandDO; is
the modeled DO concentia profileatdepthz. Vhypolimnionis the totahypolimnionvolume below
the thermocline Hypolimnetic dissolved oxygen was calibrated and validated with errors of
RMSE=1.2 mg [}, R>=0.83 and RMSE=1.3 mg1, R>=0.86 at 30 m depth in station CHapter
3). The base of thermoclinavas identified as the height from the bottom where the water

temperature gradient exceeded 0.1 °C{{@uinlan et al. 2005)
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The hypoxic factor wasalculated to quantify the extent and duratiohygoxia It represents the
number of days in a year that a sediment area equal to the lake surface area is Hgpaxiee
define hypoxia as a dissolved oxygen concentration b&lmg L (Nirnberg 2004; Bocaniov et
al. 2016)

Owh ¢ DOROOOD B — (4-2)
wheret; is daysa the correspondingypoxic area at depihandAs; represents the lake surface
area.

Profiles of vertical turbulence diffusivity & were calculated using the heat budget
method, which is based on diffusion of temperature through the water column, where the vertical
transport of heatat a certain depths equal to the rate of heatadrange from adjacent depths.
Eagle Lake is an ideal site to apply this mettfeawell and Jassby 1974; Jassby and Powell 1975)
because of the logpatial variation in pelagic water temperature and lack of internal wave motions.
To account for the temporal and spatial gaps in the observational dataBIabtee heat budget
method was applied the AEM3D output and corrected for incoming solaiatidn (Ghane and
Boegman 2021)XK; values estimated from the heat budget method was compakegtofiles
obtained from Batchelor fitting to microstructure d@tiakhaei et al. 2016Juringthe same time
interval The estimatedandobserved; were equivalent in thepilimnion and metalimnion, but
in the near laminar hypolimnion, tlestimatedralues were an order of magnitude greater than the
observations (Ifvs. 10°m? s1). The CML is controlled by largecale turbulencéBouffard and

Wiest 2019)making the heat budget method suitable for capturing diffusivity through this layer.
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4.2.4Model description

The coupled thredimensional hydrodynamisiogeochemical AEM3D-iWaterQuality
(www.hydronumerics.com) wassedto simulate Eagle Lake for a ~i@ar period from 20 May
2011 to 10 Se020.It appliesa semiimplicit TRIM approach to solve the Reynoldsaaged
NavierStokes equationand usesa mixedlayer model based on turbulent kinetic enefgy
turbulerce closure in thevertical direction(Hodges et al. 2000Heat exchangéroughthe free
surface is determined byasidard bulk transfer models with an assumption of a stable atmosphere

(Oveisy et al. 2012)

Thehydrodynamic model AEM3vaspreviously calibratefdalidatedover 2011 to 2014 with a
rootmeansquare error (RMSE) of 1.5 {Ghane and Boegman 202The DO and phytoplankton
components of iWaterQuailty weadso calibrated/validated over 2612 with RMSE of 0.3L.2

mg L't and 6ug L, respectively (Chapter 3). Here, we extendsihaulations to calibrateutrient
dynamics, with a particular focus on the P budget. Nutrient state variables inBl@dalgal
internal phosphorus (AlR)abile particulate and dissolved organic phospedPOPL, DOPL
Equation4-3), NOs, NHa, labile particulate and dissolved organic nitrogen (PONL, DONL) and
carbon in the forms dDOCL andparticulate organic carbon (POCL) with inorganic suspended
solids and two phytoplankton groups (diatoms and cyarieba). Diatoms weracludeddue to
their 75%abundance in thelanktoniccomposition of 7 nearby lakeBdterson et al. (2008and
their importance inthe under ice early springloom, while cyanobacteria was simulated due to
their importance as a toxic warm water phytoplankspecies Stoke® law with a settling
coefficient was used to simulate the settling of phytoplankton gratip av phytoplankton

migrationfunction based ononphotoinhibition light function Table B). As the focus of this
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paper is on the changesthre dynamicsof PQy, a reasonable approximation of phytoplankton is

acceptable for this propog§€rolle et al. 2012)

A mass balance equation controls the Bda in the model:

TP=DOPL+PQ+POPL+PIP+AIP (4-3)

Where PIP is the particulate inorganic P and was neglected in the P budget as it has been done in
other model applicationd&lbagoury 2017)However, by neglecting PIP, POPL increases in the

TP budget to maintain observed TP concentration. fEsiglted in an increase in POPL by ~0.5

ug L't accompanied by an increase in T@hof 0.4 ug ! (Elbagoury 2017)which was neglected

in the present study. The rate equation fos B@iven as:

— go! go! (4-4)

includes exchange to and from the sedimdrgsed on a flux equati@fRedimess Y "QQ ,Q

i ,Q ) as a function of water temperatuf€) and a constant water temperature
multiplier { ), and oxygerhalf saturationkpo) equation multiplied by a fixed R@xchange rate
(Sr04); mineralization of DOPL to PQis a function of the water temperature, DO and DOPL

concentrations which either could limit the procesgsitf multiplied by a fixed mineralization

coefficient of pminera (Q : QQ OoWoo v BQ ——); phytoplankton uptake

based on a dynamic intracellular store that is able to regulate growth depending on water
temperature, usatefined upper and lower internBlQs (IPO4) concentratiorbounds, P® half

saturation fractionKpos and biomass oftpytoplankton ) multiplied byUmaxas maximum rate

of POy uptake 1Q YoQ 0). The final calibrated values could
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be found inTable B, S5. More details on DO budget aplytoplankton models are given in

(Chapter 3).

4.2.5Model setup

The model wasitialized on 20 May 201,lusing insitu data Table B3), and runon a 4core 3.1

GHz XEON Windows servewith 32 GB RAM. The model was forced withO-min interval
meteorological dat(Ghane and Boegman 202lhe model was calibrated against observate d
from station 1igure4-1; Table BL) from 20 May 2011 to Jan 2013 using 860x60 m horizontal

grid with uniformaU 0.5 mvertical layerg1.2 d runtime per yeareaktime). Once calibrated,
long-termruns from 20 May 2011 to 1 Oct. 2020, for model validation, were on a finer resolution
30%x30 m horizontal grid (7 d retime per yeareaktime). To satisfy the CourarfriedrichsLewy
condition time steps of 30 s and 60wsere employed for th&@0x30 m and 60x60 m grids,

respectively

4.2 .6Calibration and validation

AEM3D hydrodynamics were calibrated for Eagle Lake in an earlier study (Ghane and Boegman
2021).iWaterQuality was calibrated for a 2011 hindcast (20 May 2011 to 1 Jan. 2013) by adjusting
the nutrient sediment fluss phytoplankton production/mortality ratephytoplankton light
attenuation, wind drag coefficient, albedo, ice/snow albedo and surface heat transfer coefficient
(Table BY. Parameters were manually adjusted within literature rapges to provide the best
gualitative comparison against observations and minimize quantitative error mattmsl 35
calibration runs were undertaken, totaling ~1000 hours of CPU. tMwozlel errors were

determined using the degree of correlatiof) @drootmeansquareerror RMSE). The RMSE
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at 3 and 30 m depths (station dyring the oneyear calibration for TP, TKN and DOClere

within 2.56 pg L, 4381 pg L*and 0.4 mg L, respectively(Table4-1). The correspondindR?
between modeled and observed TP, TKN and D@Cthe surface and bottom we¥&5, 0.72

and 0.63, 0.93 and 0.73 which are reasonably high feyead simulationOveisy et al. 2014)

The calibrated model was validated against the RVCA data at station 1 from May 2013 until Sep.
2018 Figure4-3). The validation errors in TP were RMSE= 3 andL* with R? = 0.49 and

0.52 at the surface and the bottom. Moreover, the TKN errors were 92 auudl93 R? = 0.29

and 0.32 at 3 m and 30 m depth.

Quialitative validation of the seasonal nutriehtinges is shown iRigure4-3. From May
to July 2011 and from July to Aug. 2012 TP was modelled and observed to decrea2@ tioosn
ug Lt at the surface with model overestimating the TP by 4 fijlApril 2012. An increase to
68 ug Ltwas observed at the bottom in late Sep. 2011 and 2012, and the model predicted a gradual
increase from 5 to 50 pugL Thistrendwas interruptedvhenfall turnovermixedthe TPinto the
watercolumn increasing thd'P concentration at the surfac&milarly, the model predicted an
increase in bottom TP during wintand until spring turnovewhich could be due to the release
of POy from hypoxic sediments during winter stratification.

The TKN observations show a decrease at the surfacef0no 202 pg It in the summer
of 2011, from 450 to 195 pg tin thesummerof 2012 andan increase at the bottom from 340 to
560 pg L from spring through fallRigure4-3c, d circles).Similar to TP, the increase in TKN
was interrupted by fall turnover at the bottom during 20Iie model predicted decreasing TKN
at the surface withreerror <15 pg [* in the summes 0of 2011 and 2012. The predictions for the
fall of 2012 show the model underestimated the increase in TKN byig30' at the bottom

(Figure4-3d).
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DOC observations show an increase at the surface from 4 to 5.3 2@l and from 3
to 5.5 mg L*in summer 2012. The model predicted the increasing pattern of DOC in the summer

of 2011 and 201@ith error <0.5 mg fand < 1 pg L2, respectively

Table4-1. Nutrient comparison results at 3, 10 and 30 m where observed data was available during the calibration

period.

3m 30 m
Parameter (units)

Mean SD RMSE R? Mean SD RMSE R?

TP (ug L%, n=510) 11 73 25 065 304 235 6 0.68
TKN (ug L%, n=510) 324 128 81 063 390 88 43 0.3

DOCL (mg L%, n=9) 4 071 04 073 - - - -
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Figure4-2. Stacked plot showingatibrated mode(colored areas) and observed nutrieohcentrationgcircles)in
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4.3 Results

4.3.1The fate of PQiin the watercolumn

The monthly measurements of TP and; B@ough the watercolumn (at station 1) from Sept. 2020

T Oct. 2021 Figure4-3) were compared to the model results from May 2011 to Jul. Zogdré

4-4) to investigate seasonal changes in P fractions.

On 4 Sep. 2020, the observed TP was high at 30 m (463uglue to settling of late summer
phytoplanktonor sediment fluxto the bottom of the laké~igure4-3 and Figure 3-3b). TP was

also high near the thermocline (43 ugat 10 m depth) where phytoplankton congregate to access
both light and P®@from the hypolimnion belowRigure4-3 andFigure4-4). Suspended solids and
settling phytoplankton could also be trapped in the thermocline where mixing rates are low
(Kreling et al. 2017; Mi et al. 2020The model results show uptake by phytoplankton to be the
primary PQ sink throughthe photic zone (top 6 m) during sumn(éigure4-4a, b)

On 14 Oct. 202Ghe observed TP had decreased from 46 to 23%a BO m due to mineralization

of organic forms of phosphorsigure4-3a). This caused an increase in thesOncentration

from 2to 7 pg L. At 10 m, TP had decased from 43 to 14 ugiand PQincreased from 2

to 4 pg L%, at this time the model shows conversion of DOPL ta #® mineralization (see
below). The TP also decreases through settling and thermocline deepening, which mix late summer
phytoplankton talepth. Similar to the observationsemodelledPQs increased from 7 to 10 pg
Ltat 10 m deptlin Oct 2011 Figure4-4a).

The observed data from 27 Nov. 2020 shows relativeljorm TP and P®profiles throughout

the watercolumn, as expected with fall turnover. Starting in Nov. 2020, thedPCentration

increased in the photic zone, as deep mixing associated with fal/&rrbrought up PEFigure

116



4-4a-black arrow) that was modeled to accumulate in the hypolimnion during summer hypoxia
(Figure 4-4 and Figure 4-5) due to sediment release. This can also be seen in the increase in
observed surface layer R@n 27 Nov. 202FFigure4-3b). Fluctuation in observed turbidity data

at 28 m (station 1) confirms upwelling akpheloid material from the lake bottom from Oct.
through the mid DecFjgure4-4a), while the TChhk concentration was low (<1 pgiL.

The observed TP increased through the watercolumn (by ~10%ufrdm 27 Nov. 2020 to 19

Apr. 2021 and was 23 pgiat 5 m after the iceut (Figure4-3b). At30 m, TP and PQncreased

from 15 to 20 pg *and from 3 to 5 pg &, respectively, from sediment fluxes during the-ice
cover period.

On 4 Jun. 2021, the TP concentration was lower through the watercolumn below the photic zone
as the production and settling of organic P was still low in early spring between 19 Aptirie 4

in comparison to 14 Oct. to 27 Nov. The deepening of the pealofi¢entration from 5 m on 19

Apr. 2021 to 10 m on 4 Jun. 2021 follows thermocline deepening (e.g., Jun Fafir24-4b).

The observed POconcentation remained <2 pg t between 4 Jun. and 21 Jul. in the
watercolumn. However, the watercolumn TP concentratioreased from Jun. to Jul. due to the
algae growth (from 2 to 40 pglat the surface) and at the bottom due to settling, resuspension or
sediment flux (from 6 to 22 ugd). The PQ decreased to <2 pgibetween 19 Apr. and 4 Jun.
indicating the uptake by phytoplankton throughout the watercolumn. The TP arftaPtidns

were low at the surface (<10 pgt)-throughout the year, unlike thest of the watercolumn (~40

g LY.

The last measurement on 29 Sep. 2021 showed a similar TP profile in comparison to observations
on 4 Sep. 2020. The TP concentration was higher at 30 m (37)ant similar at 5 m depth (17

ug LY. The PQ was signiicantly higher on 29 Sep. 2021 within the entire watercolumn (e.g., 8
117



vs. 2 pg L'at 10 m depthFigure4-3b). Higher PQ and lower TP concentrations in Sep. 2021,
with similar profile shapes suggest rate of conversion of TP tasP@gher than the rate of TP
production (e.g. DOPL production through mortality and excretion). The higher PO
concentrations at 30 m (15 vsug L; Figure4-3b) indicated a stronger level of hypoxia in Sep.

2021.

4.3.2Coupling between PQ and phytoplankton

The model output was investigated over 2Q21to gain further insight into the relationship
between phyiplankton and P between turnover events. The model output showsaivasigh

(~40 pg LY at 5 m depth during summewhere light limitation was minimalFigure 4-4c, g).
Later in fall,as the TChl wasdispersedhroughthe CML and belowwith each strong mixing
event (e.g.Figure4-4, rectangg), light limitation increased and caused a dramatic decrease in
total growth(Figure B3). In early Nov. 2011 when convective mixing peakeithe concentration

of TChl-a was modelled toetreased to <5 ugt

TChl-a gromth beganagainin Feh 2012in a very thin layer beneath the ice (0.5 m) el
concentratiorincreasd nearthe end of iceoff (~45 pg L'Y) dueto an increase in the light function
(Figure 4-4g). Unlike fall turnover,the POy concentration was not homogenizetbithe entire
watercolumn during spring turnover, since phytoplankton uptake began from the top of the
watercolumnin thethin static layer beneath the id&t this time, PQ uptake began beneath the
ice driving photosynthetic production of oxygen, which can provide ~1tuj the DO delivered

to the hypolimnion during spring turnove€lfapter 3). The lowK; values(<10’ m? s) and
increasing PAR from the seasonal increase in incident shortwave radiadgtnthe watercolumn

immediately beneath the i@ suitable layer foalgd growth (Figure 4-4, Figure B3b, c) The
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TChl-a concentratiorwas ultimately 40-50 pg L under the icewith the layer deepeing after
ice out Observed fluorometer data at 5 m depth (station 1) confirm sirGhga growth from 5
to 25 pg L (Figure4-4a) during and after spring turnover. A spike in turbidity peaks at the end

of spring turnover, capturing both TGaland nepheloid material mixed through the watercolumn

(Figure4-4a).
0 r r T T 0 ¥ + 4-Sep
T\ a {/ b 14-Oct
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Figure4-3. Observed TP and R@oncentrations at station 1. The measurement threshold wg&2
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4.3.3Interannual variation in nutrients, density stratification, phytoplankton, and

dissolved oxygen

The model results over 202D were used to investigate interannual variability in the ¢3Cle.
Interannual variation in PQOrelease is assoc¢e with interannual variation in the hypolimnion
DO concentration, which depends strongly on the thermal stratific@itiakhaei et al. 2021a)

The hypolimnion P@and TKN concentrationgere simulated to be higher 2011, 2016, and
2017 when hypoxia was more seveHH=70, 145, 227 d, respectivglfFigure4-5). In 2011 the
hypolimnion was thin (15 m), while in 2016 and 2017 winter hypoxia carried on to summer
(incomplete spring turnover) extending the period of hypoxia. Hypoxiansastrong enough to
cause significant PQelease during winters 2012, 2013, and 20Fidure4-5b).

The strength of the undee spring bloom was dependent on the hypolimnetig ff@n the
previous summer. For example, high T@Mdoncentrations in the winter of 2017 were associated
with high concentrations of R@10 pg L) developing during the long stratification period in the
summer of 2016Table4-2). In contrast, the lowest under ice algae concentration (2uavhs
modelled during the spring of 2016 following to low P&@ncentrations (< 1 ug1 in the
watercolumn. The highest uneiee algae concentrations (~ 35 ug)lwere simuited during the
spring of 2012 and 2013 when P&ncentrations were high (8 and 5 pd) Ltogether with strong
winter stratification Table4-2). The latter formed an extended static layer immediately beneath
the icesupporting algal growth, within the photic zone, prior to spring turnover. This was distinct
from fall turnover, when P©Ofrom the summer hypolimnion was immediately available, but
convective mixing transported the phytoplankton to depth, where they became light limited, thus

preventing a fall bloom (g., Figure4-4-black rectangle).
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The concentrations of nutrients in the watercolumn also depended on the summar TChl
For example, late summer blooms in 20ER(re4-5d-black arrow) led to higher concentrations
of DOPL and POPL, from mortalitynd excretion, mixing through the watercolumn in the winter
of 2020 Figure4-5c, d); ultimately, this mineralized into RQrigure4-5b). The bloomsKigure
4-5d-red rectangle) were associated with calm and warm weather condiEiguse( B3), in
comparison to other years when T&@hkoncentrations were lowered by convective mixing
through the watercolumn during fall cooling. In the falls of 02017 and 2018 high
concentrations of POwere modelled at 10 m deptRigure 4-5b-black rectangle) wherthe
oxygen was < 2 mgt The PQ could be from a metalimnitioxygen minima, where vertical
turbulent diffusion is suppressed and oxygen depletion occurs due to conversion of DORL to PO
(Kreling et al. 2017; Mi et al. 20209r simply from harzontal advection of low DO and high RO

hypolimnetic water from shallower depths along the flanks of the lake basin.

Table4-2. Summary of model results on stratification, hypoxia and P fractions.

Length of Length of Max. Max. sedment  Totalannual T

. . o . otal annual

Year HF summer vv_n_"nter_ mineralization release rate internalPQ Phvta uptake
stratification  stratification rate x1@ x103 load ytaup

(d) (d) (d) (gPL*dY)  (ugPL*dY) (ugPL?y?") (ugPL'y™h

2011 31 172 - 10 3 1.25 -1.66
2012 31 235 80 6 2 1.88 -1.78
2013 72 195 99 3.6 3 1.35 -1.37
2014 61 200 108 7 3 0.97 -0.96
2015 113 208 51 5 6 1 -1.1
2016 139 283 12 6 9 1 -1.28
2017 226 292 49 5.6 10 1.56 -1.37
2018 66 182 41 7.4 4 1.18 -2.3
2019 84 202 51 1.22 4 1.42 -2.47
2020 - - 31 12 - 1.81 -2.37
mean 91 219 9 5.7 49 1.29 -1.59
std 58 40 6 2.3 2.7 0.31 -0.52
mean (kgly) - - - - - 91 -112
std (kgly) - - - - - 22 -36
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Figure4-5. Modeled TKN, P@ TP, TChlaA, DO and water temperature at station 1. (a) colormap shows the profile
of TKN and colored circle represent observed TKN by RVCA. (b) &centration profildc) TP concentration
profile (d) colormap representtotal chlorophylta (TChta) concentrationprofile. () colormap shows the DO
contours, the solid line represents the hypoxia threshold (contour of DO=2(f) imodelled contours of water
temperature, the solid line shows therastied base of thermocline depth. Colored circles show the observed values
measured by RVCARed rectangular represents the T@hlispersion in the watercolumn. Black rectangular shows
the PQ production in 10 m depth at the end of summer. Biliise ©iows the mixing of late summer phytoplankton

bloom from the surface to the bottokvhite ellipse showthe mixing of P during fall turnover from bottom to the

surface.
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4.3.4Internal phosphorussources

Eagle Lake received a constant external B@d of 0.36 pg L y* from Eagle Creek, which was
much less than the internal load from mineralization and sediment release.

Internal phosphorus input through mineralization can be a subs{@dialefel et al. 2018)he

peakin simulated baskaveragemineralization occuedin mid summeiat a rate 00.06 £ 0.03

ug Lt d* (meanzstdfFigure4-6a) when averagavatecolumntemperature were warm (12 °C)

and there wereadequate oxyger>8 mg L') and dissolved phosphory3P> 20 pg [*)
concentrationsin the watercolumn(Figure 4-6a; Equation 4-3 and Equation4-4). The
mineralizatiorrate declind from 0.06 to 0.021g L2 dfrom Jun. hroughJul.asthebasinaverage
dissolvedoxygenfell to < 6.5 mg ! (Figure4-6a, d-blue line). The smallest and largest summer
mineralization rates occurred in 2014 and 2020 at 0.04 angi@12d! (Table4-2), respectivey,
following the lowes{(4 pg L) and highes(17 pg %) late summer algal bloosfFigure4-6a, c-

green line). Because algae were turned into POPL and DOPL through mortality and excretion.
POPL was also converted to DOPL through decomposition which is the only form of P that can
mineralized into P@

Winter mineralization ratsvaried annually a0.036 + 0.01pg L™ d!and wererelatively
constant from the end of fall turnovéiroughthe end of icecover The maximum winter
mineralization rate wais 2020at 0.05 pug L d?, when the late summer algal blodfv pg L)
occurredn 2019 Table4-2). The bloom was mixed into the watercolumn during fall turnover and
increased the available TiR the watercolumrf{Figure 4-5c-black ellipse) due to an increase in
DOPL as a result of algal mortality and excrefidns enhanced mineralizatiaand production of

PQyin fall 2020(Figure4-5b).
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The sediment POrelease rateQ(0@ to 0.01ug Lt d%; Table4-2) was modelled to be
significantly lower than the mineralization ratgqure4-6). Sediment release wasear zero from
the end of fall turnoveuntil the onset of summer stratificatiowhen the hypolimnion was both
cold and highly oxygenatedrigure4-6a; sedsedimenterm) The ratewas 23 timeshigherduring
thesummerof 2016and2017when hypoxia was severe and prolongd&£139 and 226 d)
The integration of the internal R@ourcesKigure4-6¢-blue line) over time gives the total internal
load Figure4-6-red line). We consideredlgydrologic year to be between two consecutive fall
turnover events and calculated the total internal &@he end of each cycle. Therefore, the total
annual internal PQload within the lake was 1.29 + 0.3 pgtl? or 91 + 22 kg § (Table4-2;
Figure 4-6¢, red line Figure 4-7). On average, 37% of the internal load came from under ice
mineralization. The largest internal Pi0ad was in 2012 at 1.88 pgllytor 132 kg y*. This
coincided with a peak in phytoplankton concentration during the late summer of 2011, prior to fall
turnover (~10 pg t; Figure4-6¢), which increased the winter mineralization rate. The smallest
annualrate was simulated for the summer of 2014 at 0.97 hgtor 68 kg ¥, following the
relatively weak late summer bloom in 2013 that limiteds P@duction via mineralization,
together with complete spring turnover and bottom watexygenation in 204. Because the

high amount of DO limited PQrelease from the sediments in spring and summer 2014.

4.3.5Internal phosphorussinks

Peaks in P@Quptake occurred during spring near the end ebit@and in late summer prior to fall
turnover Figure4-6¢-green line). The total PQuptake by phytoplankton was on averayj® +
0.52ug Ltytor-112 + 36 kg § (Table4-2; Figure4-6c, black line), with 30% ahe total uptake

occurring during icecover(Figure4-7).
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Figure4-7. Schematic annual average internak BQurces and sinks

4.3.6Turnover and POa

Fall turnover is critical for mixing PQtrapped in théypolimnion, through the watercolumn. The
photic zone average R@oncentration increased, on average, from near zero to ~ 4 gdgring

fall turnover in all years at 0.33 pgld* (Figure4-6-solid red line). Fluctuations in therbidity

data confirmthe upwelling of nepheloid material from the bed during fall turnovgyufe4-4a).
Moreover, fall turnover mixes dissolved organic P through the watercolumn, which can enhance
mineralizationof PQy (Figure4-5c¢-fall 2019). This not only mixed the released sediment based P
from the bottom into the watercolumn in all years (Eigure4-5b, white ellipse), but also mixed

algae from the surface toward the bottom in the summer of 2019 which was converted to P via

mortality and/or decomposition (elgigure4-5c, black ellipse).
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Spring turnover can botimdirectly increase and decrease the; B@centration within the lake

basin. Turnover can supply the base of the static layer beneath the ice withdP€asing algal
growth and uptake during late winter (e.g., spring of 22024 Figure4-6c¢, red lines). Prolonged

and complete spring turnover can also oxygenate the watercolumn, while dissolved organic P is
mixed from the previous summer. This increases the potential for the productions ®aPO
mineralization andriggers higher algal concentrations in summer (e.g. fall 2018 and winter 2019,

Figure4-6c¢, red lines).

4.3.7 Spatial variation in PO4 production

Spatial variation in the development of hypoxia caused variation in ihfe@aelease from the
sediments. This is evident in snapshots of water temperature, DO andri®@ntration in the 0.5

m thick layer immediately above the bed, from 23 Jun. 2011 to 14 Mar. B@gleg4-8). In June,

the PQy concentratioa were higheiat depths betwee820 m in comparison to the deepmid

lake area, in early summer where the hypolimnion fluid volume was smaller below the shallow
thermocline. Hypoxia formed earlier in these zones, rel&dive the thicker hypolimnion at mid
basin Figure 4-8a-arrowg (Nakhaei et al. 2021a) However, dfferential heatingnear the
boundarie{Ghane and Boegman 202dgusé mixing and increased the bottom water oxygen.
This caused a decrease inf€lease from the sedimer{iagure4-8a).

In September, thaorthern and southern basins (~ 25 m deep) were hotspots for sediment PO
release (2@4 ug L) where there was extensive hypoxia with DO < 2 mig(Eigure 4-8b-
arrows). The P@was lower (11 ug 1) in the deepecentral basin (station Figure4-1) where

the hypolimnion was thicker.
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During November, turnover and associated bottom watexygenation occurred earlier in the
shallower regionsHigure 4-8c-arrows), mixing warmer oxygenated surface water to depth and
hypolimnetic PQ to the surface. The deep point near station 1 remained hypoxic above the bed
with significantly elevated POn the remnant hypolimnion that remained (18 pg Eigure4-8c,
Figure4-5b). At this time, the P@concentration was < 2 ug’Lin the shallower areas, where
mixing increased the DO concentration (>9 mt).L

In January, sediment flux of RQvas near zero in the cold water (< 4 °C) with higher DO
concentrations (> 5 mg) (Figure 4-8d, Figure 4-6b, e, f). Therefore, mineralization was the
main releasing an internal RQoad. This was stronger in the sidearms, where oxygen
concentrations were highdequation 34) from the deeper CMLHjgure4-8d-arrows).

During March, the sediment R@lease remained smaligure4-8e-arrows Figure4-6a-red ling

with mineralization still thgoredominansource ofPQu. Therefore, unlike summevhere PQis
maximal in the hypolimnionfrom fall turnover to spring turnover, mineralization through the
watercolumn coupled with low sediment release ratesfite the msence of near bed hypoxia)
results in théowestPQu concentration to be simulated at the deeper locations near thd-izpd ¢

4-8e).
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4 .4 Discussion

4.4.1Water quality calibration/validation

The model was validated for water temperature, DOTRal-ain a previousstudywith RMSE

of 1.5 °C, 1.32.6 mg Lt and 6.0 pg L2, respectively, ifGhane and Boegman 2024d (Chapter

3). Here, RMSE of 2.5 and 6.0 pugtland R = 0.65 and 0.68 were evaluated between observations
(RVCA) and modeledl'P concentratios at the surfaceand 30 m depthsespectivelyduring
calibration The TKN RMSE, at the same depths, were 81 andgAB* with R> = 0.63 and 0.93
during calibration. Tiese errorsverereasonable for a yeaound simulation, in comparison to
previous studiesising the same moddtor exampleBocaniov et al. (2016)ad a RMSE of 3

and 65 ug [* for TP and NG+NOzin Lake Erie for a 6 month simulatioNakhaei et al. (2021b)
had RMSE of 80 and 170 ug & for TP and NH using the threedimensionalELCOM-
CAEDYM in Edmontonstormwater ponddVang and Boegman (202had RMSE of 10 and 680

ug L for TP and N@+ NO, usingthe onedimensional AEDGLM for Lake Erie over 1972012
andLadwig et al. (2021had RMSE of 100 and 960 pgtfor PQ; and NQ+ NO, applying AED

GLM to Lake Mendota over 20 years.

The model was validated against RVCA data foryaar period igure3-3f, g) and te validation
errormetricswere only marginally higher than those from the calibrafidre TP RMSE 3 and 9

pg L't with R?2=0.49 and 0.52 & m and 30 m depths and fiiKN RMSE wered2 and 93 pg L

1 with R? = 0.29 and 0.32 ahe 3 mand 30 m depth The differences between errors for the
calibration and the validation periods were not surprising as the validation was done for a period
of 5 years, suggestirtge errors increased over time. However, the nbzed RMSE (NRMSE)

were similar during calibration and validation periods. TP NRMSE were 0.15 vs. 0.176 and 0.1

131



vs. 0.09 at 3 m and 30 m, respectively for calibration and validation period. TKN NRMSE were

0.19vs. 0.37 and 0.14 vs. 0.17 at 3 m and 30 rthdep

4.5 Sediment PQ release rates

The modeled sediment R@lease rates in Eagle Lake were comparable to observations in other
lakes considering the oligotrophic nature of the lake. The peak&®asiage sediment based4£0O
and TP & ,kx@&dratl i@agle Lake were 0.12 and 0.3 mg? mi! (Figure 4-9b),
respectively, under anerobic conditions in late summer. Thesedasiaged simulated values are
smaller than typical literature observations, which are often locally measured in hypoxic regions.
For example, 0.01.77 mgPQ@m2 d?in eutrophic Beaver Lakesen et al. 2007)1.35 and 0.43

0.91 mgP@ m? d! under anerobic and aerolzionditions, respectively, in Lake Erigltisoff et

al. 2016) 0.136 mgP@m? dtin Lake Superiorl(i et al. 2018) 0.170.26 mgTP it ytin lake
Simcoe, 0.741.28 mgTP 1t y! in Lake Winnipeg, 0.4.43 in Lake of Woods and 1.1 mgTP m

2ytin lake ChamplairfOrihel et al. 2017)

4.5.1Hypoxia and internal POs

The simulated Pg&release from the sediments depends on the severity of summer hypoxia (Figures
4 and 5). The hypoxic factoEQuation 42), which represents both the strength and length of
hypoxia can be used to parameterize dherage P@concentration in the watercohn after
hypolimnetic PQ mixed by fall turnover Kigure 4-9; R?=0.93. The Figure shows a dramatic
increase in Perelease after+40 d For example, the severe hypoxia in 2017 (HF = 226 d) caused
large sediment PQOelease (Table 2) that resulted in a highs B@centration after fall turnover
(Figure 8) and a strong under ice spring boom in 2017 (Figure 6). Climate induced lengthening of

summer stratificatioiiStainsby et al. 2019nd reduced turnover strendiVoolway et al. 2014)
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serve to worsen hypoxia and exacerbate the associatedele@se and strength of the spring
bloom. This, however, may lpektrengthen the contribution of photosynthesis to -aestpr
oxygenation during spring turnover, which produces sufficient fo® 17+11% of the

hypolimnetic DO saturation deficit.

14 | PO, = 1.35978009%F |
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Figure4-9. The relatioship between hypoxic factor and average phosphate concentration after fall turnover

4.5.2P04 upwelling during turnover vs. mineralization input

The model results surprisingly show mineralization to contribute moret®@he lake than
sediment release (Table 2)ediment based PQvas~ 2% to 23% (average 2.5 %) ofthetotal

internal PQ input at the end of summer. The highesrcentages werie 2016 and 201¥hen
summer hypoxia was prolong€édF=139, 226 din 2016and 201J. However,mineralization
contributes more PQsediment P@releasecould be more effective itriggering the under ice
bloom, where the PQ concentrationincreases inthe photic zone. During summer, PO
accumulates in the hypolimnion and suddenly mixes through the entire watercolumn including the
photic zones (e.gFigure 4-5b-white ellipse) because fall turnover is strong enough to mix the

accumulated nutrient fro the bottom intathe watercolumnWhile we have argued climate
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induced warming will increase RQelease from the sediments, the associated weakening of
turnover strengtf\Woolway et al. 2014ould sequestenternal PQin the hypolimnion as occurs

in deeper lakeg¢Kraemer et al. 2015; Schwefel et al. 201B)r instance, in Lake Zurich, the
mixing of hypolimnetic P andassociatedalgal growth was reduced as a result of a sudden
abatement in deep mixing due to lake warn(ivignkova et al. 2017)

Changes in fall turnover ctbialso affect DOPL cycling. Mixing of algae in fall turnowecrease
theDOPL in the watercolummwyhich increasgthe potential for mineralization of DORQto POy

(e.g. fall 2019, winter 202Bigure4-5c, d). For instance, both under iceimeralization Q.12 ug

Lt d!) and the strength of thiate summer bloongl7 pug L'1) were high in 2020. The basin
average P@concentration was modelled to increase gradually undeiFigere 4-6¢-red line)

from the end of fall turnover to the onset of spring turnover due to the mineralization of DOPL
through the watercolumn during fall turnover. This was also observed in the 2021 field
measurements-{gure4-3), where TP increased through the watercolumn from 27 Nov. to 19 Apr.
Mixing during spring turnover supplied the photic zone (beneath the ice) witindd®below that

was remnant from fall mixing and produced from mineralization imtitercolumn. This haalso

been observed in large lakes whetrersg spring mixing can redistriteiPQs to the epilimnion,
increasing thalgaegrowth rate and changing phytoplankton commugieters et al. 2007@.9.

Lake LugandSimona 2003)Lake GarddSalmaso et al. 200pB)

However, he overall role of spring turnover irsupplyingPQs to the photic zonés minimal
compared to fall turnoverSpring turnover is more importafibr the re-oxygenation ofthe
hypolimnion, toreduce theextentof summerhypoxia andconsequentlyminimize POy release

from the sediment@orth et al. 2014)
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4.5.3Global warming and internal PO4 cycle

Global warming directly impacts the hydrodynamic and biological cycles in [&Nash et al.
2014) It is expected to change the mixing regime in lakes from dimictic to monomretrenting
lakes to overturn during springt increases hypogi periodwhich is expected tincrease the
relative contribution of sediment baseds#®the internal P@cycle However, darge portion of
internal PQ production is due to mineralization under aerobic condition within the watercolumn
in deep lakesvith small sediment aredhe conversion of dimictic lakes to monomict could be
translated ito less available DO in the watercolumn throughout the yearcthddl potentially

decrease the conversion of DOPL intosPO

4.5.4Conclusions

The observations and model results show that mineralization is the mgso@€e producing 77

98% of the annual internal load. The remaining 223%) was produced from anoxicsments.
However, the sediment based A@s more important for algal uptake because (i) mineralization

is a slow process that occurred throughout the watercolumn and (ii) fall turnover mixed the trapped
and concentrated RGrom hypolimnion into the phati zone where it could initiate a bloom.
However, the bloom was delayed because convective plumes from fall turnover also mixed the
phytoplankton to depth, where they became light limited until the seasonal increase in solar

radiation in spring. During thitime, the upwelled P@emained in the watercolumn.
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Chapter 5
Conclusions and Recommendations

5.1 Conclusions

Field observations andthreedimensional model were used to investigate the physics of seasonal

turnovers and dynamics of DO and Afiring and between fall and spring turnoegentsin a

small seasonally iceovered lake. The main conclusions of this study are summarized: below

1.

In Chapter 2, it was shown that one set of calibrated parameters and coefficidets in
Aquatic Ecosystem Model (AEM3D) can be used to simulate the hydrodynamics of a small
Canadian Shield lakever multiple yearsAEM3D was capable of predicting the water
temperaturavith a RMSE 0f1.45 °C during May 2011 to June 2014. It was demonstrated
that midbasin convection was the main process, with typical sidearm convective plumes
having 2% (spring) to 4% (fall) of the mass flux compared to those abasith. Wind

only mixed the upper 35% of the surface mixed layer during fall turnover while damve
acedto deepen below. During spring turnover, the lake was sheltered from wind by the
ice cover, causing convection to be the only process occurring and lengthening the turnover
duration (~51 days) compared to fall (~13 days). Variation in the idaraf spring
turnover was caused by variation in the degree of inverse winter stratification; cold years
with very strong inverse stratification and longer ice duration experienced shorter spring
turnover. Given the longer duration of spring turnovemy ttould be more effective than

fall turnover in the vertical biogeochemical flux at the basiale (e.g., relistribution of

nutrients and oxygen).
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2.

In Chapter 3, the biogeochemical module (iWaterQuality) was added to AEM3D to
investigate the dynamicef oxygen in a small temperate lake over ten years. The
atmospheric DO exchange input was largest during fall cooling and intensified during fall
turnover, while the net DO production was approximately zero because theabasige
TChla was small. Durip fall turnoveratmospheric DO was utilized for watercolumn
oxygenation with 64% oxygen supplied during cooling and CML deepening and 37%
during fall turnover. The rate of oxygenation was linearly correlated with thealahage

wind speed over the coarsf the fall turnover events.

It was shown that the photosynthetic production was the ultimate source of oxygen
providing 92% of the total input, with 41% occurring undee. Atmospheric exchange
was prevented during ieen when spring turnover was cphate before iceut, resulting
in production under ice being the primary oxygen source during spring turnover.
Photosynthesis provided sufficient DO to alleviate 17 +11% of the VWHDO saturation
deficit by the end of spring turnover. The SOD was the pxirb@® sink with 53% of total
depletion. The remaining sinks we38% by mineralization and 13% by nitrification.

Variation in the degree of inverse winter stratification effected the completeness of
spring turnover by regulating the strength of conveativderice mixing. Warm winters
with weak inverse stratification had weak spring convection and incomplete turnover,
whereas relatively colder winters with an optimal inverse stratification gradient (.08

C mit had stronger spring convection leadtogcomplete turnover.

The observations and model results from Chapter 4 showed that mineralizatiomasthe

significant source oPQy at 77-98%. The sediment released £€»ntribution wasthe
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remaining2-23%. However, the sediment based:Omore imprtant for the biological

cycle of the lakebecause (i) mineralization is a slow process that occurs through the
watercolumn and (ii) fall turnover mixed the trapped®PQ@he hypolimnion into the photic

zone whereit cansuddenlyinitiate an algalbloom However, the bloom occurred later in
spring as opposed to falbecause convective plumes from fall turnover mixed the
phytoplankton to depth, where they became light limited until the seasonal increase in solar

radiation in spring. The upwelled R@mained in the watercolumn between fall and

spring.

It was concluded thatariations in the biogeochemisifa small lakés due to variations in spring
turnoverthat originaesin the inverse stratification conditiofrall turnovermixes accumulatd
nutrients from the bottom to tlseirfaceand the oxygen from the surface to the bottom at a certain
level (~10 mg ) in all years A relatively uniform concentration of constituents is expeated
the watercolummfter fall turnover An optimal strendt of inverse stratification is necessary for
the occurrence of full spring turnov&vinter Ithat is the time when inverse stratificatibevelops

is the most criticalperiod for the lakeas t determines the biogeochearal conditionfor the
following yea. Inverse stratificatiorwith an optimal strengtmot only limits the winter DO
depletion bythinning the hypolimnionbut it also leads t@ completespring turnoverThe CML
deepeing to the bottom results in an isothermal condition under iceetheentirewatercolumn
actively mixes dueo convection driven byncomingsolar radiationThesevertical convective
plumestransport oxygen into thdeepwaterand alleviate hypoxia and RQ@elease from the
sediments in the next summeftoreover, itpreparesa calm layer beneath the ice and above the

CML that can support phytoplanktgrowth due to sufficient lighand PQ that wasupwelled
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from the hypolimnion into the photic zowderring fall turnover Then, he photosynthetic oxygen

produced by them cgmotentially be utilized ileepwater r®xygenation during spring turnover.

5.2 Future work

The following suggestions are provided for future work:

1. Toapplythe calibrated biogeochemical model for future prediction of lake hypoxia under
different climatic senarios.From the present resultg is expected that the reduced
effectiveness and frequency of turnover events under climate changeongise the
potential for stronger summer hypoxia and accumulation of nutrients into the hypolimnion.
It canbeintroducel to the upper layersy fall turnover whemay causea change in the

trophic status of the lake

2. To quantify the impacts of under ice phytoplankimm the light absorption anthe

hydrodynamics otonvective plumes duringpring turneer.

3. To investigate the universality of these results by applying the models to other lakes with

available winter field data (e.g., Lake Simcoe and Harp Lake).

4. To quantify the lateral transport of nutrients from pelagic zones to photic Eoisemay

be an importansource ohutrient supply for phytoplankton growth.
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Appendi x

Meteorological data:
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FigureA.1. Meteorological data recorded at the site shown in Fig. 1b, (a) Mean daédynaierature (b)

mean daily wind speed, (c) mean daily relative humidity, (d) mean daily shortwave radiation, (e) daily

rainfall, and (f) daily snowfall.
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Heat flux:

(a) heat flux
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FigureA.2. Convective velocity calculations. (a) Heat flux, (b) therexgdansion coefficient, (c) effective

buoyancy, (d) CML thickness, and (d) convective scale velocity.
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Modelled and observed water temperature timeseries:

(a) Temperature in 1m Depth ST-1
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