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Abstract 

In dimictic lakes, the stable density stratiýcation during summer and winter inhibits vertical mixing 

of nutrients and oxygen. This favors the development of hypolimnetic hypoxia, which degrades 

cool-water fish habitat and enhances nutrient mineralization and diffusion from the sediments.  

Fall turnover began once the entire water column become nearly isothermal (within 0.4 °C) at the 

deepest point of the lake and continued to the onset of winter stratification. Similarly, spring 

turnover began when the water column became nearly isothermal (within 0.4 °C) and continued 

until the average water column temperature reached 4.0 to 4.5 °C. Fall and spring turnover events, 

therefore, provide a crucial bi-annual link between surface and bottom waters. Long-term field 

observations were supplemented with output from a three-dimensional numerical model, to better 

understand the hydrodynamics of turnovers and associated dissolved oxygen (DO) and 

orthophosphate (PO4) dynamics within a small temperate lake during 2011 to 2020. Mid-basin 

convection contributed the most to turnover events. During fall turnover, wind shear only mixed 

the upper 35% of the surface mixed layer, with convection acting to deepen below. During spring 

turnover, ice-cover sheltered the lake from wind, causing convection to be the only process 

occurring and lengthening the turnover duration (~51 days) compared to fall (~13 days).   

Photosynthetic production was modelled to contribute 92% of the total dissolved oxygen 

(DO) input to the lake, the remaining 8% was from atmospheric exchange. Of the DO production, 

41% occurred under ice with a potential to contribute 17±11% of the hypolimnetic DO saturation 

deficit at spring turnover. The occurrence of spring turnover depended on the winter conditions. 

Warm winters caused a weak inverse stratification that shortened the deepening of the convective 

mixed layer (CML) under the ice and inhibited spring turnover induced mixing of DO into the 

hypolimnion. Conversely, cold winters caused an inverse stratification in which watercolumn 
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became isothermal after the CML deepened and removed the stratification. Then, the incoming 

heat from the surface caused large vertical convections (spring turnover). Severe winters form a 

very strong inverse stratification that limits the effectiveness of spring turnover. 

Mineralization was the main PO4 source producing with 77-98% of the annual internal load. The 

remaining PO4 (2-23%) was from anoxic sediments. Fall turnover upwelled the trapped PO4 from 

hypolimnion into the photic zone where it could initiate the spring algal bloom. The bloom was 

postponed because phytoplankton was mixed to depth with fall turnover mixing events, where 

their growth was light limited until the seasonal increase in solar radiation in spring.   
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Letôs not muddy the creek 

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 

 

Letôs not muddy the creek 

Perhaps this creek runs to a poplarôs 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! 

I 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 flower anemone is 

Surely there the blue is blue 

A bud is blossoming, the village inhabitants know O what a fine village must be! 

May its orchard-lanes 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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Chapter 1 

Introduction 

1.1 Background and motivation 

Aquatic ecosystems are heavily impacted by anthropogenic activities at local to global scales (Del 

Giudice et al. 2018). Changes in meteorological drivers over the past several decades have 

impacted the water temperature, hydrodynamics and cycling of oxygen and nutrients, such as 

orthophosphate (PO4) , in lakes and reservoirs worldwide (Snortheim et al. 2017; Tan et al. 2018). 

Lake summer surface temperatures have increased by 0.34 °C decade-1 due to global and regional 

warming, while this ratio is doubled (0.72 °C decade-1) in ice-covered lakes (Oô Reilly et al. 2015). 

A change in the thermal structure of lakes influences mixing regimes and turnovers. Woolway and 

Merchant (2018) suggested that monomictic lakes will become predominantly stratified and some 

of dimictic lakes will convert to monomictic. This could translate to changes in the state of oxygen 

and nutrients in the watercolumn that may heavily impact the ecosystem. 

Hypoxia (here defined as oxygen concentration < 5 mg O2 L
-1 (Del Giudice et al. 2018)) 

increases due to longer and stronger stratification that has been occurring as a result of climate 

change. Hypoxia is an important factor controlling growth and survival of aquatic organisms (Mi 

et al. 2020) and the trophic status of water bodies, by affecting the amount of phosphorus release 

from anoxic (< 1 mg O2 L
-1; Snortheim et al. 2017) sediments (Nürnberg et al. 2019; Mi et al. 

2020). This can directly impact the quality of freshwater ecosystems. For instance, in Lake Erie, 

nutrient-rich and oxygen-depleted hypolimnetic water from deeper locations in the central basin 
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can be advected to the north shore of Central Basin (Jabbari et al. 2019; Nürnberg et al. 2019) and 

decrease the quality of water used for drinking and recreational purposes.  

Turnover is an important process in the vertical transport of dissolved oxygen (DO) and 

PO4 from surface to the bottom and vice versa in lakes (Bouffard et al. 2013a). In dimictic lakes, 

deep mixing events (turnovers) are an important physical phenomenon that occurs twice a year in 

fall and spring (Nürnberg 1988; Molot et al. 1992) and predominantly controls the overall DO and 

hypoxic conditions (Schwefel et al. 2016), which impact the release of PO4 from sediments. 

Turnover is associated with the breakdown of stratification, regulates the oxygen concentration 

and nutrients of bottom water (Boegman et al. 2012). The timing and depth to which turnover 

happens varies annually based 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, PO4 and phytoplankton growth in the next season (Nürnberg 1988; Kreling et 

al. 2014). Hence, there is a need to investigate the role of fall and spring turnover in the dynamics 

of hypoxia (Jabbari et al. 2018) and internal phosphorus cycles.  

The hydrodynamics of turnovers are complicated due to the interactions of multiple 

processes such as (i) convectively-induced mixing (Oveisy and Boegman 2014; Chowdhury et al. 

2016; Yang et al. 2017), (ii) wind-induced mixing (Bouffard and Wüest 2002; Schwalb et al. 2014; 

Lowry et al. 2018) and (iii) density-driven plumes induced by differential cooling and heating of 

sidearms (Kirillin et al. 2015; Bouffard and Wüest 2019; Ulloa et al. 2019). These physical 

processes result in deep-water renewal and can strongly regulate the oxygen and nutrient 

availability (Fer et al. 2002a; Bouffard and Wüest 2019; Bouffard et al. 2019a).  

The physical characteristics of these processes remain relatively uninvestigated. There is a 

lack of understanding on how these physical processes contribute to the occurrence of fall and 
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spring turnovers in small temperate lakes. Moreover, obtaining in situ measurements are difficult  

during ice on periods (Block et al. 2019), consequently, the majority of research on lake turnovers 

is based on short-term studies (up to few weeks) (Bouffard and Wüest 2019). Therefore, there is a 

need to investigate fall and spring turnovers in detail and determine both how effective turnover 

events are in different years and whether spring or fall turnover is dominant in contributing to 

deep-water renewal. Thus, a comprehensive hydrodynamic modeling study needs to be undertaken 

to support limited observations. 

In order to set up effective water management strategies including nutrient load targets in 

lakes and reservoirs, determining the main drivers of variations in the DO budget is necessary 

(Nürnberg 2004; Del Giudice et al. 2018). The inter-annual variability in DO concentration  

originates from climatic drivers (Nürnberg et al. 2019). For instance, warming shortens the 

duration of the ice-on period (Pilla and Williamson 2021) and causes incomplete spring turnover 

(Boegman et al. 2012; Woolway et al. 2014) which in turn decreases the hypolimnetic DO 

concentration at the onset of summer stratification (Yang et al. 2020b). This may cause extensive 

hypoxia by the end of the following summer. Vertical DO fluxes that sustain the lake 

biogeochemistry occur during turnovers (Bouffard and Wüest 2019), since thermal stratification 

separates the well-oxygenated epilimnion from the hypolimnion.  

 Better insight into the nutrient dynamics within seasonal ice-covered lakes is essential 

in order to estimate future water quality and design the best management practices (Ho and 

Michalak 2017; Paytan et al. 2017). The processes that release phosphorus (P) to the watercolumn 

are poorly understood (Watson et al. 2016). Sources of P include (i) sediment release in the form 

of orthophosphate under hypolimnetic anoxic condition, (ii) mineralization and decomposition of 
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organic matter under aerobic conditions at the sediment-water interface, (iii) sediment 

resuspension into the watercolumn (Watson et al. 2016), and (iv) internal loads from algae and 

zooplankton excretion (Schwalb et al. 2015).  

Orthophosphate (PO4) is the fraction that is taken up by phytoplankton. It is known that 

limits the phytoplankton growth (Schindler et al. 1971; Schindler 1977). Anoxic sediments (< 1 

mg O2 L
-1) release PO4 into the overlying lake water through diffusion (Nürnberg et al. 2013; 

Crockford et al. 2015; Markelov et al. 2019) Therefore, hypoxia/anoxia can control the PO4 release 

from the sediments and associated phytoplankton growth. In lakes with prolonged stratification 

periods, sediment-derived PO4 is trapped in the hypolimnion and then rapidly introduced into the 

epilimnion during turnover to initiate phytoplankton growth (Crockford et al. 2015).  

The role of turnovers and stratification in internal P loading, and it is possible impacts on 

phytoplankton growth, are not well understood. Lake thermal structure and dynamics of mixing 

control the distribution of bottom nutrients in the watercolumn (Wang et al. 2012). Stronger 

stratification and weaker turnovers reduce the internal PO4 load from the bottom to the photic zone 

(Kraemer et al. 2015; Schwefel et al. 2019). Conversely, strong mixing can affect the trophic status 

of lakes by redistributing PO4 to the epilimnion, increasing growth (Simona 2003; Salmaso et al. 

2005; Peeters et al. 2007) including under ice (Yang et al. 2017).  

A three-dimensional hydrodynamic-biogeochemical model is used as a tool that could fill 

the gaps in field data to improve the understanding of DO and P dynamics during and between 

turnover events, specifically during the ice-on period when obtaining filed observations is limited. 

The three-dimensional Estuary and Lake Computer Model (ELCOM) coupled to the 

Computational Aquatic Ecosystem Dynamics Model (CAEDYM) has been proven to be capable 

of modeling different aspects of hydrodynamics and biogeochemistry of lakes and reservoirs, for 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
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example: Lake Erie (Leon et al. 2011; Oveisy et al. 2014; Bocaniov et al. 2016), Lake Simcoe 

(Schwalb et al. 2015), Lake Minnetonka (Missaghi et al. 2017), and Edmonton stormwater ponds 

(Nakhaei et al. 2021b). A parallel version of ELCOM-CAYDEM, the Aquatic Ecosystem Model 

(AEM3D-iWaterquality) has made multi-year simulations computationally efficient.  

In this thesis, turnover events are observed and computationally modelled over a 10 year 

period in a small Canadian Shield lake. The specific objectives of this thesis are to: 

1. To quantify the relative importance of physical processes driving fall and spring turnover in a 

small temperate lake. Moreover, to compare the relative strength of fall turnover to spring turnover, 

in order to better characterize the annual cycle of deep-water renewal. 

2. To characterize the processes causing variability in the hypolimnetic dissolved oxygen 

concentration between fall-turnover-to-spring-turnover in a small Canadian Shield lake and to 

quantify the relative contributions of atmospheric exchange versus photosynthetic production as 

DO sources to the lake. 

3. To estimate the internal PO4 loading and determine the fate of upwelled PO4 during fall turnover 

and its impacts on lake production in the fall,  winter and spring. 

 

1.2 Layout of the thesis 

This thesis is concerned with characterizing the physics of fall and spring turnover and their 

impacts on the dynamics of DO and PO4 in a small dimictic lake by combining field observations 

and three-dimensional simulations. In Chapter 2, the physical characteristics of fall and spring 

turnover were investigated by initiating/calibrating/validating a hydrodynamics model for Eagle 

Lake, Ontario, Canada. The objectives were to quantify the dominant physical process in driving 
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fall and spring turnover. Using the same simulations from Chapter 2, the dynamics of DO and 

annual oxygen budget were studied in Chapter 3 by adding the biogeochemical component of the 

model. In Chapter 4, historical and recent water quality observations and model results were used 

to estimate the internal PO4 load to the lake and determine the impacts of upwelled PO4 on 

triggering algal blooms in fall, winter and spring. A summary and conclusions follow in Chapter 

5, along with suggestions for future work. 
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Chapter 2 

Turnover in a Small Canadian Shield Lake 

2.1 Introduction  

Turnover and deep mixing events occur during the fall and spring in small temperate lakes, when 

heat flux through the free-surface erodes the density stratification, allowing wind and/or 

convection to mix the water column (Yang et al. 2020a). The degree of turnover, varies inter-

annually according to the meteorological forcing and lake morphometry (Molot et al. 1992; 

Stainsby et al. 2011; Boegman et al. 2012). Turnover delivers 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 phytoplankton growth  (Nürnberg 1988; Wang et al. 2012; Kreling et al. 2014). As a result, 

turnover can influence the lake trophic state, biogeochemical lifecycle events and cold-water fish 

habitat (Nelligan et al. 2019; Li et al. 2018). Stronger stratification and weaker turnover, due to 

climate change (e.g., Stainsby et al. 2011), may alter DO, PO4 and CH4 pathways (Schubert et al. 

2012; Kraemer et al. 2015; Schwefel et al. 2019). Therefore, 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 management (Kirillin et al. 2012).  

The hydrodynamics of turnover events in small lakes are complicated, with several 

processes involved: mid-basin penetrative convective mixing (Oveisy and Boegman 2014; 

Chowdhury et al. 2016; Yang et al. 2017), wind-induced mixing (Bouffard et al. 2013b; Bouffard 

and Wüest 2018; Lowry et al. 2018) and density-driven plumes initiated by differential 

heating/cooling between the littoral and pelagic zones (Monismith et al. 1990; Fer et al. 2002a; 



13 

 

Lei and Patterson 2002). The physical dynamics of each of these processes has been investigated 

in isolation. For example, the effects of wind on mixing and the hypolimnion temperature 

(Boegman et al. 2012; Liu et al. 2014), the convection velocity during ice-on and ice-off periods 

(Austin 2019; Cannon et al. 2019; Volkov et al. 2019), the rate of convective mixed layer (CML) 

deepening (Cannon et al. 2019; Mironov et al. 2002)  and the effect of slope on density-driven 

plumes caused by differential cooling and heating (Sturman 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 turnovers, and the driving processes, being 

based on short-term studies (2 days to a few weeks), due to the difficulty in obtaining 

measurements during the ice-on/off periods (Bouffard and Wüest 2019). Therefore, there is a need 

to investigate fall turnover ï from summer through winter ï and similarly, spring turnover ï from 

winter through summer ï and how these events change interannually; thereby influencing 

interannual variations in deep-water biogeochemistry.   

The three-dimensional hydrodynamic model is a tool that may be employed to increase the 

understanding of lake processes during the ice-cover season, when observations are limited over 

multiple years. Unlike one-dimensional models, three-dimensional models directly resolve, as 

opposed to parameterize, the complex sub basin-scale processes involved in turnovers such as 

convective plumes from sidearms and in mid-basin. The three-dimensionality allows for 

investigation of the spatial and temporal variation in these complex processes. In this study, we 

apply the three-dimensional Estuary and Lake Computer Model (ELCOM) has been successfully 

applied to large and small lakes for hydrodynamic-thermodynamic studies, for example: Lake Erie 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
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(Leon et al. 2011; Oveisy et al. 2014), Lake Simcoe (Bouffard and Boegman 2011), Lake 

Constance (Caramatti et al. 2019), Lake Minnetonka (Missaghi et al. 2017), Edmonton stormwater 

ponds (Nakhaei et al. 2018); including simulation of ice cover on a small temperate lake (Oveisy 

et al. 2012).  

The primary objective of the present study is to combine field observations with three-

dimensional numerical simulations, to quantify the relative importance, and inter-annual variation, 

in the processes (mid-basin penetrative convection, sidearm convection from differential 

heating/cooling and mixing from the surface wind 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 cycle of deep-water renewal. 

 

2.2 Methods 

2.2.1 Site description 

Eagle Lake (Figure 2-1) is a small Precambrian Shield lake with a maximum depth of 31.1 m, a 

mean depth of 10 m, surface area of A0= 6.65 km2 and a relative depth of 1% (Zr=50×Zmax× ) 

located in Central Frontenac Township, eastern Ontario, Canada (44Á40ǋ N 76Á42ǋ W). The lake is 

seasonally ice covered with low snow accumulation  (<10 cm; Oveisy and Boegman 2014). It has 

an inflow from Leggat Lakes via Eagle Creek and a controlled outflow to Bobs Lake, which causes 

a residence time of 6 to 7 years. Eagle Lake is a sensitive Lake Trout lake and is classified as óat 

capacityô by the Ontario Ministry of Environment Conservation and Parks, because the end-of-

summer mean volume-weighted hypolimnetic dissolved oxygen concentration is commonly below 
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7 mg L-1.  The óat capacityô designation, prevents additional shoreline development within 300 m 

surrounding the lake (OMOECC 2011). Given the low deep-water oxygen concentrations, there is 

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

 

 

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 indicated, where thermistor chains 

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

 

2.2.2 Observational Data 

Meteorological data (Figure A.1) were recorded with a tripod-mounted Onset HOBO U30 Weather 

Station on a small isolated island during 2011-19 at 10-min intervals (44o 41.524ô N, 76o 41.437ô 

W). The instruments measured air temperature and relative humidity (STHB-M002; ±0.21 °C, 

±2.5 % accuracy), incoming shortwave radiation (S-LIB-M003; ±10 W/m2 accuracy) and 10-min 
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average wind speed and direction (S-WCF-M003; ±1 ms-1, ±7̄ ) at a 2-m height. Daily 

precipitation was obtained from the Environment and Climate Change Canada Hartington 

meteorological station [6103367], located ~ 30 km to the south. Mean daily cloud cover (Fischer 

et al. 1979) was input each timestep, as calculated from daily averaged clear-sky radiation (Seckel 

and Beaudy 1973; clskswr.m) and measured shortwave radiation.  

Water temperatures were recorded at stations 1 and 2 (44o 40.686ô N, 76o 42.133ô W; 44o 41.524ô 

N, 76o 42.073ô W; Figure 2-1b) using Precision Measurement Engineering t-chains (±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. 2011, at 10-

sec intervals and subsampled to 10-min averages.  Between 10 and 24 RBR TR-1060 temperature 

loggers (0.002 °C accuracy and 0.00005 °C resolution; https://rbr-global.com/) were also deployed 

at stations 1, 2 and 3 (Table A.1), with 10 s sampling subsampled to 10-min averages, from 23 

Nov.  2012 to 31 May 2014 (Figure 2-1b). Water quality sensors (RBR XR-420/620; DO-1050) 

were also deployed to measure dissolved oxygen, turbidity, fluorescence, conductivity and 

temperature (Table A.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 90-minutes intervals with a 1-m cell size 

(Jun. 2012 to May 2013) did not have a sufficient signal-to-noise ratio to be useable from this low 

velocity oligotrophic lake.  

 

2.2.3 Computational model 

The three-dimensional coupled hydrodynamic Aquatic Ecosystem Model (AEM3D; 

www.hydronumerics.com), which is a parallel version of well-known ELCOM model (Hodges et 
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al. 2000), was applied to simulate the Eagle Lake on a 30×30 m horizontal grid with 32 vertical z-

layers ranging from 0.5 m at the surface to 2 m through the hypolimnion. 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 three-dimensional version of the 1D hydrodynamic model DYRESM, 

which previously has been applied to Eagle Lake in a multi-year simulation (Oveisy and Boegman 

2014). It solves the Reynolds-averaged Navier-Stokes equations based on the semi-implicit TRIM 

approach, with a turbulent kinetic energy based mixed-layer 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 atmosphere were applied with an assumption of a stable 

atmosphere (Oveisy et al. 2012). In hydrostatic mode, vertical velocities are computed by applying 

the continuity equation to the bottom cell, which has zero flux through the sediment, and sweeping 

upward in each water column. This approximation 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 

pressure field (Wadzuk and Hodges 2004).    

In the present study, AEM3D was run for 7 years from 20 May 2011 to 15 Jul. 2017 in hydrostatic 

mode with a 30 second timestep to satisfy the Courant-Friedrichs-Lewy condition. Surface and 

bottom drag coefficients were calibrated to be ὅ ρȢρ ρπ and ω ρπ , respectively. The 

model was also run in nonhydrostatic mode for a period of 7 months, from 20 May 2011 to 22 

Nov. 2011. The 7-year and 7-month runs took 15 and 60 days of wall-clock time, respectively, on 

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

running the nonhydrostatic model for the entire 7-year simulation, which would take 2 years 
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realtime.   Model output, including profiles (stations 1-3 in Figure 2-1b), curtains (A-C lines in 

Figure 2-1b) and sheets at the surface, bottom and 8 m depth, were analyzed to investigate the 

spatial and temporal changes in lake hydrodynamics (Figure 2-1b). A grid sensitivity analysis, 

with a finer resolution of 66 vertical layers at 0.5 m, a horizontal grid size of 1010 m and a time 

step of 10 s took 38 days to complete a 1-year run in hydrostatic mode.  

 

2.2.4 Analytical methods  

The convective mixed-layer depth (LCML) was computed as the depth where the square of the 

buoyancy frequency ὔ  first exceeded 10-5 s-2, which corresponds to a temperature 

gradient of 0.02 °C m-1 at a water temperature of 8 °C.  Here, the gravitational constant g = 9.81 

m s-2 and reference density ” ρπππ kg m-3, where ” is the water density and z is the vertical 

coordinate direction (positive upwards). During ice cover, LCML was measured from the base of 

the cold layer (0-1.5 °C) immediately beneath the ice (Kirillin et al. 2012).   

Profiles of vertical diffusivity ὑ ᾀ 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 method (Powell and Jassby 1974; Jassby and Powell 1975).   To account 

for the temporal and spatial gaps in the observational data (Table A.1), the heat budget method 

was applied to the AEM3D output and corrected for incoming solar radiation. The CML is 

controlled by large-scale turbulence (Bouffard and Wüest 2019), making the heat budget method 

suitable for capturing diffusivity through this layer. 
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Equation 1 gives the Monin-Obukhov length-scale, indicating the depth scale over which 

the wind energy balances the change in potential energy from surface cooling or heating (Imberger 

1985): 

ὒ ᶻ           (2-1) 

where, όz is the surface wind-shear velocity calculated from the 10-m adjusted wind speed (όz

Ὗ ), ὅ  is the drag coefficient, ‖ πȢτρ is the Von Karman constant and ὄ represents 

the surface buoyancy flux, calculated from the effective heat flux (HF) (Imberger 1985): 

ὄ            (2-2) 

Here, ‌ is the thermal coefficient of expansion (° C-1), and ὅ is the specific heat capacity of water 

(J kg-1 °C-1).  

AEM3D output was also used to compute the effective heat flux, which includes net 

radiation and sensible and latent heat fluxes (Jonas et al. 2003; Pernica 2014; Nakhaei et al. 2018). 

The thermal expansion coefficient is a function of water temperature, approaching zero at the 

temperature of maximum density (Tmd-Figure A.2); therefore, temperature effects on density 

become negligible when B is undefined (Kirillin et al. 2012). During ice-cover, 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 shortwave radiation from the amount of radiation absorbed by the snow, white and 

blue ice layers, with a particular attenuation coefficient for each layer (Oveisy 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 
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and blue ice (Oveisy et al. 2012). Moreover, the heat flux from the water to the ice layer was 

calculated using constant ice and snow conductivity coefficients, multiplied by the surface water 

temperature gradient (Oveisy et al. 2012). The heat flux calculated by the model was validated 

against the heat flux calculated from the thermistor chains at stations 1 and 2 (Figure A.8). The 

RMSE between the modeled and observed heat flux were 44 (station 1) and 45 W m-2 (station 2), 

showing reasonable reproduction of heat flux by the model.   

The ratio of Monin-Obukhov length scale to the convective mixed layer () represents 

the portion of the surface mixed layer influenced by wind-induced turbulence, where below LMO, 

convection induced turbulence dominates (Imberger 1985). The thermocline depth (Equation 2-3) 

was also calculated as the first moment of the density gradient (Chowdhury et al. 2016) with the 

hypolimnion being below this depth. 

ὤ
᷿  

᷿
           (2-3) 

In order to compare vertical velocities during the fall and spring turnovers, the absolute value 

of convective scale velocity was calculated following Patterson and Hamblin (1988) and Bouffard 

et al. (2019): 

ȿύzȿ ȿὄὒ ȿ Ⱦ               (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 the deepest point of the lake at station 1 (|Tsurface-Tmax-depth| < 0.4 °C 

equivalent to a temperature gradient of <0.01 °C m-1). During turnover, the eddy diffusivity 

increased (ὑ 1ͯ0-3-10-2 m2 s-1) toward the bottom of the lake. A relatively weak wind could then 
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mix or óturnoverô the entire water column at this time. Large overturn events continued until the 

onset of óinverseô winter stratification, when a gradient of ~ -0.03 °C m-1 (|Tsurface-Tmax-depth| > 1.0 °C) 

formed in the water column (Woolway et al. 2014). We note that using an isothermal criterion 

means that the condition LCML > the maximum depth, is not necessarily satisfied at the onset of fall 

turnover. Similarly, spring turnover was manually observed to begin when the water column, at 

the deepest part of the lake, became nearly isothermal (temperature gradient of <0.01 °C m-1 or 

|Tsurface-Tmax-depth| < 0.4 °C) after mixing of the winter stratification.  Spring turnover ended once the 

average water column temperature reached 4.0 to 4.5 °C (Titze 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 S1-S2). The final parameter set chosen gave the lowest error in comparison to 

the PME thermistors at stations 1 and 2, which have the highest vertical resolution. 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 Aug. 2011. The ice/snow albedo values were from a sensitivity analysis 

applying a 1D model (DYRESM) to Eagle Lake, which uses the same ice/snow model applied in 

each grid cell of AEM3D (Oveisy and Boegman 2014-their Figure 9). Small errors 

(RMSEsurface=0.8 ºC) between modeled and observed water temperature at the surface (top 5 m) 

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

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

nonhydrostatic and grid sensitivity runs (see Appendix A). 

 

2.3.1 Water temperatures  

The model accurately simulated the thermal conditions of Eagle Lake; however, compared to 

observations, the modeled seasonal 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 stations (Figure 2-2a-e).  

Root-mean-square error (RMSE) and degree of correlation (R2) were used to quantify the 

error between the observations and simulated water temperatures at different depths (station 1 and 

2) during the calibration and validation periods. As an example of the calibrated runs, water 

temperature time series versus depth were compared (Figure 2-2a-e). 

The RMSE during fall and spring turnover at stations 1 and 2 was within a range of 0 to 2 

°C with an average of 0.78 °C in fall and 0.73 °C in spring (Figure 2-2f, Figure A.3). The mean-

annual range was higher (RMSE = 0.2 to 3.2 °C), with an average of 1.5 °C from 2011 to 2014 

(Figure 2-2g-h).  The RMSE at station 3 was 0.7 °C in 2011 (Figure 2-2e). The RMSE were lower 

for the calibration period (0.9 °C) than validation (1.7 °C) (Figure 2-2g-h, circles vs. asterisks and 

triangles). The correlation coefficient (R2) between the simulated temperatures and observed data 

were reasonably high (0.67-0.97) over the 3 years of validation (Figure 2-2g, h). More temperature 

comparisons are given in Figure A.3. Ice thickness was simulated with an error of ~3 cm (Figure 

2-9a-blue circles). 
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Figure 2-2. Simulated water temperatures, from model calibration, are shown against the observed PME t-chain water 

temperatures (a-d) stations 1 and 2 in 2011. (e) comparisons between modeled (blue and black lines) and the observed 

RBR water temperature at station 3 in 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. Twelve-month  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). 

 

 



24 

 

2.3.2 Vertical velocities 

Water temperature data were used to examine whether the sudden changes in modeled vertical 

velocities (w), were consistent with observed sudden changes in water temperature. Strong vertical 

motions ~ °3 mm s-1 occurred at the same times as the water column homogenized through 

deepening of the CML during turnover events (Figure 2-3).  Both surface heat flux and wind speed 

are important drivers of turnover in temperate lakes (Bouffard and Wüest 2018). Comparing the 

observed lake temperature and calculated heat flux (Figure 2-3) shows the lake temperature 

response to follow the same pattern as the heat flux, with a time lag. During the cooling period, 

the CML deepening accelerated when heat flux became negative, eroding the stratification and 

homogenizing the lake.  

 

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; right 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, respectively. 
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2.3.3 Vertical turbulent diffusivities  

The average Kz during the summer of 2011 was compared to published Kz profiles during the same 

time interval (Figure 2-4a), obtained from Batchelor fitting to microstructure data (Nakhaei et al. 

2016). The observed and simulated Kz were 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 (10-4 vs. 10-5 m2 s-1).   

     

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-averaged Kz from heat budget method 

applied to modeled results over the same time interval (blue line). (b) time-averaged Kz using the heat budget method 

during fall turnover (solid line), spring turnover (dashed line), winter stratification (dotted line), and summer 

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

layers. 
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2.3.4 Horizontal scale of vertical plumes   

To evaluate how the model reproduced convective motions, the physical scale and characteristic 

velocities of the simulated vertical plumes at the surface (Figure 2-5a) and from cross-sections 

(Figure 2-1b (curtain A), Figure 2-5b-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 (Figure A.4) and consistent with 

the nonhydrostatic simulation on a 30 m x 30 m grid (Figure A.9; Table A.4). 
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Figure 2-5. Successive model output snapshots of mid-basin 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 in-plane velocity (black arrows). Black box emphasizes the 

development of a mid-basin convective plume. Times are indicated in the panels. 

 

2.4 Results 

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

m grid model output and in the field observations, followed by a description of how these processes 
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combine to drive fall and spring turnover. The implications of the hydrostatic assumption and 

chosen grid resolution are addressed in the Discussion. 

 

2.4.1 Processes driving turnover 

2.4.2 Mid -basin penetrative convection 

The generation of mid-basin penetrative convective plumes during fall and spring overturns is 

compared. Consider fall turnover (Figure 2-5), when the lake was nearly isothermal (4.6 to 5.3 °C 

over the water column) and wind mixing could be neglected; as determined by the Monin-

Obukhov length scale (LMO ḙ 0). Penetrative convection began with night-time cooling (e.g., 21:00 

on 2 December, 2011; Figure 2-5b, c), three hours later (midnight on 2 December, 2011; Figure 

2-5d, e), the heat loss 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 mm s-1 and with a ~50 m 

horizontal radius (from 900 m to 1005 m on the horizontal axis). As time passed, and the lake 

continued to lose heat, the vertical plume expanded in width and depth, sinking at ~2.8 mm s-1. 

Eventually, return flows were evident in the streamlines on the left and right sides of the downward 

plume (Figure 2-5f, g). The upward plumes travelled at ~1.3 mm s-1 with a horizontal radius of 70 

m. As the cold plume reached the lake-bed, the width continued to increase as the ambient warmer 

water was displaced towards the surface, until the return flow dissipated. 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 speed of the 
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downward plumes was 0.45 to 0.67 mm s-1, while the upward return flow ranged from 0.3 to 0.39 

mm s-1. The average horizontal radius of the under-ice vertical plumes was ~56 m and ~63 m for 

downward and upward plumes, respectively. Seasonal differences were evident in the convective-

scale velocities (Equation 2-4) during fall and under ice in spring turnover, which can be used to 

compare the strengths of the vertical plumes during fall and spring (Figure 2-6a). The convective-

scale velocities were roughly the same (6-8 mm s-1) in all years during spring turnover (Figure 

2-6a, light gray shading), even though ice thickness differed (12-22 cm; Figure 2-9). The mean fall 

convective-scale velocity (Figure 2-6a, dark gray shading), over the 6-year simulation, was ~8.3 

mm s-1 with a standard deviation of 1.1 mm s-1; whereas in spring, the mean decreased to ~6.5 mm 

s-1 with a standard deviation of 2.3 mm s-1 (Figure 2-6a; light gray shading). 

To understand the effects of mixing on water column structure and, in particular,  mixing 

during turnover, profiles of vertical turbulent diffusivity, calculated from the heat budget method 

were compared to LCML (Figure 2-6b). Six years of  summer stratification are shown, where the 

water column was divided into the surface mixed layer or epilimnion (LCML; Figure 2-6b, black 

line), the stratified metalimnion and the hypolimnion (Wuest et al. 2000). In each cycle, Kz was 

smallest (~10-6 to ~10-8 m2s-1) in the metalimnion during summer stratification and immediately 

following fall turnover; Kz was largest (~10-2 m2s-1) during spring and fall turnover events (Figure 

2-6). The LCML extended to the lake-bed during fall turnover, in all years, and continued to the 

onset of inverse stratification (Figure 2-6a,b; end of dark gray shading). During winter, deepening 

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. As expected from Equation 

(2-4), there was a positive correlation between ύz and LCML, both having local maxima during 

turnover events, when convection drives mixed layer deepening (Figure 2-6).   
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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 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 the thickness 

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.  

 

2.4.3 Side-arm convection 

Coupling between relatively uniform surface thermodynamics and horizontal variation in 

bathymetry between the littoral and pelagic zones, creates a horizontal density gradient that 

initiates downward plunging of plumes along the bottom slope (Monismith et al. 1990; Farrow and 

Patterson 1993; Bouffard and Wüest 2019). To investigate their dynamics, the plumes were 

visualized during the fall and spring turnovers, when winds were calm (< 2 m s-1).  

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

western shore that was 1.5 °C colder than mid-basin (Figure 2-7a). A plume descended offshore 
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downslope from 01:00 to 03:00 at 3-5 mm s-1, as visualized with streamlines and velocity vectors 

(Figure 2-7a,b; arrows). Over the subsequent of 3 hours, the plume continued to descend with a 

subsurface baroclinic temperature difference ȹT ~ 0.15 °C and a speed ~10 mm s-1, driving a 

recirculating flow (Figure 2-7c, d). As the heat loss continued, ȹT rose to 0.2 °C and the 

streamlines separated from the bed, allowing the cold current to move over the bottom toward the 

eastern shore (Figure 2-7e, f). The momentum of these currents was sufficient to carry the water 

horizontally across the lake-bed (Figure 2-7e, f). A similar descending plume was also visualized 

to occur from cooling along the eastern shore (Figure 2-7e-f). Here, a surface gradient of ~1.0 °C, 

from the littoral zone to mid basin, generated a ~5 m thick plume with a baroclinic ȹT ~ 0.2 °C 

and maximum velocity of ~10 mm s-1 (Figure 2-7f).  

Convective plumes also occurred in spring, under ice cover, with heated water at Tmd 

descending from the littoral zones. As an example, a plume resulting from differential heating 

under ice descended with a velocity of ~2 mm s-1 and thickness of ~10 m (Figure 2-7g, h-arrows). 
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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 (colors) and streamlines (blue lines); 

(b, d, f, h) vertical velocity (colors) and in-plane velocity vectors (small black arrows). Large black arrows highlight 

flow direction. Black boxes show the formation of density driven plumes on the western and eastern lake-bed. Times 

are indicated in the panels. 
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2.4.4 Wind-induced mixing 

Wind can provide energy to mix the water column during turnover. However, in Eagle Lake wind 

sheltering by ice and tree-cover (Oveisy and Boegman 2014) limits the wind impact on spring 

turnover.  For example, in Figure 2-6, ύz was suppressed during ice-cover; a rapid decrease 

occurring when the lake was still isothermal. To better understand the impact of wind-induced 

mixing on turnover, the daily-averaged LMO was compared to wind speed, water column 

temperature, LCML and Kz.  On 1 Oct. 2011, 5.5 m s-1 winds generated ◊z  ͯ7 mm s-1 at the lake 

surface (Figure 2-8d) and LMO = 8 m (Figure 2-8c), providing sufficient energy to mix the surface 

layer to a depth of 6.7 m with Kz ~10-2 m2 s-1 (Figure 2-8c, d). The stratification continued to 

weaken with increased heat loss and on 21 Oct. a strong ~7 m s-1 wind event mixed the water 

column to a depth of 22 m with Kz ~ 10-2 m2 s-1 (Figure 2-8c, e). When the lake was fully isothermal 

on 29 Nov., 5.5 m s-1 winds and όz  ͯ  4 mm s-1 mixed the water column to 15 m depth (Figure 

2-8f), as predicted by LMO. In general, when there was weak background stratification, the wind 

mixed the water column to the depth predicted by LMO, with a strong diffusivity (Kz ~10-1 m2 s-1) 

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

2-8g).    
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Figure 2-8. 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 to g ï as indicated). (a) Daily averaged wind speed, (b) water column temperature at station 1 

for various depths, (c) Contours of vertical turbulent diffusivity (heat budget method), black line shows LMO (Eq. 2-1) and the black 

dotted line shows the estimated LCML. (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 current speed with in-plane velocity vectors (small black arrows) 

together with the estimated LMO (white dashed line).  
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2.4.5 Heat flux dur ing fall turnover  

Fall turnover began in November to December (Figure 2-9a, b) 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-1 (0.15 °C day-1 average). Turnover ended with the onset of winter stratification. 

The daily averaged effective heat flux (positive into the lake) was within a range of -180 to +270 

W m-2 (Figure 2-9a). Ice usually formed in late December and lasted until April to May, with a 

simulated ice thickness of 12 to 22 cm.  

The heat flux was roughly balanced (net flux  0) in September through October, when 

the stratification weakened in the surface layers (e.g. Figure 2-9 red rectangle; Figure 2-10a) and 

the difference between the air temperature and the water surface temperature was small (< ~2 °C). 

Later in fall, the heat loss increased as cooling accelerated, and the surface mixed layer deepened 

until the lake mixed and became near isothermal (Figure 2-9b, beginning of dark gray shading; 

Figure 2-10b). 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 convection, initiated from the 

littoral areas (Figure 2-10c, red arrows), wind-induced mixing (Figure 2-10d, red arrows) and mid-

basin penetrative convection mixing (Figure 2-10e, vertical red arrows) all occurred within days 

of one another. The lake was sensitive to wind-induced mixing during isothermal conditions, when 

there was sufficient wind energy to mix the water column. For example, a 5 m s-1 wind event 

caused large-scale overturns when the lake was near isothermal at ~5 °C (Figure 2-10d, red 

arrows). These important events mix the lake over basin-scales, redistributing oxygen and 

nutrients, which are otherwise 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 the fall turnover events 

and prior to full ice-cover (Figure 2-9a; 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 loss, 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 formation (Figure 2-9b; below black dotted line); the 

strength of which varied annually ~ 6.1×10-5 < N 2 < ~ 8.4 ×10-5 s-2 depending on the inter-play 

between wind speed and the rate of heat loss (Yang et al. 2021). These changes began in the littoral 

areas and progressed toward mid-basin (Figure 2-10e; red rectangle and arrow). Once full ice-

cover formed (Figure 2-9a; red arrows), the heat flux became positive (into the lake).  

Ice thickness depends on the amount of heat loss during the pre-ice period (Kirillin et al. 

2012). For instance, in years when cooling was stronger, the resultant ice cover was thicker (e.g., 

fall 2013/winter 2014, fall 2014/winter 2015 and fall 2016/winter 2017; Figure 2-9a). Ice growth 

continued until the heat flux became positive and the lake began to store heat.  
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 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 (blue circles, 

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 the Tmd in which any stratification below this 

line considers as inverse.; (c) modelled contours of water temperature at station 1, the solid line shows the estimated 

LCMLȢ Dark 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  0. 

 

2.4.6 Heat flux during spring turnover  

Spring turnover lasted for 51°29 days (mean ° standard deviation) and ranged from the end of 

February until the end of May, depending on the year (Figure 2-9b). Once the lake mixed, the 

water column warmed at 0.008 to 0.037 °C day-1 (0.023 °C day-1 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 4 °C and produced plumes that penetrated to the bottom of the CML; the mixed 

water column below remained calm (Figure 2-10f; red arrows). The depth to which these plumes 

descended (Figure 2-10g) increased with the net heat flux (Figure 2-9a; black line in light gray 

shading). This gradually warmed the top layers (Figure 2-10g; red rectangle) and mixed the inverse 

stratification, making the lake isothermal (Figure 2-10h) under the ice (Figure 2-9a, b; light gray 

shading). Once the water column became isothermal, spring turnover mixed to the bottom, 

followed by warming of the entire lake. The heat flux was highest 4-14 days before complete ice-

off, when the thin ice layer (2-8 cm) inhibited heat loss but allowed solar radiation to penetrate 

through the ice and warm the top layers. This initiated the formation of dense plumes, with a 

temperature of ~4 °C (ambient water column temperature = 3.6 °C), during the day and 

consequently warmed the entire water column (Figure 2-10h). At ice off, heat storage decreased 

and summer stratification began, once the water column reached 4 to 4.5 °C.   
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Figure 2-10. Cross sections (curtain A; Figure 2-1), progressing from fall 2012 through 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) wind-induced mixing from a westerly wind event; (e) onset of winter 

stratification from the littoral zone (red rectangle). Vertical red arrows show mid-basin convective movement; (f) under ice vertical 

movement in the CML (red arrows); (g) onset of spring turnover (red arrow) and sidearm convection (red rectangle) from heating 

of the surface layer under ice; and (h) mid-basin convection under ice (red arrows).    

 

2.5 Discussion 

 

2.5.1 Hydrodynamic calibration  

The maximum RMSE of 3.2 °C occurred through the thermocline (10-15 m) in 2012; however, 

this was reasonable for a long term simulation, in comparison to other studies (Winslow et al. 

2017). Small errors in simulation of thermocline depth can lead to large RMSE, even with high 
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model resolution (Dorostkar 2012; his Figure 2.6). The error in water temperature during turnover 

(0.73 and 0.78 °C) was lower than the annual averaged 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 typically 1-5 W mï2  (= 216 kJ day-1 m-2 on average) 

in small lakes (Oveisy and Boegman 2014). Considering the specific heat capacity of water is 4180 

kJ m-3, this amount of heat is enough to increase the temperature of 5 m of water column by 2 °C 

in the 100-day stratification period (0.05 °C day-1 m-1).  

The average RMSE of 1.45 °C over a range of 0-26 °C (5%) indicates that the model 

satisfactorily simulated the thermal structure of Eagle Lake. For instance, in Cayuga Lake using 

the MITgcm with 22 m horizontal resolution Dorostkar et al. (2017) had RMSE = 1.9 °C and in 

Edmonton stormwater ponds using ELCOM with 2 m horizontal resolution, Nakhaei et al. (2018) 

had RMSE = 1.2-4.6 °C. Moreover, the model accurately estimated the thermal structure within a 

shallow embayment (station 3) indicating the uniform meteorological data is adequate to force the 

entire domain. The RMSE between LCML, calculated from observed and modelled water 

temperatures were, respectively, 0.32 m and 0.2 m at stations 1 and 2 (Figure A.7). When 

normalized by LCML (5 ï 15 m), the error was 1 ï 6% 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 applying conservaton of volume to the horizontal 

momentum field.  However, it would take 2 years to complete the 7-year runtime simulations in 

nonhydrostatic mode; an unreasonable wall-clock time.  A 7-month runtime nonhydrostatic 

simulation, encompassing the first fall turnover event, shows the nonhydrostatic and hydrostatic 

simulations to be qualitatively similar (Table A.4). The hydrostatic convective cells were slightly 
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smaller (14% error; Figure A.9), with higher velocities (5-6% error; Figs. S9 and S10), resulting 

in a similar overall volumetric flux (4% error; Table A.4) and buoyancy flux (<0.3 ºC difference 

in RMSE compared to observations; Figures S9, S10 and S11).  Given these small errors, and the 

significantly longer nonhydrostatic wall-clock times, application of the hydrostatic approximation 

is warranted in this application. Consistent with our results, Dietrich and Lin (2002) found 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 output. The vast majority 

of lake models do not include calibration of velocity, which is typically achieved through 

comparison to the baroclinic temperature field, which is in-turn a function of coupling between 

thermodynamics and velocities (Hodges et al. 2000; Bouffard and Boegman 2011; Caramatti et al. 

2019). However, the model does show good performance with velocities in limited comparisons 

in other lakes (e.g.,Valipour et al. 2015). The predicted vertical plume speed was ~5 mm s-1, which 

is in the typical range of 0.6 to 30 mm s-1 observations (e.g., 0.6 mm s-1 in Heywood Lake (Malm 

1999), 2 mm s-1 in Tub Lake and Babine Lake (Likens and Ragotzkie 1965; Malm 1999), 4 mm s-

1 in Soppensee Lake (Jonas et al. 2003), 9 mm s-1 in Lake Superior (Austin 2019) and 30 mm s-1 

in the Greenland Sea (Schott et al. 1993). Similarly, the modeled radius of the mid-basin 

penetrative plumes were between 15 m (30 m radius; one grid cell) to 122 m over the simulation; 

again consistent with the literature: 5 m in Soppensee Lake (Jonas et al. 2003), 10-40 m in Tub 

Lake (Likens and Ragotzkie 1965), 50 m in Lake Superior (Austin 2019) and 300 m in the  

Greenland Sea (Schott et al. 1993). This scale is a function of lake size, heat flux, and the ratio of 
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bottom area to the water column depth; with convection being more vigorous when the ratio is 

greater (Likens and Ragotzkie 1965).    

 

2.6 Comparison of processes governing fall and spring turnover 

During turnover, sidearm convection from differential heating/cooling and mid-lake penetrative 

convection contribute to mixing and water column overturn (Fer et al. 2002b; Bouffard and Wüest 

2019).  Wind can also provide sufficient energy to mix the water column (Bouffard and Wüest 

2018); however, turnovers can occur when surface winds are sheltered by ice cover. For example, 

positive heat flux begins with the ice formation during fall (Kirillin et al. 2012) and penetration of 

short wave solar radiation through ice causes vertical plumes during spring (Yang et al. 2017; 

Bouffard et al. 2019b; Winters et al. 2019). Below, we investigate the relative importance of wind 

and convection on lake overturn. 

 

2.6.1 Differential cooling vs. differential heating 

Thermal exchange between the lake surface and the atmosphere generates density-driven plumes, 

whose characteristics differ spatially and temporally. For example, the modeled plume in Figure 

2-7e-h, had a velocity of 1.5 mm s-1 and thickness of 10 m, which are within the same order of 

magnitude as observations in other ice covered lakes (Stefanovic and Stefan 2002; Kirillin et al. 

2015). However, there is a lack of density-driven plume observations (Bouffard and Wüest 2019), 

with the majority of present knowledge on littoral density-currents being from laboratory 

experiments (e.g., Sturman et al. 1999; Wells and Nadarajah 2009; Naghib et al. 2018), as opposed 

to the limited observational studies (Monismith et al. 1990; Fer et al. 2002a; Kirillin et al. 2015). 
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Therefore, this study provides an opportunity to further computationally investigate plume 

characteristics at field-scale. The 28 plumes, identified in the model output to result from 

differential cooling and heating were measured (Figure 2-11a) along the relatively smooth slope 

of the eastern flank of the main basin (Figure 2-1; cross section A). The plumes generated during 

cooling were ~60% thinner (~5 m thick, Table A.5), compared to the warm plumes during heating 

(~8 m thick, Table A.5), when the surface buoyancy flux (B, Equation 2-2) driving convection was 

remarkably stronger under ice during spring heating. However, the speed of the cold plumes during 

fall (~6 mm s-1, Table A.5) was ~200% higher than speed of the warm plumes in spring (~2 mm 

s-1, Table A.5). The plume thickness had a positive correlation with the buoyancy flux (Wells and 

Nadarajah 2009); therefore, weaker buoyancy flux during fall cooling may limit plume thickness.  

The 10 m x 10 m grid sensitivity simulation allowed the model to generate smaller-scale 

convective plumes (thickness of 0.5 to 1 m and average speed of 2 mm s-1; Figure A.5). These 

smaller plumes did not penetrate beyond 8-m depth and their discharge (<2 m3 s-1) likely did not 

contribute significantly to the basin-scale seasonal deep-water renewal.     

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

equation for steady convective down-slope flow (Sturman et al. 1999):   

ὗ πȢςτὄz
Ⱦ ὒὸὥὲ—

ρ ὸὥὲ—

Ⱦ

 (2-5) 

where, QSt is the discharge rate per unit length of shoreline, L is the forcing plane length and ὸὥὲ— 

is the slope. Error between the simulated discharge Q and QSt was < 20% with R2=0.66 (Figure 

2-11a, Table A.5). The discharge per unit length of shoreline ranged from 0.01 to 0.04 m3s-1m-1 

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 (< 0.01 m3s-1m-1). This is probably due to the 

measurements in Eau Gaulle Reservoir and Lake Ana being done during summer stratification, 

when both formation and intrusion depth of these currents would be limited (Sturman et al. 1999).  

 

Figure 2-11. (a) Comparison between calculated discharge  Qst (Eq. 2-5) and AEM3D simulated discharge Q (black 

dots: cold dense plumes during fall turnover, black triangles: warm dense plumes during spring turnover and green 

dots: 10×10 m horizontal grid).  The modeled data are compared with field data from Eau Galle Reservoir (Sturman 

et al. 1999)  and Lake Anna (Naghib et al. 2018). (b) Daily-averaged wind speed vs the ratio  during fall turnover.  

2.6.2 Contribution  of wind to fall overturns 

The ratio of the Monin-Obukhov length scale to the CML depth (  represents the fraction of 

the surface mixed layer with active turbulence from wind shear (Imberger 1985), below that depth 

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

turnover (Table A.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 (Table A.6) was investigated, 

with wind speed being most relevant (R2=0.93), giving a linear relationship between wind speed 

and  during fall turnover (Figure 2-11b). The relationship between LMO and wind speed was 

expected to be as (Uwind)
1.5, which is near the suggested linear correlation considering the narrow 

range of observed wind speed (2.2-3.8 m s-1). This could be explained by the consistent range of 

B  over the years (ï0.5 to 0 m s-2; Figure A.2c), due to the narrow range of Ŭ (-0.2-0 °C-1; Figure 

A.2b) during fall turnover when the water column temperature was ~4.6-6.6 °C (Figure 2-9b; dark 

gray shading). The turbulent diffusivity (Kz) was the least correlated (R2=0.42) parameter to . 

This is likely because diffusion of heat, due to convection, is embodied in Kz, whereas ὒ  is only 

related to wind-induced mixing. Extrapolating Figure 2-11b, suggests a mean-daily 8.6 m s-1 wind 

event would mix the entire water column. This agrees with simple energetics calculations in 

Boegman et al. (2008). During October through November, the water column was weakly stratified 

with lake surface temperature of 10 °C (” ωωωȢχ kg m-3) and a bottom temperature of 4 °C 

(” ρπππ kg m-3). Considering a mean depth of 10 m, the amount of work required to mix the 

water column is Ὁ ςτȢυ  J m-2. The available wind work, ὡ πȢσ†όzЎὸ over 

a time period of Ўὸ = 24 hours (Fischer et al. 1979), is a function of the surface stress †

ὅ” Ὗ , where ὅ ρȢρ ρπ  and ” ρȢς kg m-3 (Boegman et al. 2008). The coefficient 

of 0.3 accounts for the stirring efficiency of the wind, shear production and convective overturns 

(Spigel et al. 1986; their table 1). From these calculations, an 8.6 m s-1 wind produces 25 J m-2 

over 24 hours, which is just enough to overcome the ςτȢυ  J m-2 embodied in the stratification and 

mix the water column.  



46 

 

 

2.6.3 Predominant processes driving fall and spring turnovers 

We modeled ύz to range from 6-13 mm s-1 during fall turnover and 5-8 mm s-1 during spring 

warming under ice; these results match observations of under ice convection in Lake Onega 

(Bouffard et al. 2016). Under ice ύz was on average 78% of the convection velocity during the fall 

turnover period in Eagle Lake, which 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 convection. Mid-basin plumes 

are much larger and more effective at deep-water renewal, but occur later in the season, with the 

temperature of the shallow littoral zones responding faster than mid-basin sites to changes in 

surface heat flux. An average mid-basin fall plume carries ~600 L s-1 m-1 (Equation 2-4, Figure 

2-6); whereas, an average plume driven by littoral cooling is ~20 L s-1 m-1 (Equation 2-4, Figure 

2-6), which is (
   

  
ρππ) ~ 3% of the volume and <2 % of the total vertical mixing. 

Conversely, during spring the discharge for an average mid-basin plume was (55 m×6.5 mm s-1) 

~ 0.4 L s-1 m-1 and for a side-arm plume ~16 L s-1 m-1, which is <~4 % of the mid-basin value. 

Consequently, in both spring and fall, mid-basin convection likely drives the majority of deep-

water convective transport in Eagle Lake. 

 

2.6.4 Rate of cooling vs. Rate of warming  

During fall, the water column cooled at a rate of 0.13 to 0.23 °C day-1, with an average of 0.15 °C 

day-1, until large scale overturns ceased when the watercolumn approached  Tmd. The 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 rate of 0.008 to 0.037 °C day-1 with an average of 0.023 °C 

day-1, showing the water column to cool ~7 times faster than it warmed. The same order of 

magnitude of warming was measured in Lake Superior (0.025 °C day-1) by Austin (2019) and in 

Lake Onego (0.036 °C day-1) by  Bouffard et al. (2019) during three short spring campaigns.  

 

2.6.5 Interannual 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 inter-annual variability was large for the duration of spring turnover (51 days ± 30 

days). This suggests that complex interactions between ice thickness, ice duration, the CML 

temperature at the beginning of winter stratification, and the heat flux occur with inter-annual 

variation in spring, but fall turnover depends directly on the heat flux, which has lower variability 

(Figure 2-6, Figure 2-9a). We are not considering snow accumulation (< ~10 cm per year; Oveisy 

and Boegman 2014) due to low winter snowfall (on average < 6 cm) and sufficient winds to remove 

snow cover (Figure A.1f).   

We found that a strong inverse winter stratification shortened the duration of turnover by 

postponing the onset, leaving insufficient time for mixing before setup of the seasonal thermocline 

(e.g., 2013, 2015 and 2017, Figure 2-9b, light gray shading).  The strength of inverse stratification 

depended on the amount of heat loss and wind speed prior to ice formation. From the Yang et al. 

(2021) classification, Eagle Lake is ócryostratifiedô as it is a small deep lake with a large ratio 

log(Hmax/ ὃ  ) = 1.1. In cryostratified lakes, the inverse stratification occurs before ice-on 

when the wind speed and heat flux control the strength of the stratification (Yang et al. 2021). 

Similarly, our model predicted inverse stratification to develop in advance of ice-on. Weak 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 inverse stratification. For instance, the lake experienced strong 

inverse stratification in the fall 2012/winter 2013 due to large heat loss (150 W m-2; Figure 2-9a) 

and low wind speeds (2.5 m s-1; Figure A.1b). In contrast, the inverse stratification was weak in 

the fall 2013/winter 2014 with stronger winds (4.5 m s-1) and similar heat loss (150 W m-2). 

The end of spring turnover depended on the surface heat flux, which determined the water 

column warming rate and consequently the strength of under ice convection. Enhanced warming 

shortened the duration of spring turnover, increasing w* and causing TCML > 4-4.5 °C. For example, 

in the winters of 2014 and 2015, which had similar ice duration and thickness (~20 cm) (Figure 

2-9a, blue line), the spring turnover was shorter in 2015 (Figure 2-9a; light gray shading) when 

there was a stronger heat flux (Figure 2-9a; black line); this increased w* in the spring of 2015 to 

12 mm s-1 relative to 8 mm s-1 in the spring of 2014 (Figure 2-6a; light gray shading). 

The fetch length (Molot et al. 1992) and duration of ice cover (winter severity; Yang et al. 

2020) have both been found to be directly proportional to the ócompletenessô (oxygen saturation 

level) of spring turnover. While we do not model oxygen, we found in years when ice duration 

was longer, spring turnover was complete prior to ice-out and the initial hypolimnion (Figure 2-6b;  

zone H) was thicker at the onset of summer stratification. For example, the lake experienced 

identical spring turnover events in 2012 and 2016 Figure 2-6b; light gray shading) under similar 

w* and ice conditions (8 mm s-1, Figure 2-6a, 0.13 m, Figure 2-9a, blue line), but the initial 

thickness of the hypolimnion (Figure 2-6b, double arrows) was greater in 2016 when spring 

turnover ended before ice-off and weak stratification formed under the ice. However, in 2012 

(Figure 2-6b; red circle), spring turnover continued after ice-off, 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 stratification, which depends on the initial 

deep-water oxygen concentration and hypolimnion thickness (Bouffard et al. 2013b; Nakhaei et 

al. 2021a).  

 

2.6.6 Diffusivity during turnover  

During late summer through early fall, the time averaged observed and simulated (heat budget) Kz 

were within the same order of magnitude, with both elevated near the surface and reduced through 

the thermocline (~10-6 to ~10-3 m2 s-1; Figure 2-4a). Results from Lake Michigan during spring 

turnover are of the same order of magnitude as in Eagle Lake (Figure 2-4b; dashed line), where 

during ice-free conditions Cannon et al. (2019) measured convectively-driven Kz ~ 10-3 to 10-1 

m2s-1 .  

The turbulent diffusivity quantifies the overall mixing rate during turnover, regardless of 

the driving physical process. The time-averaged Kz for fall and spring turnovers (Figure 2-4b) did 

not vary considerably with depth (~10-3 to 10-2 m2 s-1), with the exception of the near surface layer 

during spring, where mixing was reduced by ~10-2 m2 s-1. Fall turnover Kz (Figure 2-4b-solid line), 

below the surface layer, was 2 to 4 times stronger than Kz during spring turnover (Figure 2-4b-

dashed line and red box), which is not a significant difference (Lorke 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, ice duration 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 the lake (Read et al. 

2012).   
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The fall turnover Kz (Figure 2-4b; solid line) was also three orders of magnitude stronger 

than Kz in the metalimnion during summer (Figure 2-4b-circles) and 2-5 times stronger than in the 

epilimnion and bottom boundary layer. The diffusivity during spring turnover was two orders of 

magnitude greater than during winter (Figure 2-4b, dotted line). Further details on the relationship 

between water column structure and turbulent diffusivity are given in the supplemental material 

(Figure A.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 error of 1.45 °C 

during May 2011 to June 2014. The contribution of three processes; mid-basin convection, sidearm 

convection and wind induced mixing; in fall and spring turnover were investigated. Mid-basin 

convection was the dominant process, with typical sidearm convective plumes having 2% (spring) 

to 4% (fall) of the mass flux compared to those at mid-basin. During fall turnover, wind shear only 

mixed the upper 35% of the surface mixed layer, with convection acting to deepen below. During 

spring turnover, ice-cover sheltered the lake from wind, causing convection to be the only process 

occurring and lengthening the turnover duration (~51 days) compared to fall (~13 days). Variation 

in the degree of inverse winter stratification caused variation in the duration of spring turnover; 

cold years with stronger inverse stratification and longer ice duration experienced shorter spring 

turnover. Given their longer duration, spring turnover could be more effective than fall turnover 

in the vertical biogeochemical flux at the basin-scale (e.g., re-distribution of nutrients and oxygen).     
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Chapter 3 

The dissolved oxygen budget of a small Canadian Shield lake during winter 

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 deep-water dissolved oxygen (DO) concentration 

(Nürnberg 2004; Del Giudice et al. 2018). Inter-annual differences in summer DO result from 

variability in climate (Nürnberg et al. 2019), nutrient loads (Scavia et al. 2014) and primary 

production (Nelligan et al. 2019). For example, warming can shorten the winter ice-on period (Pilla 

and Williamson 2021), lead to incomplete turnover (Boegman et al. 2012; Woolway et al. 2014), 

decrease the DO concentration at the end of spring turnover (Yang et al. 2020a; Ghane and 

Boegman 2021) and prolong summer stratification (Stainsby et al. 2011), leading to more severe 

late summer hypoxia (DO < 5 mg L-1; (Molot et al. 1992; Nakhaei et al 2021a)).  

The majority of limnological observations and subsequent research has focused on the 

seasonal summer stratification period, when dimictic lakes experience biological (e.g., 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 oxygenated epilimnion from the nutrient rich hypolimnion 

(Bouffard et al. 2013; Nakhaei et al. 2016; Bouffard and Wüest 2019). The end-of-summer DO 

profile is, therefore, largely dependent upon the spring turnover DO concentration, the morphology 

of the lake basin and the sediment oxygen demand (Molot et al. 1992; Livingstone and Imboden 

1996; Nakhaei et al. 2021a). Consequently, the basin-scale vertical biogeochemical fluxes, that 

sustain lake biogeochemistry, primarily occur during/between the fall and the subsequent spring 
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turnover events (Bouffard and Wüest 2019; Boegman 2020; Ghane and Boegman 2021) and 

present research must focus on understanding physical-biogeochemical cycling during these time 

periods.    

A dimictic lake will experience five phases over the period between turnovers: fall 

turnover, winter I, winter II, spring turnover and a transient period prior to summer stratification 

(Yang et al. 2020a). Fall turnover begins when the watercolumn becomes near isothermal as the 

water temperature approaches uniformity with depth (watercolumn gradient is < 0.03 °C m-1 or 

the difference between the surface and bottom water temperatures Tsurface-Tbottom< 1 °C (Forrest et 

al. 2013)). Winter I is then characterized by an inverse temperature stratification and sediment 

heating of the overlying watercolumn (Kirillin et al. 2012). During winter II, the under ice water 

temperature increases from enhanced solar radiation (Yang et al. 2020a). Spring turnover begins 

as the watercolumn again approaches isothermal conditions after the degeneration of winter 

stratification and continues until the watercolumn reaches 4 to 4.5 °C (Titze and Austin 2014; 

Austin 2019; Yang et al. 2020a). Finally, the transient period runs from the end of spring turnover, 

when the lake is weakly stratified, until  the onset of seasonal summer stratification when the 

vertical temperature gradient >1 ºC m-1 (Yang et al. 2017).  

Each of the five stages is important for deep water re-oxygenation of dimictic lakes; 

however, the basin-scale three-dimensional DO budget, during each stage, and the interannual 

variation in the DO budget in response to meteorological forcing remains under investigated.  For 

example, the ratio of DO supplied through gas transfer across the free surface, relative to that 

produced by spring bloom under-ice photosynthesis remains unknown (Yang et al. 2020a).  A 

better understanding of these processes is required, because spring turnover may be complete 

before surface re-oxygenation begins to occur after the breakdown of ice cover.  Moreover, we do 
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not fully understand how the duration of ice cover couples with convective mixing, wind and air 

temperature to regulate the completeness of watercolumn mixing and deep water oxygenation 

during spring turnover (Boegman et al. 2012; Obertegger et al. 2017; Cortés and MacIntyre 2020). 

These factors set the initial deep water DO concentration prior to the development of summer 

stratification  (Nakhaei et al. 2021a). Measurements 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 times (Block et al. 2019).  

The three-dimensional hydrodynamic-biogeochemical 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 ice-cover when observations are hard to acquire. Unlike 

one-dimensional models, three-dimensional models can directly simulate, as oppose to 

parameterize, complex sub basin-scale processes such as the formation of cold-water oxygenated 

plumes that are generated by penetrative convection and differential heating/cooling of sidearms 

(Fer et al. 2002b; Ghane and Boegman 2021). The three-dimensional Estuary and 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 hydrodynamic-biogeochemical  studies, for example: Lake Erie (Leon et al. 2011; 

Oveisy et al. 2014; Bocaniov et al. 2016), Lake Simcoe (Schwalb et al. 2015), Lake Minnetonka 

(Missaghi et al. 2017), and Edmonton stormwater ponds (Nakhaei et al. 2021b). A recent parallel 

version of the code, the Aquatic Ecosystem Model (AEM3D) has allowed for computationally 

efficient multi-year simulation of lake hydrodynamics (e.g., Lake Constance,  Caramatti et al. 

2019; Eagle Lake, Ghane and Boegman 2021; Lake Erie (Lin et al. 2021a)).  However, applications 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
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including simulations with the coupled biogeochemical model (iWaterQuality) remain to be 

published. 

The primary objectives of the present study are to analyze field data and apply the three-

dimensional coupled AEM3D-iWaterQuality to: (i) characterize the processes that cause of 

variability in the hypolimnetic DO over each of the five fall-turnover-to-spring-turnover stages in 

a small Canadian Shield lake; and (ii ) quantify the relative contributions of photosynthesis versus 

atmospheric exchange as DO sources to the lake.   

3.2 Methods 

3.2.1 Study area 

The study focusses on Eagle Lake, Ontario (44Á40ǋ N 76Á42ǋ W, Figure 3-1), located on the 

Canadian Precambrian Shield. The lake is small (surface area ~ 641 ha) and deep (maximum depth 

~ 31 m) and categorized as oligotrophic. The relative depth of Eagle Lake is 1% 

(Zr=50×Zmax×
 

). There is an inflow (48 L s-1) from Eagle Creek and an outflow (12 L 

s-1) to Bobs Lake, yielding a residence time of 6 to 7 years. Historical data shows the water level 

fluctuates within 0.4 m from January (0.7 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 L-1 (e.g., 3.67 mg L-1 in 2005; OMOECC 2011). In 2007, 

the Township of Central Frontenac Official Plan classified Eagle Lake as óhighly sensitiveô for 

lake trout. With the intention of protecting water quality, the Official Plan established restrictions 

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

2008). However, the relative impacts of multiple stressors, such as shoreline development and 
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climate-induced warming, on deep-water DO concentrations, remain unclear (Nelligan et al. 

2016). 

 

Figure 3-1. (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 indicated, where water 

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

 

3.2.2 Observational Data 

We deployed loggers (XR-420/620, TR-1060 and DO-1050; www.rbr-global.com) to measure 

dissolved oxygen, turbidity, chlorophyll-a fluorescence, conductivity and water temperature 

(Table B1). To minimize biofouling, the turbidity/chlorophyll-a and DO sensors were wrapped in 

copper tape or used copper sensor guards, respectively. Between 1-3 DO-1050 loggers (± 5% 

accuracy) and 10-24 TR-1060 temperature loggers (0.002 °C accuracy) were moored at stations 1 

and 2 (Table B1), with 10 s sampling, subsampled to 10-min averages, from 20 May 2011 until 31 
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May 2013 (Figure 3-1b). During this time, between 1-3 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 prior to and post deployment.  

Profiles of watercolumn temperature, DO and Secchi depth, as well as surface/bottom 

water nutrient grab samples (total phosphorus, TP; total Kjeldahl nitrogen, TKN; labile dissolved 

organic carbon, DOCL) were available from the routine 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 supplemented with additional ad hoc water quality measurements (TP; 

orthophosphate, PO4; TKN; nitrate, NO3; ammonium, NH4; total suspended solids, TSS and 

dissolved silica, Si) from water samples collected using a Niskin bottle, packed on ice and 

transported (~45 min) to the Queenôs Analytical Services Unit for processing.   Meteorological 

(HOBO U30; www.onsetcomp.com) and additional temperature profile data (PME t-chains, 

www.pme.com) were also collected as described in Ghane and Boegman (2021).  

 

3.2.3 Analytical Methods 

The volume-weighted hypolimnetic dissolved oxygen (VWHDO) is the integral of the 

hypolimnetic dissolved oxygen concentration over the depth-dependent volume, divided by the 

total hypolimnetic volume (Quinlan et al. 2005). Following Li et al. (2018) we calculated VWHDO 

from the observed DO profiles at station 1. To account for spatial variability in DO, we also 

computed VWHDO from the mean-daily basin-wide model output:   
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         (3-1) 

Here, Az is the horizontal lake area with depth, ȹz is the vertical spacing (of the observations or 

model grid) and DOz is the DO concentration profile with depth. Vhypolimnion is 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 gradient exceeded 0.1 °C mī1 

(Quinlan et al. 2005). The VWHDO calculated from the three-dimensional basin-wide model 

output had root-mean-square error (RMSE) <1 mg L-1 in comparison to the observed VWHDO 

computed from RVCA data at station 1 (Figure B6). 

The convective scale velocity (w*) was (Patterson and Hamblin (1988) and Bouffard et al. 

(2019)) 

ȿύzȿ ȿὄὒ ȿ Ⱦ               (3-2) 

where the surface buoyancy flux (Imberger 1985) 

ὄ            (3-3) 

 was calculated from the effective heat flux, the thermal expansion coefficient (Ŭ, ° C-1) and the 

specific heat capacity of water (ὅ, J kg-1 °C-1).  The convective mixed layer depth (LCML) was 

estimated as the depth where the square of the buoyancy frequency ὔ  first exceeded 10-

5 s-2 (Yang et al. 2017).  Here, ” ρπππ kg m-3 is a reference density, the gravitational constant 

g = 9.81 m s-2, ” is the water density and z is the vertical coordinate direction (positive upwards). 

During ice cover, LCML was determined from the base of the cold layer (0-1.5 °C) immediately 

beneath the ice (Kirillin et al. 2012). The Hf  computed internally by the model had an average 

RMSE = 45 W m-2 (< 15%) in comparison to Hf calculated manually from meteorological and 

thermistor chain data at stations 1 and 2 (Ghane and Boegman 2021).  
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The hypoxic factor (HF) 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-1 (Nürnberg 2004; Bocaniov et al. 2016; Snortheim et al. 2017) 

ὌὊ В           (3-4) 

Here ti is days, ai the corresponding area of hypoxia at depth i and Asi is the lake surface area. 

 

3.2.4 Model description 

The three-dimensional hydrodynamic-biogeochemical AEM3D-iWaterQuality 

(www.hydronumerics.com) was applied to simulate Eagle Lake for a ~10-year period from 20 

May 2011 to 10 September 2020. This model is a new parallel version of well-known ELCOM-

CAEDYM. The model uses a semi-implicit TRIM approach to solve the Reynolds-averaged 

Navier-Stokes equations where turbulent closure in the vertical direction is solved using a turbulent 

kinetic energy based mixed-layer model (Hodges et al. 2000). Scalar transport (e.g., temperature, 

nutrients or DO) is according to a conservative ULTIMATE QUICKEST approach (Leonard 1991) 

with a constant eddy viscosity for turbulent closure in the horizontal direction (Lin et al. 2021b) 

and a mixed layer model in the vertical direction (Hodges et al. 2000). Heat exchange between 

atmosphere and water surface is governed by standard bulk transfer models assuming atmospheric 

stability (Oveisy et al. 2012). The heat flux during ice-cover 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 surface temperature. Ice temperature is calculated, at each time step, using the 

steady-state conduction equation based on attenuation of solar radiation through the three layers 

of snow, white, and blue ice with 1.5, 3.75 and 6 m-1 attenuation coefficients, respectively (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 coefficients, multiplied by the surface-water temperature gradient. Small errors 

(RMSEsurface=0.8 ºC) between modeled and observed water temperature at the surface (top 5 m) 

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 (Equation 3-5). 

Exchange where the atmospheric flux fatm=k(Cair-Cwater) depends on Ὧ ρρȢρφό
Ȣ

the 

oxygen transfer coefficient, u the wind speed, Sc the Schmidt number, and Cwater and Cair which 

are the oxygen concentration at the water surface and in the atmosphere, respectively, and depend 

on air temperature and pressure. The net of photosynthetic production and respiratory consumption 

(fphy=В Ὢ ρ Ὧ Ὑ ὃὣὣ) is calculated as the sum over the phytoplankton groups (N) 

and depends on the phytoplankton concentration (A), photorespiration rate (kp), respiration loss 

rate (Ra) and maximum growth rate (fG) as  a function of light, temperature and nutrients, where  

Y1 and Y2 convert the total chlorophyll-a (TChla) concentration to carbon and then oxygen.  

Hydrodynamic transport of DO fhydro includes vertical and horizontal diffusion as well as advection 

by the resolved flow field. The DO consumed by nitrification (fnit=‘ ὔὌὪ Ὢ ) depends 

on the ὔὌ  concentration and water temperature and DO functions (Ὢ Ὢ ) multiplied by the 

nitrification rate coefficient (µNH4).  The mineralization term includes utilization of oxygen during 

biotic and aerobic oxidation of reduced elements and oxygen consumption in decomposition of 

organic matter with a maximum mineralization rate of µmax. This is calculated from a 

carbon/oxygen stoichiometric model (Ὢ В ‘ ὪὪ Ὀὕ Ὀὕὅ ὣ) that removes a 

stoichiometrically equivalent amount of DO for mineralized dissolved organic carbon (DOC), DO 

and temperature. Consumption at the sediment/water interface (i.e., the sediment oxygen demand, 
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SOD; fSOD=Ὓ ὪὪ ) assumes a simple flux equation with a maximum oxygen demand across 

the sediment-water interface (SDO) that varies depending on water temperature T (Ὢ ‮ ) and 

DO concentration (Ὢ ) functions where eht si ODK dna reilpitlum erutarepmet eht si ‮ 

half-saturation constant for SOD.  

Ὢ Ὢ Ὢ Ὢ Ὢ Ὢ                                         (3-5) 

 

The hydrodynamic model was previously calibrated over 2011 to 2014 with a root-mean-

square error (RMSE) of 1.5 °C (Ghane and Boegman 2021). Here, we extend the prior work to 

include simulation of nutrient/phytoplankton/oxygen dynamics, by including the following 

additional state variables: DO, orthophosphate (PO4), labile particulate and dissolved organic 

phosphorus (POPL, DOPL), algal internal phosphorus (AIP), nitrite plus nitrate (NO3), ammonium 

(NH4), labile particulate and dissolved organic nitrogen (PONL, DONL) and carbon in the forms 

of liable dissolved and particulate 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. 

Nakhaei, personal communication). Diatoms were simulated due to their large abundance (75%) 

in the phytoplankton composition of 7 nearby lakes (Paterson et al. (2008)) and their under ice 

predominance 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 (Berman-frank et al. 2003).  Both groups have been microscopically identified in Eagle Lake 

water (Township of Central Frontenac 2020). Stokesô settling was employed and phytoplankton 

migrated vertically according to the non-photoinhibition light function based on the Webb et al. 

(1974) model, which regulates the growth rate using the fractional limitation by light (Table B2).  
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3.2.5 Model setup 

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

a 4-core 3.1 GHz XEON Windows server with 32 GB RAM. Short-term (2011-12) calibration 

simulations were on a 60×60 m horizontal grid (1.2 d y-1; run-time vs. real-time) and long-term 

validation (2011 to 2013) runs were on a 30×30 m horizontal grid (7 d y-1; run-time vs. real-time). 

The ~10-year runs of the calibrated model, therefore, took ~70 days CPU time. Both grids 

employed ɝÚ 0.5 m vertical layers with time steps of 30 s or 60 s to satisfy the Courant-

Friedrichs-Lewy condition. The model was forced with 10-min interval meteorological data; air 

temperature, relative humidity, wind speed/direction and short-wave solar radiation as observed 

with the meteorological station. Mean daily cloud cover was estimated from the measured short 

wave radiation and daily average clear sky-radiation (Seckel and Beaudy 1973; clskswr.m). Daily 

precipitation was obtained from the Hartington meteorological station (6103367), ~ 30 km to the 

south, maintained by Environment and Climate Change Canada. 

 

3.2.6 Model calibration and validation 

The modelled DO dynamics 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 from stations 1 and 2 for a one-

year period from 20 May 2011 to 29 May 2012 (Table B1) and validated from May 2013 to 

September 2018. In total 35 calibration runs were undertaken, totaling ~1000 hours of CPU time.   

Calibration was both qualitative, such that the model reproduced trends in the timeseries 

observations and quantitative, to reduce RMSE between model and observations and increase the 
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coefficient of determination R2.  In particular, the maximum DO sediment flux and wind drag 

coefficient (SDO=0.41g m-2 d-1 and CD=10-3) were adjusted to reproduce the changes in the 

watercolumn DO. The parameters controlling phytoplankton processes (Table B2, S5) were also 

adjusted according to ranges found in the literature (e.g. Liu et al. 2014; 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 station 2 (Figure 3-2 and S2). The 

watercolumn 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 layer (>~10 ʈÇ ,Ȥρ) 

from spring through fall and at lower concentrations beneath the photic zone (<~5 ʈÇ ,Ȥρ).  The 

calibrated DO error was lower near the surface (RMSE = 0.3 mg L-1 and R2 = 0.97 at 3 m depth) 

compared to near the lake-bed (RMSE = 1.2 mg L-1 and R2 = 0.83 at 30 m depth).  The calibrated 

TChla had RMSE=6 µg L-1 (~20%) and R2=0.65 at 5-m depth in the surface layer.  The TP, TKN 

and DOCL calibration RMSE were 2.5-6 µg L-1, 43-81 µg L-1 and 0.4 mg L-1, respectively, with 

R2 of 0.65, 0.63 and 0.4 at the surface and 0.72 and 0.93 at the bottom (Figure 3-3). For validation, 

the DO error was marginally higher near the surface and equivalent at the bottom (RMSE = 2.6 

and 1.3 mg L-1 with R2 = 0.25 and 0.86 at 3 m and 30 m depths, respectively) in comparison to the 

calibration error given above. However, the TP errors were higher at the bottom and equivalent at 

the surface for the validation period with RMSE= 3 and 9 µg L-1 with R2=0.42 and 0.59 at 3 m and 

30 m depth for TP compared to calibration errors. The TKN errors were higher for the validation 

period with RMSE=92 and 93 µg L-1 and R2= 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 

(Figure 3-3). 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 2011 and 2012 (Figure 

3-2b). The model reasonably simulated summer decreases in surface TP and TKN.  

 

 

Figure 3-2. (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, c) DO 

concentration comparison between modeled (blue, red, black lines in 3, 10 and 30m) and observed values at station 1 

(panel b) and 2 (panel c); light blue, pink and green lines show the observed valued recorded by DO-1050 RBR loggers 

at 3, 10 and 30 m; blue, red and green circles show the observed values recorded by RVCA at 3, 10 and 30 m. 
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Figure 3-3.Stacked plot showing calibrated model (colored areas) and observed nutrient concentrations (circles) in the 

surface mixed layer (a, c, e) and at 30 m depth (b, d). (a, b) modelled TP (blue), modelled PO4 (red) and observed TP 

(circles) (c, d) modelled TKN (blue), modelled NO3
 (red), modelled NH4 (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 (2013-2018) using RVCA data. Blue circles represent surface and red circles show the values for bottom. 
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3.3 Results 

3.3.1 The five phases between seasonal stratification periods 

As an example of the five watercolumn phases occurring between consecutive seasonal summer 

stratification periods (fall turnover, winter I, winter II, spring turnover and the spring transient 

period; Yang et al. 2020), we consider  the seasonal watercolumn changes during October 2011 

through July 2012 (Figure 3-4). Comparing the modeled and observed DO time series (Figure 

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

During summer and prior to fall turnover in October and early November, oxygen was mixed 

through the CML because of transport associated with wind-driven advection and thermocline 

deepening events. For instance, a 4.5 m s-1 wind event on November 3 (Figure 3-4b, blue line) 

created a large (~500 m  ~20 m) circulation cell (Figure 3-5a, white arrows) that carried highly 

oxygenated water (9 mg L-1) from the surface to the top of the thermocline at 22 m depth.  

Undersaturated epilimnetic water (< 2 mg L-1) then upwelled into the CML near mid-basin (Figure 

3-5a, black rectangle and arrow).  
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Figure 3-4. 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 temperature (black 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 L-1).  Note the under-ice production of DO in spring. (e) Photosynthetically 

active radiation (PAR) at 0.5 m depth at station 1.  
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Figure 3-5. Successive 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 I (d). Arrows highlight flow direction and blue lines show 

streamlines. Black rectangles show mixing (panel a) and depletion (panel d) of oxygen. Times are indicated in the 

panels.  

Fall turnover (Phase 1): This phase began near 20 November, 2011 (Figure 3-4), when the mean-

daily wind speed of 4 m s-1 and convection from the free surface (Figure 3-4b) overturned the 

watercolumn causing near isothermal conditions (watercolumn gradient < 0.03 °C m-1, Figure 

3-4c). Fall turnover typically occurs in Eagle Lake when the average watercolumn temperature is 

between 4.6 to 6.4 °C (Ghane and Boegman 2021). During Phase 1, the modeled DO 

concentration, at 30 m depth, increased from near zero to ~9 mg L-1; as was observed in the field 

data but with a lag of ~7 days relative to the model (Figure 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 L-1 (~ 68-72 % saturation, Figure 3-2b).  
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Like wind events, mid-basin and sidearm convective plumes contributed to deep mixing of oxygen 

into the lake (Ghane and Boegman 2021). For example, a cold plume (~1 °C colder) along the 

eastern flank created overturns ~400 m from shore (Figure 3-5b,c, white arrows). Fall turnover 

persisted until 5 December with a maximum DO of 10 mg L-1 (~75 % saturation) and an average 

watercolumn temperature of 4.2 °C (Figure 3-4c,d, end of Phase 1). During this time, primary 

production was near zero due to strong mixing (Figure 3-4a,c, Phase 1) that dispersed the 

phytoplankton community through the watercolumn away from the photic zone. For example, on 

October 15 (Figure B7, black rectangle) a mixing event with a turbulent diffusion coefficient ~10-

2 m2 s-1 mixed TChl-a through the CML decreasing the light growth function from 0.7 to <0.5.  

These mixing events persisted through fall turnover (Figure B7), which persisted until the onset of 

winter I (Kirillin et al. 2012) when the average watercolumn temperature was within 2.2 to 3.0 °C 

in all years and a gradient of ~ -0.03 °C m-1 (|Tsurface-Tbottom| > 1 °C) formed through the 

watercolumn (Ghane and Boegman 2021).  

 

Winter I (Phase 2): During winter I, the modelled DO remained near ~10 mg L-1 (~75 % saturation) 

at all depths (Figure 3-4d; Figure 3-2b). Cold air temperatures (-3 to 0 °C; Figure 3-4b, 8 to 14 

December) caused the development of inverse winter stratification with a temperature gradient of 

0.1 °C m-1 (Figure 3-4c, winter I). Watercolumn cooling began in the shallows of the littoral zones, 

creating horizontal convection toward mid-basin (Figure 3-5d, white arrows), cooling the CML 

and mixing oxygen through the top 2 m, increasing the DO concentration to 11.5 mg L-1 (~87 % 

saturation). This shows differential cooling contributed ~17% to re-oxygenation, even though the 

large-scale overturns and associated mixing associated with fall turnover was complete at the onset 

of winter I. DO depletion began in the hypolimnion (DO = 10.2 mg L-1 versus 10.8 mg L-1 at the 
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surface; Figure 3-5d, black rectangle), as the inverse winter stratification developed and regulated 

the hypolimnion thickness, which controls the DO depletion rate (Bouffard 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 cover (Yang et al. 2021).  

Winter II (Phase 3): On 18 December, cold (-11 °C) and calm (~2 m s-1 winds) conditions led to 

ice formation and the onset of winter II (Phase 3; Figure 3-4d). At this time, the DO and PO4 

concentrations were within 10-12 mg L-1 and 5-9 µg L-1, respectively (Figure 3-6a). DO was 

modelled and observed to begin depleting at 30 m depth (~0.1 mg L-1 d-1; Figure 3-2b), which 

continued until the beginning of spring turnover in March 2012, ultimately approaching 4 mg L-1 

(~31 % saturation; Figure 3-4d, Figure 3-6b). During this time the DO through the CML and 

metalimnion remained in the 7-8 mg L-1 range (~52% saturation). Bottom water hypoxia (~15% 

saturation) developed with the continual deepening of the CML in winter II (Figure 3-4c, Figure 

3-6cI, cII). Phytoplankton growth eventually began in a very thin layer under the ice (<0.5 m depth, 

<3 µg L-1) (Figure 3-6b, black rectangle). Under ice convection from the surface to the bottom of 

the CML transported oxygen and buoyancy through the watercolumn, which weakened the inverse 

stratification from February through March (Figure 3-4c, Figure 3-6b, black arrow). For example, 

warmer sinking water (+0.5 °C) along from the littoral zone of the western shore displaced colder 

water with lower oxygen (4 mg L-1 at 20 m depth) upward toward the eastern shore (Figure 3-6b, 

red arrows). 
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Figure 3-6. Successive model output snapshots of thermal structure, DO, TChla and PO4 along curtain A during winter 

II (a-dI) and spring turnover (cII and dII). 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. 

 

Spring turnover (Phase 4): With the onset of spring turnover (18 March; Phase 4), the DO began 

to increase at 30 m depth as the lake became near isothermal (Figure 3-4c). Rapid warming of the 

overlying air (to ~16 °C; Figure 3-4b) thinned the ice cover (Figure 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 March; Figure 3-4c); driving 

convective mixing (Figure 3-6dI, red arrows and black rectangle). As spring turnover progressed 

beneath the ice cover, near-surface algal growth continued uninterrupted in the density stratified 

layer adjacent to the ice (Figure 3-4c).  This was contrary to fall turnover, where TChl-a growth 

became light limited as convective plumes mixed the CML, including the resident TChla, to depths 

below the photic zone (Figure B7).  Spring turnover, and associated re-oxygenation of the 

hypolimnion, occurred beneath full ice-cover with the DO at 30-m depth simulated to increase to 

8.5 mg L-1 (~66% saturation) on 5 April and 9.3 mg L-1 (~72% saturation) on 22 April when ice 

break-up began. The ice cover was fully melted by 15 May (Figure 3-4a).  

Transition period (Phase 5): The transition period began at the end of spring turnover 

(watercolumn temperature = 4 to 4.5 °C) and persisted until the onset of seasonal summer 

stratification, characterized by a temperature gradient > 1 °C m-1 through the watercolumn (Yang 

et al. 2017). During this time, the ice thickness decreased with ice-out on 10 May. TChla increased 

to ~30 µg L-1 (Figure 3-4a) and photosynthetic production increased the DO concentration at 3 m 

depth to 15 mg L-1  (~120% saturation; Figure 3-2b).  Simultaneously, sediment oxygen demand 

began to reduce DO in the stratifying layers below (Figure 3-4d).  

 

3.3.2 Spatial variation in DO production under ice 

The initiation, duration and end of each phase varies between basins depending on the basin depth. 

The erosion of summer/winter stratification occurs earlier in shallower regions (st. 2) compared to 

deeper regions (st. 1) (Figure 3-2b, c and Figure 3-1). Fall turnover began on 15 August at station 

2 in comparison 4 November at station 1, with a longer period of winter I starting on 10 September 
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and continuing until 3 November. Similarly, spring turnover began earlier on 3 February at station 

2 before large-scale spring mixing occurred at station 1 on 15 March (Figure 3-2b, 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 variation in lake depth, we investigated the temporal and spatial variability in under ice 

photosynthetic DO production over the 10-year simulation period.  As an example, the TChla and 

DO concentration increased to ~7 µg L-1 and ~14 mg L-1 within the top 2-m at the onset of winter 

II (9 March 2013) in the shallows (<2 m deep; Figure 3-7a, d), where the modelled water 

temperature was 0.5-1.5 °C higher from differential heating. Here, the photosynthetically active 

radiation (PAR) was 4-7 W m-2 lower at 0.5 m depth, compared to mid-basin (Figure 3-7b, c) from 

light absorption by phytoplankton and ice through the top 0.5 m of the watercolumn. The warming 

of water temperature to ~2 °C, near the end of winter II (Figure 3-7f), increased growth of TChla 

(to >10 µg L-1) (Figure 3-7e). Comparatively, TChla increased from <2 µg L -1 to ~5 µg L -1 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 µg L-1 and DO >13.5 mg L-1 (Figure 3-7i, l). 

Near the end of ice cover, the surface water temperature increased to ~3 °C and ice thinning caused 

TChla concentrations > 10 µg L-1 to spread throughout the surface (Figure 3-7m-p), with both 

temperature and light growth limiting functions rapidly increasing (Figure B3). 
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Figure 3-7. 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 (b, e, h, j) shows 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 in the text. 

3.3.3 Inter -annual variation in deepwater hypoxia  

There was significant interannual variation in deepwater hypoxia, indicating interannual variation 

in the DO budget, resulting from interannual variation in meteorology.  Nutrient loads from the 

inflow were both small and invariant (e.g. 0.36 µg PO4 L
-1 y-1; <15 % of annual input) and had no 

impact on variation in hypoxia. On average, at the deepest point of the lake (station 1), the model 
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predicted hypoxia (Figure 3-8c, black line) for 107 ± 54 days per year (mean ± standard deviation) 

within the hypolimnion. The thickness of the hypoxic layer increased during winter and summer 

stratified periods (e.g., Figure 3-8c, red arrows) and it varied between 8-21 m (14 m on average) 

inter-annually.  

The strongest hypoxia occurred during the summers of 2016 and 2017 (HF=186 and 216 d) when 

the maximum thicknesses of the hypoxic layers were 19 and 21 m, respectively (Figure 3-8c, black 

line). The shortest hypoxic period occurred during the summer of 2013 (HF=60 d) with a thickness 

of 8 m. The thickness of the hypoxic layers implies a longer period of stratification. Inter-annual 

variation of winter hypoxia was larger than that of summer hypoxia. Seasonal winter hypoxia 

occurred during 2012 (HF=25 days), 2013 (HF=46 days) and 2014 (HF=51 days) with a maximum 

hypoxic zone thickness of 6-8 m at station 1. In 2016 and 2017, winter hypoxia also occurred and 

was carried into summer because of incomplete spring turnover (Figure 3-8c). In contrast, winter 

hypoxia did not occur during the winters of 2018, 2019 and 2020. Therefore, these variations 

indicate the deepwater DO budget varies significantly inter-annually.  
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Figure 3-8. Modeled TChla, DO and water temperature at station 1. (a) PAR, (b) TChla concentration., (c) DO 

contours, (d) modelled water temperature contours. The red circle in panel b shows the deepening of TChla into the 

CML during spring turnover. The black line in panle c shows the hypoxia threshold (contour of DO=5 mg L-1), the 

coloured circles indicate the observed DO values measured by RVCA and the arrow indicate the 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 

hypolimnion at the onset of summer and winter stratification, respectively.  Blue bars denote ice cover in all panels.    

 

3.3.4 Relationship between inter-annual variation in DO concentration and density 

stratification  

Meteorologically induced changes in density stratification and primary production are the first-

order processes influencing the deepwater DO budget over inter-annual timescales in Eagle 
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Lake(Nakhaei et al. 2021a) and elsewhere (Steinsberger et al. 2020; Ladwig et al. 2021). This is 

because of the ~10 year lag in the contribution of newly accumulated organic material to the 

sediment oxygen demand (Matzinger et al. 2010). Here 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 deepwater re-oxygenation (Yang et al. 2021). In warm winters (average winter 

I air temperature × average winter I wind speed (AW) >10 ºC m s-1; Figure 3-9) following 

prolonged summer stratification (e.g., 2016 and 2017), inverse stratification was very short or did 

not occur (Figure 3-10f). The CML temperature was near the maximum density temperature during 

winter II and spring turnover was incomplete (Figure 3-6cII-T). Warmer water and remnant PO4 

in the watercolumn from fall turnover supported algal growth to 20-25 µg L-1 through the top 4 m 

(Figure 3-6cII-black rectangle). This resulted in near surface oxygen production (DO >12 mg L-1) 

and PO4 depletion. The bottom water was not renewed and deepwater DO depletion continued 

until the next fall turnover (Figure 3-6cII-black circle). Therefore, prolonged summer stratification 

followed by a warm winter caused extended and severe hypoxia the following summer (e.g., 2016 

and 2017 with HF=186, 216 d, Figure 3-6dII; 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 with 4 ºC (Yang et al. 2021). Winter I 

AW is between -10-0 ºC m s-1 during relatively cold winters (Figure 3-9) with thick ice cover and 

strong inverse stratification (e.g., 2012-2014 and 2018-2020), the CML deepened during winter II 

(phase 3) until the inversely stratified and deoxygenated bottom water was mixed (e.g., Figure 

3-6cI; arrows). Thick ice (~20 cm) attenuated PAR (<5 W m-2) limiting primary production during 



84 

 

winter II (Figure 3-8a, Figure 3-10c). The phytoplankton concentration eventually increased 

during spring turnover as the surface layer warmed and PAR increased (Figure 3-8a, Figure 3-4e). 

This enhanced the DO production under ice  increasing the near-surface DO concentration. As the 

inversely stratified layer became mixed, under ice convection transported oxygen into the 

hypolimnion (e.g., spring 2012,, Figure 3-10e). The spring oxygenation alleviated winter hypoxia 

(e.g., spring 2012, Figure 3-8c) and resulted in a shorter period of hypoxia the following summer 

(HF=31, 72 d). AW is <-20 ºC m s-1 during severely cold winters with relatively weaker inverse 

stratification (e.g. 2013; Figure 3-9) . 

 

Figure 3-9. Water column temperature gradient vs. average winter I wind speed multiplied by average winter I air 

temperature. Zones of warm winters (peach shading), cold winters (light blue shading) and severely cold winters 

(dark blue shading) are indicated.  
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Figure 3-10. (a) Mean-daily observed air temperature (blue line) and modeled basin-wide PO4 (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 basin-average atmospheric DO exchange from the surface per unit of volume of the lake (+ is into 

the lake) (red line) and modeled basin-average photosynthetic DO production per unit of volume of the lake. The 

integral of these lines over time gives the total photosynthetic DO production and atmospheric exchange; (e) modelled 

VWHDO at station 1 (red line) and modeled basin-average 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 panels. The blue bar at the top of the panels shows ice cover. Vertical dotted lines denote 

the end of winter I and the onset of winter II.     
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3.3.5 Sources and sinks of dissolved oxygen  

Atmospheric exchange and photosynthetic production are the main sources of DO in lakes 

(Equation 3-5). The atmospheric DO exchange input was largest during fall cooling and intensified 

during fall turnover to ~0.25 mg L-1 d-1 (e.g., Figure 3-10d, e.g., black arrow), while photosynthetic 

production decreased. During ice-cover, atmospheric exchange was negligible, with 

photosynthetic production continuing under the ice (~0.2 mg L-1 d-1). After ice breakup, the model 

simulated DO flux was from the lake to the atmosphere (~-0.12 mg L-1 d-1), indicating that the 

surface water was super-saturated (~13 mg L-1; Figure 3-10d; e.g., red arrow, Figure 3-8a).  

Over the entire simulation, the net 10-year average atmospheric DO exchange was 6.0×10-

3±0.05 mg L-1 d-1 (annual average ± standard deviation) during the ice-off period, less than the net 

(production-respiration) annual photosynthetic DO production at 7.3×10-2±0.07 mg L-1 d-1.  These 

numbers show the 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 ice, indicating 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 small (Figure 3-10c-d, green line in dark gray shading). Thus, the atmospheric 

DO exchange during the key period of fall turnover was used for bottom water oxygenation. This 

increased the VWHDO and basin-wide DO from 4.6 and 10 ± 0.5 mg L-1 to 9.8 ± 0.4 mg L-1 and 

11 ± 0.3 mg L-1 (fall turnover average ± standard deviation over 10 years) (Figure 3-11; Figure 

3-10e; dark grey shading). Since the epilimnion was highly oxygenated year-round (Figure 3-8d, 

top 5 m), using the changes in basin averaged DO concentration (Figure 3-10e), 64% of the 
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atmospheric DO utilized for watercolumn oxygenation was supplied during cooling and CML 

deepening and 37 % during fall turnover. 

The main oxygen sink was the SOD, consuming 53% of the DO (-3.75×10-2 mg L-1 d-1 or 

-0.39 g m-2 d-1), mineralization consumed 33% (-2.45×10-2 mg L-1 d-1), and nitrification consumed 

13% (~-1×10-2 mg L-1 d-1) (Figure 3-11; Figure B4).  The SOD was lowest after fall turnover as 

the bottom water DO concentration increased and it was the highest near the end of summer and 

through fall (Equation 3-5). The maximum nitrification and mineralization of DO occurred mid-

summer when DO concentration were high and the watercolumn was warm; whereas, 

mineralization and nitrification of DO were low (<0.8×10-2 g m-2 d-1) during winter due to the cold 

water temperatures (Figure B4). 

 

 

Figure 3-11. Schematic representation of annual sources and sink of dissolved oxygen 
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3.3.6 Potential 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 deficit at 4 °C at the onset 

of spring turnover Ὀὕ ρσ ὠὡὌὈὕȢȢȢςȢψ ρπ where 13 mg L-1 is the saturation 

concentration and the average volume of hypolimnion is 2.8×106 m3. The ratio of photosynthetic 

DO production to the DO deficit (Ὀὕ Ὀὕ ȾὈὕ ) gives the potential amount of DO 

available for re-oxygenation under ice (Table 3-1). On average 17±11% of the spring turnover 

VWHDO saturation deficit could be replenished by photosynthetic DO production. This value was 

highest during 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 increase the VWHDO (Juranek 

and Quay 2013).  

Table 3-1. Potential contribution of photosynthetic DO production to VWHDO re-oxygenation 

during spring turnover 

Year 

VWHDO at 

the onset of 

spring 

turnover 

(mgL-1) 

VWHDO at 

the end of 

spring 

turnover 

(mgL-1) 

Hypolimnetic 

DO deficit to 

saturation at 4 

°C (Mg O2) 

Integrated net 

photosynthetic DO from 

the onset of ice on to the 

end of spring turnover 

(mgL-1season-1) 

Total 

Photosynthetic 

DO (Mg O2) 

 Photosynthetic 

DO to deficit 

DO ratio (%)  

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 

Std 2.2 1.6 0.6 0.74 5.5 11 
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3.4 Discussion 

3.4.1 Water quality calibration/validation  

To ensure the model accurately reproduced lake oxygen, we compared the RMSE to values in the 

literature.  The DO RMSE at 3 and 30 m depths was 0.3-2.6 mg L-1 for the calibration period (20 

May 2011 to 1 June 2012). This  was consider less than RMSE of 5 and 3 mg L-1 using a 1D model 

(CSLM) applied to the same lake by Jabbari et al. (2016, 2018).  Our DO RMSE were also in the 

same range as other studies applying ELCOM-CAEDYM (an earlier version of AEM3D): 0.5 mg 

L-1 in Lake Erie (Bocaniov et al. 2016), which is much larger than Eagle Lake, and 2.7 mg L-1 in 

Edmonton storm water ponds (Nakhaei et al. 2021b), which are much smaller. The R2 of 0.80 and 

0.97 at 3 m and 30 m indicate successful reproduction of seasonal changes in DO.  

The under-ice TChla and DO RMSE were low (6 µg L-1 and 1.3 mg L-1) indicating 

excellent performance of the model in reproducing DO and TChla concentrations during spring 

turnover, when 41% of photosynthetic production occurred, providing 17±11% of the spring 

turnover VWHDO saturation deficit. In most years, the model predicted the peak of TChla 

concentration to occur in early spring near the end of ice-out (Figure 3-10b-blue bars, green lines) 

similar to observations by Yang et al. (2020) and (Pernica et al. 2017) in Lake Simcoe and 3 

mesotrophic reservoirs in southern Saskatchewan. Spring turnover strength and VWHDO 

variation is related to the TChla in the upper layer (Foley et al. 2012). Phytoplankton absorbs the 

incoming solar radiation and decreases the solar heating below the layer beneath the ice (Shell et 

al. 2003) amplifying the seasonal surface water temperature by 10% (Manizza 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 of the lake during spring turnover (Figure 3-6-cI, dI).  

The ratio of modelled summer-to-winter TChla concentration was compared to average 

observed ratios from lakes in the same latitudinal range (44°-46° N; Figure B2b; Hampton et al. 

(2017)), yielding good agreement (RMSE=3 µg L-1, R2=0.86). This suggests that lakes within this 

climate zone will have similar winter phytoplankton concentrations and, as a result, similar under-

ice photosynthetic production of DO during spring turnover; illustrating the expected generality of 

our observational and model results for Eagle Lake. Historical TChla observations in Eagle Lake 

show an increase in summer average TChla from 2-4.3 µg L-1 from 1975 to 1995 (MOECC 1995) 

to the present model predictions of 3.5-6.5 µg L-1 between 2011-2020.  This is in agreement with  

sediment core analysis showing a trend of increasing annual phytoplankton biomass concurrent 

with increases in air temperature (Nelligan et al. 2016). From Figure B2b, these changes should 

be associated with increased winter biomass, increased spring photosynthetic production and 

consequent increased potential for reoxygenation during spring turnover.  Of course, there would 

also be increases in mineralization and SOD that would occur, over decadal timescales, from 

increased biomass settling. 

3.4.2 Factors affecting hypolimnion re-oxygenation 

3.4.2.1 Influence of wind speed on fall turnover  

Oxygen sources to the watercolumn included surface exchange during ice-off and photosynthetic 

production. Wind and convection mixed oxygen from the CML to the hypolimnion during fall 

turnover. The rate of VWHDO oxygenation was linearly correlated with the daily-average wind 

speed over the course of the fall turnover events (Oxygenation rate=0.35×[wind speed]-0.51; Pvalue 
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=0.01; R2=0.62; Figure 3-12a). Wind drives CML deepening and increases the atmospheric flux 

(Equation 3-5; fatm) (Figure B8).  The highest flux rate  oxygen from the atmosphere (Ó1 mg L-1 d-

1) occurred during the fall (2013, 2014 and 2016) when the average wind speed was >4.5 m s-1. 

While correlated to wind speed, the rate of VWHDO oxygenation was not significantly correlated 

with the duration of fall turnover (Pvalue =0.12). The impact of wind on oxygenation is minimal 

during wind events with low speed of <1.5 m s-1 while strong wind events can increase the rate of 

oxygenation.  

 

 
Figure 3-12. (a) Average wind speed duing fall turnover vs. the watercolumn oxygenation rate 

(fatm). (b) Hypolymnion thickness vs. rate of DO depletion (fSOD). The modeled data (blue) during 

winter II were compared to the obsereved summer values in Eagle Lake, Lake Simcoe (Nakhaei 

et al. 2021a) and Lake Erie  (Bouffard et al. 2013a). (c) Water temperature gradient at the onset 
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of winter II vs. HF (Equation 3-4) at the end of winter II. (d) Calculated vertical scale velocities 

(W*,
 Equation 3-2) vs. end of spring turnover VWHDO.  

 

3.4.3 Relationships between wind, stratification and DO 

Winter I was important in determining variation in DO dynamics during spring and summer 

because bottom water re-oxygenation, during spring turnover, was highly sensitive to the strength 

of the inverse stratification gradient that developed. This determined the winter hypolimnion 

thickness, which controlled the severity of near-bed oxygen depletion (Figure 3-12b). At this time, 

hypolimnetic DO depletion was 0.01 to 0.15 mg L-1 d-1, consistent with values observed in other 

lakes during winter stratification (0.01 to 1.0 mg L-1 d-1; Obertegger et al. 2017). Strong inverse 

stratification could decrease the hypolimnion thickness, which increases the rate of oxygen 

depletion (Figure 3-12b). However, a thinner hypolimnion during winter favours oxygenation. A 

thinner hypolimnion overlaying sediments is exposed to SOD and is separated from the 

watercolumn above by stratification. Therefore, the remaining watercolumn remains oxygenated.    

The strength of the inverse stratification also controlled the duration of winter II and spring 

turnover. Full spring turnover did not occur during warm winters when the water temperature 

gradient was <0.02 ºC m-1 at the end of winter I (e.g., 2016, 2017). It limited the deepening of the 

convective mixed layer under the ice and inhibit the spring turnover and the watercolumn stratified 

early in spring diminishing spring turnover. Therefore, re-oxygenation was weak or nonexistent 

during those years. On the other hand, full spring turnover did occur after relatively colder winters 

with strong inverse stratification causing a delay in summer stratification. This decreased the 
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summer hypoxia following years with cold winters and increased the bottom water DO 

concentration.  

We quantified the strength of the inverse winter stratification according to the station 1 

water temperature gradient between the free surface and lake bottom at the end of winter I. The 

end of winter II HF had a quadratic correlation with the gradient of the inverse stratification (Figure 

3-12c). This relationship shows that an increase in water temperature gradient from 0 to 0.09 ºC 

m-1 (stronger inverse stratification) decreases HF. However, as the gradient further increases from 

0.09 to 0.12 ºC m-1 the HF begins to subsequently increase. The weaker inverse stratification 

(<0.09 ºC m-1) could be allowing for a brief spring turnover and a longer summer stratification 

period (e.g., 2016, 2017); whereas stronger inverse stratification (>0.09 ºC m-1) would shorten the 

time available for spring turnover to occur (e.g., winter 2013). The regression (R2=0.61) shows an 

optimum inverse stratification gradient (~0.09 ºC m-1) would decrease the potential for 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 bottom (Molot et al. 1992; Boegman et al. 2012). Incomplete spring turnover could 

result in a consistent decrease in inter-annual DO at the bottom. (e.g., Lake Tovel; Obertegger et 

al. (2017)). Winter severity is one process that regulates the spring mixing strength (Rogora et al. 

2018; Yang et al. 2020a), where 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 

Onega, Bouffard et al. (2016)). This could limit the development of hypoxia during the following 

summer by setting a higher spring DO concentration (Nakhaei et al. 2021a). However, 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 (Figure 3-12d) the average convective velocity scale w* during spring turnover to the 

end-of-spring VWHDO (Figure 3-10e,g, end of light gray shading). The relationship is a second-

order power curve (End of spring DO=ψςύz Ȣ ρπ; R2=0.87; Figure 3-12d). The results 

suggest that convection stronger than 4 m s-1 was 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 demonstrates that cold 

winters, with stronger inverse stratification, have stronger convective currents, where CML 

deepening enhances DO transport from surface to the bottom (e.g., winter of 2019).  

 

3.4.4 Comparison of photosynthetic production and SOD to literature values 

Hipsey et al. (2020) argues for biogeochemical model validation through comparison of 

simulated and observed system-level emergent properties.  Here, we compare modelled 

components of the DO budget to available observations. Powers et al. (2017) found that 

nitrification of DO was 1-25% of the total consumption in seven seasonally ice-covered lakes over 

a 30-year period, spanning the 10-year average (13 %) for Eagle Lake. The model-predicted 

photosynthetic production added 7.3×10-2±0.07 mg L-1 d-1 oxygen, on average, to the lake volume 

(Figure 3-10d). As iWaterQuality respiration includes respiration losses, this is comparable (75%) 

of the directly measured net primary production (5.5×10-2 mg L-1 d-1) in the hypolimnion of Eagle 

Lake during Aug. 2016 (Nakhaei et al. 2021a).  Nakhaei et al. (2021a) also empirically fit 



95 

 

‬Ὀὕ‬ὸ ὛὕὈὌ ὌὕὈϳϳ  to the observed data presented in the present study, to determine 

the SOD ~ 0.1 g m-2 d-1 and the hypolimnetic oxygen demand HOD ~ 0.06 g m-3 d-1.  Their 

estimated SOD accounted for 67% of the DO depletion.  These are of the same order as our 

modelled SOD ~ 0.4 g m-2 d-1 and HOD ~ (mineralization + nitrification) ~ 0.04 g m-3 d-1, where 

SOD accounted for 53% of DO depletion.  The simulated basin-wide SOD was ~4 times higher 

than the value that was suggested by Nakhaei et al. (2021a) calculated from an empirical model at 

the deepest location (station 1). This may be because SOD is stronger in shallower areas (due to 

the thinner hypolimnion) and our model integrates SOD over the entire lake bed. Our modelled 

SOD is in the same range as observations in other lakes 0.2-2.9 g m-2 d-1 Nakhaei et al. (2021a).  

Our results challenge the generally accepted paradigm that the background oxygenation 

concentration in lakes is set by exchange with the atmosphere, where production and respiration  

drives diurnal fluctuations in DO concentration (e.g., Kalff 2002).  We find that spring 

photosynthetic production is significant for hypolimnion re-oxygenation during spring turnover 

and drives seasonal changes in DO concentration within the hypolimnion.  

3.5 Conclusions 

AEM3D-iWaterquality was applied to investigate the dynamics of 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 the 

basin-average TChla was small.  During fall turnover atmospheric DO was utilized for 

watercolumn oxygenation with 64% supplied during cooling and CML deepening and 37 % during 

fall turnover. The rate of oxygenation was linearly correlated with the daily-average wind speed 

over the course of the fall turnover events with wind driving CML deepening and increasing the 
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atmospheric flux.  While correlated to wind speed, the rate of oxygenation was not significantly 

correlated with the duration of fall turnover.  

Overall, production was the ultimate source of oxygen with 92% of the total input, with 41% 

occurring under-ice.  Atmospheric exchange was inhibited during ice cover and spring turnover 

was complete before ice-out, resulting in photosynthetic 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. Variation in the degree of 

inverse winter stratification effected the completeness of spring turnover by regulating the strength 

of convective under-ice mixing. Warm winters (weak inverse stratification) had weak spring 

convection and incomplete turnover, whereas cold winters (strong inverse stratification) had 

stronger spring convection leading to and complete turnover  

The SOD was the dominant DO sink with 53% of total depletion. The SOD was lowest after fall 

turnover as the bottom water DO concentration increased and it was the highest near the end of 

summer and through fall.  The remaining sinks were 33% by mineralization and 13% by 

nitrification.  

We may conclude that the dynamics of winter stratification, the under-ice spring bloom and spring 

turnover are important for driving inter-annual variability of hypoxia during following summer.  

Summer hypoxia was worse after warm winters when convective spring turnover was weak. 

However, warming could also increase the release of PO4 during summer, which 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; Schindler 1977), however, the processes that release P to the 

watercolumn remain poorly understood (Watson et al. 2016; Orihel et al. 2017). These include: (i) 

sediment flux release in the form of soluble reactive phosphorus (SRP) which is a measure of 

orthophosphate under hypoxia hypolimnetic conditions, (ii) decomposition and mineralization of 

organic matter under aerobic conditions, (iii) sediment resuspension into the watercolumn (Watson 

et al. 2016), and (iv) internal loads from phytoplankton excretion (Schwalb et al. 2015).  

Orthophosphate (PO4) is the form of P that is directly taken up by algae. PO4 is released from 

sediments into the overlying lake water when the sediment surface becomes anoxic (< 1 mg O2 L
-

1) (Nürnberg et al. 2013; Crockford et al. 2015; Markelov et al. 2019).  In lakes with prolonged 

summer stratification and deep-water hypoxia, sediment-derived PO4 trapped in the hypolimnion 

could be introduced to the photic zone during turnover, when it can trigger algal growth (Crockford 

et al. 2015), including under ice (Yang et al. 2017).  However, the role of turnover in release and 

upwelling of PO4 and whether upwelled PO4 during fall turnover is taken up by phytoplankton 

during winter or is it available for the next spring bloom remain unknown.  This is largely because 

measurements of P dynamics during ice formation and breakup, near the timing of turnover events, 

is challenging and has led to a paucity of data during these times (Block et al. 2019).  

The three-dimensional hydrodynamic-biogeochemical model is a tool that could be used 

to supplement field data and increase the understanding of P dynamics between turnover events 
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and mooring stations, particularly during ice-cover when observations are hard to acquire. Unlike 

one-dimensional models, three-dimensional models can directly simulate, as oppose to 

parameterize, complex sub basin-scale processes such as sediment release and mineralization of  

PO4 and the formation of cold-water plumes that transport nutrients vertically during turnover 

events (Fer et al. 2002b; Ghane and Boegman 2021). The three-dimensional Estuary and 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 hydrodynamic-biogeochemical studies, for example: Lake Erie (Leon et 

al. 2011; Oveisy et al. 2014; Bocaniov et al. 2016), Lake Simcoe (Schwalb et al. 2015), Lake 

Minnetonka (Missaghi et al. 2017), and Edmonton stormwater ponds (Nakhaei et al. 2021b). A 

recent parallel version of the code, the Aquatic Ecosystem Model (AEM3D) has allowed for 

computationally efficient multi-year simulation of lake hydrodynamics (e.g., Lake Constance,  

Caramatti et al. 2019; Eagle Lake, Ghane and Boegman 2021; Lake Erie (Lin et al. 2021a)).  

However, applications including simulations with the coupled biogeochemical model 

(iWaterQuality) remain to be published. 

The objectives of this study are to apply AEM3D simulations and field observations to 

understand internal PO4 cycling in a small seasonally ice-covered lake, with particular emphasis 

on determining the fate of upwelled PO4 during fall turnover and its impact on under-ice 

phytoplankton production.   

4.2 Methods 

4.2.1 Study area 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
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Eagle Lake is a small (641 ha) and deep (31 m depth) Canadian Precambrian shield lake, located 

in south-eastern Ontario (44Á40ǋ N 76Á42ǋ W, Figure 4-1). The relative depth of Eagle Lake is 1% 

(Zr=50×Zmax×
 

). The oligotrophic lake has an overall residence time of 6 to 7 years 

with an inflow from Eagle Creek (~48 L s-1) and an outflow to Bobôs Lake (~12 L s-1). Historical 

data shows the water level fluctuates by 0.4 m from January to August. The lake is classified as 

óhighly sensitiveô for lake trout since the mean volume-weighted hypolimnetic dissolved oxygen 

concentration is commonly below the provincial standard of 7 mg L-1 (Nelligan et al. 2019). To 

protect the fish habitat, the Official Plan established limits on shoreline development with a goal 

of preventing increases the external P load to the lake (Tunock Consulting Ltd. 2008). The complex 

impacts of multi-stressors from climate-induced warming, and changes to the watershed on the 

trophic status of the lake remain unclear (Nelligan et al. 2019).  
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Figure 4-1. (a) Eagle Lake location 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 located. Red circle shows the location of the meteorological station.  

 

4.2.2 Observational Data 

Surface/bottom water nutrient grab samples (total phosphorus, TP; total kjeldahl nitrogen, TKN; 

labile dissolved organic carbon, DOCL) and watercolumn temperature, dissolved oxygen (DO) 

and Secchi disk profiles were provided from the routine monitoring databases of the Rideau Valley 

Conservation Authority (RVCA) and the Ontario Ministry of the Environment Conservation and 

Parks (MECP). This data includes four sample sets per year, at station 1 from May through Sep. 

(Table B1). These data were supplemented with additional spring and winter (under ice) ad hoc 

water quality samples (TKN; nitrate, NO3; ammonium, NH4; TP; PO4; total dissolved P; total 



107 

 

suspended solids, TSS; dissolved silica, Si; dissolved inorganic carbon, DIC; and dissolved organic 

carbon, DOC), collected for this study at station 1 using a Niskin bottle (from 0 and 30 m depths 

during 2011-12),  packed on ice and transported (~45 min) for processing by the Queenôs 

Analytical Services Unit.  However, much of these data were uninformative (NO3, NH4, TP, PO4, 

TDP) as they were below the Analytical Services measurement thresholds. Where possible, these 

data were used to supplement the RVCA/MECP data for model initialization on 20 May 2011. 

More recent water samples were also collected by the authors (at station 1 using a Niskin bottle 

from 0, 5, 10, 20 and 30 m depths during Sept. 2020 ï Oct. 2021),  packed on ice and transported 

(~45 min) for low-level (2 ‘g L-1 detection limit) TP and PO4 analysis at Caduceon Laboratories 

(www.caduceonlabs.com). 

We deployed between 10-24 RBR TR-1060 temperature loggers (0.002 °C accuracy) and 1-3 RBR 

DO-1050 DO loggers (± 5% accuracy) at stations 1 and 2 (Table B1), with 10 s sampling, 

subsampled to 10-min averages, from 20 May 2011 until 31 May 2013. During this time, 1 or 2 

RBR XR-420/620 water quality sensors were moored to measure DO, temperature, turbidity, 

conductivity and fluorescence. The DO sensors were calibrated for drift and biofouling by 

bubbling in oxygen saturated water at 20 °C both prior to and post deployment. To minimize 

biofouling, the turbidity/chlorophyll-a and DO sensors were wrapped in copper tape or used copper 

sensor guards, respectively.  

Meteorological data: air temperature, relative humidity, wind speed/direction and short-wave solar 

radiation were recorded using a tripod-mounted Onset HOBO U30 weather station deployed on a 

small island in the northern basin of the lake (Figure 4-1). Mean daily cloud cover was estimated 

from the measured short wave radiation and daily average clear sky-radiation (Seckel 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 Climate Change Canada.  

 

4.2.3 Analytical Methods 

The convective mixed-layer depth (LCML) was calculated, from the AEM3D output,  as the depth 

where the square of the buoyancy frequency ὔ  first exceeded 10-5 s-2 (Yang et al. 2017). 

This corresponds to a temperature gradient of 0.02 °C m-1 at a water temperature of 8 °C.  Here, 

the gravitational constant g = 9.81 m s-2 and reference density ” ρπππ kg m-3, where ” is the 

water density and z is the vertical coordinate direction (positive upwards). During ice cover, LCML 

was computed from the base of the top cold layer (0-1.5 °C) immediately beneath the ice (Kirillin 

et al. 2012).   

The volume-weighted hypolimnetic dissolved oxygen (VWHDO) was calculated as the sum of the 

hypolimnetic DO concentration multiplied by the associated depth-stratum volume, divided by 

total hypolimnetic volume (Quinlan et al. 2005). We calculated VWHDO using the daily-averaged 

modeled DO concentration following (Li et al. 2018a):   

67($/
В  

         (4-1) 

Here, ȹz is the 0.5-m vertical layer grid size, Az is the horizontal lake area with depth and DOz is 

the modeled DO concentration profile at depth z. Vhypolimnion is the total hypolimnion volume below 

the thermocline. Hypolimnetic dissolved oxygen was calibrated and validated with errors of 

RMSE=1.2 mg L-1, R2=0.83 and RMSE=1.3 mg L-1, R2=0.86  at 30 m depth in station 1 (Chapter 

3). The base of thermocline was identified as the height from the bottom where the water 

temperature gradient exceeded 0.1 °C mī1 (Quinlan et al. 2005).   
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The hypoxic factor was calculated to quantify the extent and duration of hypoxia. It represents the 

number of days in a year that a sediment area equal to the lake surface area is hypoxic. Here, we 

define hypoxia as a dissolved oxygen concentration below 5 mg L-1 (Nürnberg 2004; Bocaniov et 

al. 2016). 

ὌώὴέὼὭὧ ὊὥὧὸέὶȟὌὊ В         (4-2) 

where ti is days, ai the corresponding hypoxic area at depth i and Asi represents the lake surface 

area.  

Profiles of vertical turbulence diffusivity ὑ ᾀ were calculated 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. 

Eagle Lake is an ideal site to apply this method (Powell and Jassby 1974; Jassby and Powell 1975), 

because of the low spatial variation in pelagic water temperature and lack of internal wave motions. 

To account for the temporal and spatial gaps in the observational data (Table B1), the heat budget 

method was applied to the AEM3D output and corrected for incoming solar radiation (Ghane and 

Boegman 2021). Kz values estimated from the heat budget method was compared to Kz profiles 

obtained from Batchelor fitting to microstructure data (Nakhaei et al. 2016) during the same time 

interval. The estimated and observed Kz were equivalent in the epilimnion and metalimnion, but 

in the near laminar hypolimnion, the estimated values were an order of magnitude greater than the 

observations (10-4 vs. 10-5 m2 s-1).  The CML is controlled by large-scale turbulence (Bouffard and 

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

The coupled three-dimensional hydrodynamic-biogeochemical AEM3D-iWaterQuality 

(www.hydronumerics.com) was used to simulate Eagle Lake for a ~10-year period from 20 May 

2011 to 10 Sep. 2020. It applies a semi-implicit TRIM approach to solve the Reynolds-averaged 

Navier-Stokes equations and uses a mixed-layer model based on turbulent kinetic energy for 

turbulence closure in the vertical direction (Hodges et al. 2000). Heat exchange through the free 

surface is determined by standard bulk transfer models with an assumption of a stable atmosphere 

(Oveisy et al. 2012).  

The hydrodynamic model AEM3D was previously calibrated/validated over 2011 to 2014 with a 

root-mean-square error (RMSE) of 1.5 °C (Ghane and Boegman 2021). The DO and phytoplankton 

components of iWaterQuailty were also calibrated/validated over 2011-12  with RMSE of 0.3-1.2 

mg L-1 and 6 µg L-1, respectively (Chapter 3). Here, we extend the simulations to calibrate nutrient 

dynamics, with a particular focus on the P budget. Nutrient state variables include PO4 algal 

internal phosphorus (AIP), labile particulate and dissolved organic phosphorus (POPL, DOPL; 

Equation 4-3), NO3, NH4, labile particulate and dissolved organic nitrogen (PONL, DONL) and 

carbon in the forms of DOCL and particulate organic carbon (POCL) with inorganic suspended 

solids and two phytoplankton groups (diatoms and cyanobacteria). Diatoms were included due to 

their 75% abundance in the planktonic composition of 7 nearby lakes (Paterson et al. (2008)) and 

their importance in the under ice early spring bloom, while cyanobacteria was simulated due to 

their importance as a toxic warm water phytoplankton species. Stokesô law with a settling 

coefficient was used to simulate the settling of phytoplankton group with a phytoplankton 

migration function based on non-photoinhibition light function (Table B2). As the focus of this 
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paper is on the changes in the dynamics of PO4, a reasonable approximation of phytoplankton is 

acceptable for this propose (Trolle et al. 2012).  

A mass balance equation controls the P budget in the model:  

 

TP=DOPL+PO4+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 applications (Elbagoury 2017). However, by neglecting PIP, POPL increases in the 

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

µg L-1 accompanied by an increase in TChl-a of 0.4 µg L-1 (Elbagoury 2017), which was neglected 

in the present study. The rate equation for PO4 is given as: 

Ὢ Ὢ Ὢ          (4-4) 

includes exchange to and from the sediments based on a flux equation (fsediment=  Ὓ ὪὪ , Ὢ

‮ , Ὢ ) as a function of water temperature (T) and a constant water temperature 

multiplier (etar egnahcxe 4OP dexif a yb deilpitlum noitauqe (ODK) noitarutas flah negyxo dna  ,(‮ 

(SPO4); mineralization of DOPL to PO4 is a function of the water temperature, DO and DOPL 

concentrations which either could limit the process (flimit) multiplied by a fixed mineralization 

coefficient of µmineral (Ὢ ‘ ὪὪ ὈὕȟὈὕὖὒȟὪ ); phytoplankton uptake 

based on a dynamic intracellular store that is able to regulate growth depending on water 

temperature, user-defined upper and lower internal PO4 (IPO4) concentration bounds, PO4 half 

saturation fraction (KPO4) and biomass of phytoplankton (A) multiplied by Umax as maximum rate 

of PO4 uptake (Ὢ Ὗ Ὢ ὃ). The final calibrated values could 
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be found in Table B2, S5. More details on DO budget and phytoplankton models are given in 

(Chapter 3). 

4.2.5 Model setup 

The model was initialized on 20 May 2011, using in-situ data (Table B3), and run on a 4-core 3.1 

GHz XEON Windows server with 32 GB RAM. The model was forced with 10-min interval 

meteorological data (Ghane and Boegman 2021).The model was calibrated against observed data 

from station 1 (Figure 4-1; Table B1) from 20 May 2011 to 1 Jan. 2013 using a 60×60 m horizontal 

grid with uniform ɝÚ 0.5 m vertical layers (1.2 d run-time per year real-time).  Once calibrated, 

long-term runs from 20 May 2011 to 1 Oct. 2020, for model validation, were on a finer resolution 

30×30 m horizontal grid (7 d run-time per year real-time). To satisfy the Courant-Friedrichs-Lewy 

condition, time steps of 30 s and 60 s were employed for the 30×30 m and 60×60 m grids, 

respectively.  

 

4.2.6 Calibration  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 fluxes, phytoplankton production/mortality rates, phytoplankton light 

attenuation, wind drag coefficient, albedo, ice/snow albedo and surface heat transfer coefficient 

(Table B5). Parameters were manually adjusted within literature ranges so as to provide the best 

qualitative comparison against observations and minimize quantitative error metrics. In total 35 

calibration runs were undertaken, totaling ~1000 hours of CPU time. Model errors were 

determined using the degree of correlation (R2) and root-mean-square-error (RMSE). The RMSE 
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at 3 and 30 m depths (station 1) during the one-year calibration for TP, TKN and DOCL were 

within 2.5-6 µg L-1, 43-81 µg L-1 and 0.4 mg L-1, respectively (Table 4-1). The corresponding R2 

between modeled and observed TP, TKN and DOCL at the surface and bottom were 0.65, 0.72 

and 0.63, 0.93 and 0.73 which are reasonably high for a 1-year simulation (Oveisy et al. 2014). 

The calibrated model was validated against the RVCA data at station 1 from May 2013 until Sep. 

2018 (Figure 4-3). The validation errors in TP were RMSE= 3 and 9 µg L-1 with R2 = 0.49 and 

0.52 at the surface and the bottom. Moreover, the TKN errors were 92 and 93 µg L-1, R2 = 0.29 

and 0.32 at 3 m and 30 m depth. 

Qualitative validation of the seasonal nutrient changes is shown in Figure 4-3. From May 

to July 2011 and from July to Aug. 2012 TP was modelled and observed to decrease from 20 to 5 

µg L-1 at the surface with model overestimating the TP by 4 µg L-1 in April 2012.  An increase to 

68 µg L-1 was observed at the bottom in late Sep. 2011 and 2012, and the model predicted a gradual 

increase from 5 to 50 µg L-1. This trend was interrupted when fall turnover mixed the TP into the 

watercolumn, increasing the TP concentration at the surface. Similarly, the model predicted an 

increase in bottom TP during winter and until spring turnover, which could be due to the release 

of PO4 from hypoxic sediments during winter stratification.  

 The TKN observations show a decrease at the surface from 250 to 202 µg L-1 in the summer 

of 2011, from 450 to 195 µg L-1 in the summer of 2012, and an increase at the bottom from 340 to 

560 µg L-1 from spring through fall (Figure 4-3c, d- circles). Similar to TP, the increase in TKN 

was interrupted by fall turnover at the bottom during 2011. The model predicted decreasing TKN 

at the surface with an error <15 µg L-1  in the summers of 2011 and 2012. The predictions for the 

fall of 2012 show the model underestimated the increase in TKN by 450 µg L-1 at the bottom 

(Figure 4-3d). 



114 

 

 DOC observations show an increase at the surface from 4 to 5.3 mg L-1 2011 and from 3 

to 5.5 mg L-1 in  summer 2012. The model predicted the increasing pattern of DOC in the summer 

of 2011 and 2012 with error <0.5 mg L-1 and < 1 µg L-1, respectively. 

 

Table 4-1. Nutrient comparison results at 3, 10 and 30 m where observed data was available during the calibration 

period. 

Parameter (units) 

3 m  30 m 

Mean SD RMSE R2  Mean SD RMSE R2 

TP (µg L-1, n=5-10) 11 7.3 2.5 0.65  30.4 23.5 6 0.68 

TKN (µg L-1, n=5-10) 324 128 81 0.63  390 88 43 0.93 

DOCL (mg L-1, n=9) 4 0.71 0.4 0.73  - - - - 
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Figure 4-2. Stacked plot showing calibrated model (colored areas) and observed nutrient concentrations (circles) in 

the surface mixed layer (a, c, e) and at 30 m depth (b, d). (a, b) modelled TP (blue), modelled PO4 (red) and observed 

TP (circles) (c, d) modelled TKN (blue), modelled NO3
 (red), modelled NH4 (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 (2013-2018) using RVCA data. Blue circles represent surface and red circles show the values for bottom 
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4.3 Results 

4.3.1 The fate of PO4
 in the watercolumn 

The monthly measurements of TP and PO4 through the watercolumn (at station 1) from Sept. 2020 

ï Oct. 2021 (Figure 4-3) were compared to the model results from May 2011 to Jul. 2012 (Figure 

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

On 4 Sep. 2020, the observed TP was high at 30 m (46 µg L-1) due to settling of late summer 

phytoplankton or sediment flux to the bottom of the lake (Figure 4-3 and Figure 3-3b). TP was 

also high near the thermocline (43 µg L-1 at 10 m depth) where phytoplankton congregate to access 

both light and PO4 from the hypolimnion below (Figure 4-3 and Figure 4-4). Suspended solids and 

settling phytoplankton could also be trapped in the thermocline where mixing rates are low  

(Kreling et al. 2017; Mi et al. 2020). The model results show uptake by phytoplankton to be the 

primary PO4 sink through the photic zone (top 6 m) during summer (Figure 4-4a, b). 

On 14 Oct. 2020, the observed TP had decreased from 46 to 23 µg L-1 at 30 m due to mineralization 

of organic forms of phosphorus (Figure 4-3a). This caused an increase in the PO4 concentration 

from 2 to 7 µg L-1. At 10 m, TP had decreased from 43 to 14 µg L-1 and PO4 increased from 2 

to 4 µg L-1, at this time the model shows conversion of DOPL to PO4 via mineralization (see 

below). The TP also decreases through settling and thermocline deepening, which mix late summer 

phytoplankton to depth. Similar to the observations, the modelled PO4 increased from 7 to 10 µg 

L-1 at 10 m depth in Oct. 2011 (Figure 4-4a).  

The observed data from 27 Nov. 2020 shows relatively uniform TP and PO4 profiles throughout 

the watercolumn, as expected with fall turnover. Starting in Nov. 2020, the PO4
 concentration 

increased in the photic zone, as deep mixing associated with fall turnover brought up PO4 (Figure 
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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 PO4  on 27 Nov.  2020 Figure 4-3b). Fluctuation in observed turbidity data 

at 28 m (station 1) confirms upwelling of nepheloid material from the lake bottom from Oct. 

through the mid Dec. (Figure 4-4a), while the TChl-a concentration was low (<1 µg L-1). 

The observed TP increased through the watercolumn (by ~10 µg L-1) from 27 Nov. 2020 to 19 

Apr. 2021 and was  23 µg L-1 at 5 m after the ice-out (Figure 4-3b). At 30 m, TP and PO4 increased 

from 15 to 20 µg L-1 and from 3 to 5 µg L-1, 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 April to 4 June 

in comparison to 14 Oct. to 27 Nov. The deepening of the peak TP concentration from 5 m on 19 

Apr. 2021 to 10 m on 4 Jun. 2021 follows thermocline deepening (e.g., Jun. 2012, Figure 4-4b). 

The observed PO4 concentration remained <2 µg L-1 between 4 Jun. and 21 Jul. in the 

watercolumn. However, the watercolumn TP concentration increased from Jun. to Jul.  due to the 

algae growth (from 2 to 40 µg L-1 at the surface) and at the bottom due to settling, resuspension or 

sediment flux (from 6 to 22 µg L-1). The PO4 decreased to <2 µg L-1 between 19 Apr. and 4 Jun. 

indicating the uptake by phytoplankton throughout the watercolumn. The TP and PO4 fractions 

were low at the surface (<10 µg L-1) throughout the year, unlike the rest of the watercolumn (~40 

µg L-1). 

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 µg L-1) and similar at 5 m depth (17 

µg L-1). The PO4 was significantly higher on 29 Sep. 2021 within the entire watercolumn (e.g., 8 
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vs. 2 µg L-1 at 10 m depth; Figure 4-3b). Higher PO4 and lower TP concentrations in Sep. 2021, 

with similar profile shapes suggest rate of conversion of TP to PO4 is higher than the rate of TP 

production (e.g. DOPL production through mortality and excretion). The higher PO4 

concentrations at 30 m (15 vs. 3 µg L-1; Figure 4-3b) indicated a stronger level of hypoxia in Sep. 

2021.  

4.3.2 Coupling between PO4 and phytoplankton 

The model output was investigated over 2011-12 to gain further insight into the relationship 

between phytoplankton and P between turnover events. The model output shows, TChl-a was high 

(~40 µg L-1) at 5 m depth during summer, where light limitation was minimal (Figure 4-4c, g). 

Later in fall, as the TChl-a was dispersed through the CML and below, with each strong mixing 

event (e.g., Figure 4-4, rectangle), light limitation increased and caused a dramatic decrease in 

total growth (Figure B3). In early Nov. 2011, when convective mixing peaked, the concentration 

of TChl-a was modelled to decreased to <5 µg L-1.  

TChl-a growth began again in Feb. 2012 in a very thin layer beneath the ice (0.5 m) and the 

concentration increased near the end of ice-off (~45 µg L-1) due to an increase in the light function 

(Figure 4-4g). Unlike fall turnover, the PO4 concentration was not homogenized into the entire 

watercolumn during spring turnover, since phytoplankton uptake began from the top of the 

watercolumn in the thin static layer beneath the ice. At this time, PO4 uptake began beneath the 

ice driving  photosynthetic production of oxygen, which can provide ~1 mg L-1 of the DO delivered 

to the hypolimnion during spring turnover (Chapter 3). The low Kz values (<10-7 m2 s) and 

increasing PAR from the seasonal increase in incident shortwave radiation, made the watercolumn 

immediately beneath the ice a suitable layer for algal growth (Figure 4-4, Figure B3b, c). The 
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TChl-a concentration was ultimately  40-50 µg L-1 under the ice, with the layer  deepening after 

ice out. Observed fluorometer data at 5 m depth (station 1) confirm strong TChl-a growth from 5 

to 25 µg L-1 (Figure 4-4a) during and after spring turnover. A spike in turbidity peaks at the end 

of spring turnover, capturing both TChl-a and nepheloid material mixed through the watercolumn 

(Figure 4-4a).   

  

Figure 4-3. Observed TP and PO4 concentrations at station 1. The measurement threshold was 2 ‘ gL-1. 
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Figure 4-4. Observed turbidity (purple and red lines) and TChl-a (dark and light green) at 28 and 5 m by RBR-XR 

data loggers (a) Modeled (b) PO4(c) TChl-a (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 dispersing TChl-a through the watercolumn 

and increasing light limitation, resulting in reduced TChl-a growth (panel b), despite available PO4 (panel a). 

Horizontal black dashed and solid lines show the bottom of the CML and thermocline, respectively.   
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4.3.3 Interannual variation in nutrients, density stratification, phytoplankton, and 

dissolved oxygen 

The model results over 2011-20 were used to investigate interannual variability in the PO4 cycle.  

Interannual variation in PO4 release is associated with interannual variation in the hypolimnion 

DO concentration, which depends strongly on the thermal stratification (Nakhaei et al. 2021a). 

The hypolimnion PO4 and TKN concentrations were simulated to be higher in 2011, 2016, and 

2017, when hypoxia was more severe (HF=70, 145, 227 d, respectively) (Figure 4-5).  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. Hypoxia was not strong enough to 

cause significant PO4 release during winters 2012, 2013, and 2014 (Figure 4-5b).  

The strength of the under-ice spring bloom was dependent on the hypolimnetic PO4 from the 

previous summer.  For example, high TChl-a concentrations in the winter of 2017 were associated 

with high concentrations of PO4 (10 µg L-1) developing during the long stratification period in the 

summer of 2016 (Table 4-2). In contrast, the lowest under ice algae concentration (2 µg L-1) was 

modelled during the spring of 2016 following to low PO4 concentrations (< 1 µg L-1) in the 

watercolumn. The highest under-ice algae concentrations (~ 35 µg L-1) were simulated during the 

spring of 2012 and 2013 when PO4 concentrations were high (8 and 5 µg L-1), together with strong 

winter stratification (Table 4-2). The latter formed an extended static layer immediately beneath 

the ice supporting algal growth, within the photic zone, prior to spring turnover. This was distinct 

from fall turnover, when PO4 from the summer hypolimnion was immediately available, but 

convective mixing transported the phytoplankton to depth, where they became light limited, thus 

preventing a fall bloom (e.g., Figure 4-4-black rectangle).   
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  The concentrations of nutrients in the watercolumn also depended on the summer TChl-a. 

For example, late summer blooms in 2019 (Figure 4-5d-black arrow) led to higher concentrations 

of DOPL and POPL, from mortality and excretion, mixing through the watercolumn in the winter 

of 2020 (Figure 4-5c, d); ultimately, this mineralized into PO4 (Figure 4-5b). The blooms (Figure 

4-5d-red rectangle) were associated with calm and warm weather conditions (Figure B3), in 

comparison to other years when TChl-a concentrations were lowered by convective mixing 

through the watercolumn during fall cooling. In the falls of 2016, 2017 and 2018 high 

concentrations of PO4 were modelled at 10 m depth (Figure 4-5b-black rectangle) where the 

oxygen was < 2 mg L-1.  The PO4 could be from a metalimnitic oxygen minima, where vertical 

turbulent diffusion is suppressed and oxygen depletion occurs due to conversion of DOPL to PO4 

(Kreling et al. 2017; Mi et al. 2020), or simply from horizontal advection of low DO and high PO4 

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

 

Table 4-2. Summary of model results on stratification, hypoxia and P fractions. 

Year HF 

Length of  

summer 

stratification  

Length of  

winter 

stratification  

Max. 

mineralization 

rate ×10-2 

Max. sediment 

release rate 

×10-3 

Total annual 

internal PO4 

load 

Total annual 

Phyto. uptake 

 (d) (d) (d) (µg P L-1 d-1) (µg P L-1 d-1) (µg P L-1 y-1) (µg P L-1 y-1) 

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 4.9 1.29 -1.59 

std 58 40 6 2.3 2.7 0.31 -0.52 

mean (kg/y) - - - - - 91 -112 

std (kg/y) - - - - - 22 -36 
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Figure 4-5. Modeled TKN, PO4, TP, TChla-A, DO and water temperature at station 1. (a) colormap shows the profile 

of TKN and colored circle represent observed TKN by RVCA. (b) PO4 concentration profile (c) TP concentration 

profile (d) colormap represents total chlorophyll-a (TChl-a) concentration profile. (e) colormap shows the DO 

contours, the solid line represents the hypoxia threshold (contour of DO=2 mg L-1) (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 TChl-a dispersion in the watercolumn. Black rectangular shows 

the PO4 production 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 to the 

surface. 
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4.3.4 Internal phosphorus sources 

Eagle Lake received a constant external PO4 load of 0.36 µg L-1 y-1 from Eagle Creek, which was 

much less than the internal load from mineralization and sediment release.   

Internal phosphorus input through mineralization can be a substantial (Schwefel et al. 2018). The 

peak in simulated basin-average mineralization occurred in mid summer at a rate of 0.06 ± 0.03 

µg L-1 d-1 (mean±std; Figure 4-6a) when average watercolumn temperatures were warm (12 ºC), 

and there were adequate oxygen (>8 mg L-1) and dissolved phosphorus (TP> 20 µg L-1 ) 

concentrations in the watercolumn (Figure 4-6a; Equation 4-3 and Equation 4-4). The 

mineralization rate declined from 0.06 to 0.02 µg L-1 d-1 from Jun. through Jul. as the basin-average 

dissolved oxygen fell to < 6.5 mg L-1 (Figure 4-6a, d-blue line). The smallest and largest summer 

mineralization rates occurred in 2014 and 2020 at 0.04 and 0.12 µg L-1 d-1 (Table 4-2), respectively, 

following the lowest (4 µg L-1) and highest (17 µg L-1) late summer algal blooms (Figure 4-6a, 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 PO4. 

Winter mineralization rates varied annually at 0.036 ± 0.01 µg L-1 d-1 and were relatively 

constant from the end of fall turnover through the end of ice-cover. The maximum winter 

mineralization rate was in 2020 at 0.05 µg L-1 d-1, when the late summer algal bloom (17 µg L-1) 

occurred in 2019 (Table 4-2). The bloom was mixed into the watercolumn during fall turnover and 

increased the available TP in the watercolumn (Figure 4-5c-black ellipse) due to an increase in 

DOPL as a result of algal mortality and excretion This enhanced mineralization and production of 

PO4 in fall 2020 (Figure 4-5b).  
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The sediment PO4 release rate (0.002 to 0.01 µg L-1 d-1; Table 4-2) was modelled to be 

significantly lower than the mineralization rate (Figure 4-6). Sediment release was  near zero from 

the end of fall turnover until the onset of summer stratification, when the hypolimnion was both 

cold and highly oxygenated (Figure 4-6a; see fsediment term). The rate was 2-3 times higher during 

the summers of 2016 and 2017 when hypoxia was severe and prolonged (HF=139 and 226 d).  

The integration of the internal PO4 sources (Figure 4-6c-blue line) over time gives the total internal 

load (Figure 4-6-red line). We considered a hydrologic year to be between two consecutive fall 

turnover events and calculated the total internal PO4 at the end of each cycle. Therefore, the total 

annual internal PO4 load within the lake was 1.29 ± 0.3 µg L-1 y-1 or 91 ± 22 kg y-1 (Table 4-2; 

Figure 4-6c, red line; Figure 4-7). On average, 37% of the internal load came from under ice 

mineralization. The largest internal PO4 load was in 2012 at 1.88 µg L-1 y-1 or 132 kg y-1. This 

coincided with a peak in phytoplankton concentration during the late summer of 2011, prior to fall 

turnover (~10 µg L-1; Figure 4-6c), which increased the winter mineralization rate. The smallest 

annual rate was simulated  for the summer of 2014 at 0.97 µg L-1 y-1 or 68 kg y-1, following the 

relatively weak late summer bloom in 2013 that limited PO4 production via mineralization, 

together with complete spring turnover and bottom water re-oxygenation in 2014. Because the 

high amount of DO limited PO4 release from the sediments in spring and summer 2014.  

4.3.5 Internal phosphorus sinks 

Peaks in PO4 uptake occurred during spring near the end of ice-off and in late summer prior to fall 

turnover (Figure 4-6c-green line). The total PO4 uptake by phytoplankton was on average -1.6 ± 

0.52 µg L-1 y-1 or -112 ± 36  kg y-1 (Table 4-2; Figure 4-6c, black line), with 30% of the total uptake 

occurring during ice-cover (Figure 4-7).  
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Figure 4-6. Modeled internal PO4 inputs through mineralization and sediment flux. (a) basin-wide mineralization 

rate, red and blue lines represent sediment release PO4 and TP; (b) basin average total chlorophyll-a (green), PO4 in 

the photic zone above 6 m depth (solid red line) at station 1, and basin-average PO4 (dashed red line) (c) blue line 

represents the total modeled PO4 input 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 uptake per unit of volume of the lake. The 

integral of this panel over time represents the total PO4 input (red line) and uptake, (d) modeled basing average DO 

(blue) and hypolimnetic DO average (red), (e) water temperature at various depth at station 1. The blue bar on the 

top of panels shows the ice cover while dark and light gray shading indicated fall and spring turnover, respectively.  
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Figure 4-7. Schematic annual average internal PO4 sources and sinks 

4.3.6 Turnover and PO4  

Fall turnover is critical for mixing PO4, trapped in the hypolimnion, through the watercolumn. The 

photic zone average PO4 concentration increased, on average, from near zero to ~ 4 µg L-1 during 

fall turnover in all years at 0.33 µg L-1 d-1 (Figure 4-6-solid red line). Fluctuations in the turbidity 

data confirm the upwelling of nepheloid material from the bed during fall turnover (Figure 4-4a). 

Moreover, fall turnover mixes dissolved organic P through  the watercolumn, which can enhance  

mineralization of PO4 (Figure 4-5c-fall 2019). This not only mixed the released sediment based P 

from the bottom into the watercolumn in all years (e.g. Figure 4-5b, 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 (e.g. Figure 4-5c, black ellipse).  
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Spring turnover can both indirectly increase and decrease the PO4 concentration within the lake 

basin. Turnover can supply the base of the static layer beneath the ice with PO4, increasing algal 

growth and uptake during late winter (e.g., spring of 2012-2014, Figure 4-6c, 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 production of PO4 via 

mineralization and triggers higher algal concentrations in summer (e.g. fall 2018 and winter 2019, 

Figure 4-6c, red lines). 

 

4.3.7 Spatial variation in PO4 production  

Spatial variation in the development of hypoxia caused variation in internal PO4 release from the 

sediments. This is evident in snapshots of water temperature, DO and PO4 concentration in the 0.5 

m thick layer immediately above the bed, from 23 Jun. 2011 to 14 Mar. 2012 (Figure 4-8). In June, 

the PO4 concentrations were higher at depths between 8-20 m, in comparison to the deeper mid-

lake areas, in early summer where the hypolimnion fluid volume was smaller below the shallow 

thermocline. Hypoxia formed earlier in these zones, relative to in the thicker hypolimnion at mid-

basin (Figure 4-8a-arrows) (Nakhaei et al. 2021a).  However, differential heating near the 

boundaries (Ghane and Boegman 2021) caused mixing and increased the bottom water oxygen. 

This caused a decrease in PO4 release from the sediments (Figure 4-8a).  

In September, the northern and southern basins (~ 25 m deep) were  hotspots for sediment PO4 

release (20-24 µg L-1) where there was extensive hypoxia with DO < 2 mg L-1 (Figure 4-8b-

arrows). The PO4 was lower (11 µg L-1) in the deeper central basin (station 1; Figure 4-1) where 

the hypolimnion was thicker.  
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During November, turnover and associated bottom water re-oxygenation occurred earlier in the 

shallower regions (Figure 4-8c-arrows), mixing warmer oxygenated surface water to depth and 

hypolimnetic PO4 to the surface. The deep point near station 1 remained hypoxic above the bed 

with significantly elevated PO4 in the remnant hypolimnion that remained (18 µg L-1; Figure 4-8c, 

Figure 4-5b). At this time, the PO4 concentration was < 2 µg L-1 in the shallower areas, where 

mixing increased the DO concentration (>9 mg L-1).  

In January, sediment flux of PO4 was near zero in the cold water (< 4 ºC) with higher DO 

concentrations (> 5 mg L-1) (Figure 4-8d, Figure 4-6b, e, f). Therefore, mineralization was the 

main releasing an internal PO4 load. This was stronger in the sidearms, where oxygen 

concentrations were higher (Equation 3-4) from the deeper CML (Figure 4-8d-arrows).  

During March, the sediment PO4 release remained small (Figure 4-8e-arrows, Figure 4-6a-red line) 

with mineralization still the predominant source of PO4. Therefore, unlike summer where PO4 is 

maximal in the hypolimnion, from fall turnover to spring turnover, mineralization through the 

watercolumn coupled with low sediment release rates (despite the presence of near bed hypoxia) 

results in the lowest PO4 concentrations to be simulated at the deeper locations near the bed (Figure 

4-8e). 
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Figure 4-8. The spatial variation 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. 
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4.4 Discussion 

4.4.1 Water quality calibration/validation  

The model was validated for water temperature, DO and TChl-a in a previous study with RMSE 

of 1.5 °C, 1.3-2.6 mg L-1 and 6.0 µg L-1, respectively, in (Ghane and Boegman 2021) and (Chapter 

3). Here, RMSE of 2.5 and 6.0 µg L-1 and R2 = 0.65 and 0.68 were evaluated between observations 

(RVCA) and modeled TP concentrations at the surface and 30 m depths, respectively, during 

calibration. The TKN RMSE, at the same depths, were 81 and 43 µg L-1 with R2 = 0.63 and 0.93 

during calibration. These errors were reasonable for a year-round simulation, in comparison to 

previous studies using the same model. For example, Bocaniov et al. (2016) had a RMSE of 2-3 

and 65 µg L-1 for TP and NO3+NO2
 in Lake Erie for a 6 month simulation. Nakhaei et al. (2021b) 

had RMSE of 5-30 and 170 µg L-1 for TP and NH4 using the three-dimensional ELCOM-

CAEDYM in Edmonton stormwater ponds. Wang and Boegman (2021) had RMSE of 10 and 680 

µg L-1 for TP and NO3 + NO2 using the one-dimensional AED-GLM for Lake Erie over 1979-2012 

and Ladwig et al. (2021) had RMSE of 100 and 960 µg L-1 for PO4 and NO3 + NO2 applying AED-

GLM to Lake Mendota over 20 years.  

The model was validated against RVCA data for a 5-year period (Figure 3-3f, g) and the validation 

error metrics were only marginally higher than those from the calibration. The TP RMSE 3 and 9 

µg L-1 with R2 = 0.49 and 0.52 at 3 m and 30 m depths and the TKN RMSE were 92 and 93 µg L-

1 with R2 = 0.29 and 0.32 at the 3 m and 30 m depths. 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, suggesting the errors increased over time. However, the normalized RMSE (NRMSE) 

were similar during calibration and validation periods. TP NRMSE were 0.15 vs. 0.176 and 0.1 
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vs. 0.09 at 3 m and 30 m, respectively for calibration and validation period. TKN NRMSE were 

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

4.5 Sediment PO4 release rates 

The modeled sediment PO4 release rates in Eagle Lake were comparable to observations in other 

lakes considering the oligotrophic nature of the lake. The peak basin-average sediment based PO4 

and TP å DOPL+PO4 release rate in Eagle Lake were 0.12 and 0.3 mg m-2 d-1 (Figure 4-9b), 

respectively, under anerobic conditions in late summer. These basin-averaged simulated values are 

smaller than typical literature observations, which are often locally measured in hypoxic regions.  

For example, 0.01-1.77 mgPO4 m
-2 d-1 in eutrophic Beaver Lake (Sen et al. 2007); 1.35 and 0.43-

0.91 mgPO4 m-2 d-1 under anerobic and aerobic conditions, respectively, in Lake Erie (Matisoff et 

al. 2016); 0.136 mgPO4 m
-2 d-1 in Lake Superior (Li et al. 2018); 0.17-0.26 mgTP m-2 y-1 in lake 

Simcoe, 0.71-1.28 mgTP m-2 y-1 in Lake Winnipeg, 0.4-0.43 in Lake of Woods and 1.1 mgTP m-

2 y-1 in lake Champlain (Orihel et al. 2017). 

4.5.1 Hypoxia and internal PO4  

The simulated PO4 release from the sediments depends on the severity of summer hypoxia (Figures 

4 and 5).  The hypoxic factor (Equation 4-2), which represents both the strength and length of 

hypoxia can be used to parameterize the average PO4 concentration in the watercolumn after 

hypolimnetic PO4 mixed by fall turnover (Figure 4-9; R2=0.93). The Figure shows a dramatic 

increase in PO4 release after ~140 d. For example, the severe hypoxia in 2017 (HF = 226 d) caused 

large sediment PO4 release (Table 2) that resulted in a high PO4 concentration after fall turnover 

(Figure 8) and a strong under ice spring boom in 2017 (Figure 6). Climate induced lengthening of 

summer stratification (Stainsby et al. 2011) and reduced turnover strength (Woolway et al. 2014) 
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serve to worsen hypoxia and exacerbate the associated PO4 release and strength of the spring 

bloom.  This, however, may help strengthen the contribution of photosynthesis to deep-water 

oxygenation during spring turnover, which produces sufficient DO for 17±11% of the 

hypolimnetic DO saturation deficit. 

 

Figure 4-9. The relationship between hypoxic factor and average phosphate concentration after fall turnover 

 

4.5.2 PO4 upwelling during turnover vs. mineralization input  

The model results surprisingly show mineralization to contribute more PO4 to the lake than 

sediment release (Table 2).  Sediment based PO4 was ~ 2% to 23% (average ~ 2.5 %) of the total 

internal PO4 input at the end of summer. The highest percentages were in 2016 and 2017 when 

summer hypoxia was prolonged (HF=139, 226 d in 2016 and 2017). However, mineralization 

contributes more PO4, sediment PO4
 release could be more effective in triggering the under ice 

bloom, where the PO4 concentration increases in the photic zone. During summer, PO4 

accumulates in the hypolimnion and suddenly mixes through the entire watercolumn including the 

photic zones (e.g., Figure 4-5b-white ellipse), because fall turnover is strong enough to mix the 

accumulated nutrient from the bottom into the watercolumn. While we have argued climate 
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induced warming will increase PO4 release from the sediments, the associated weakening of 

turnover strength (Woolway et al. 2014)  could sequester internal PO4 in the hypolimnion as occurs 

in deeper lakes (Kraemer et al. 2015; Schwefel et al. 2019). For instance, in Lake Zurich, the 

mixing of hypolimnetic P and associated algal growth was reduced as a result of a sudden 

abatement in deep mixing due to lake warming (Yankova et al. 2017).  

Changes in fall turnover could also affect DOPL cycling. Mixing of algae in fall turnover increases 

the DOPL in the watercolumn, which increases the potential for mineralization of DOPL into PO4 

(e.g. fall 2019, winter 2020 Figure 4-5c, d). For instance, both under ice mineralization (0.12 µg 

L-1 d-1) and the strength of the late summer bloom (17 µg L-1) were high in 2020.  The basin-

average PO4 concentration was modelled to increase gradually under ice (Figure 4-6c-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 (Figure 4-3), where TP increased through the watercolumn from 27 Nov. to 19 Apr.  

Mixing during spring turnover supplied the photic zone (beneath the ice) with PO4 from below that 

was remnant from fall mixing and produced from mineralization in the watercolumn. This has also 

been observed in large lakes where strong spring mixing can redistribute PO4 to the epilimnion, 

increasing the algae growth rate and changing phytoplankton community (Peeters et al. 2007) (e.g. 

Lake Lugano (Simona 2003), Lake Garda (Salmaso et al. 2005)).  

However, the overall role of spring turnover in supplying PO4 to the photic zone is minimal 

compared to fall turnover. Spring turnover is more important for the re-oxygenation of the 

hypolimnion, to reduce the extent of summer hypoxia and consequently minimize PO4 release 

from the sediments (North et al. 2014).  
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4.5.3 Global warming and internal PO4 cycle  

Global warming directly impacts the hydrodynamic and biological cycles in lakes (North et al. 

2014). It is expected to change the mixing regime in lakes from dimictic to monomictic preventing 

lakes to overturn during spring. It increases hypoxic period which is expected to increase the 

relative contribution of sediment based PO4 in the internal PO4 cycle.  However, a large portion of 

internal PO4 production is due to mineralization under aerobic condition within the watercolumn 

in deep lakes with small sediment area. The conversion of dimictic lakes to monomict could be 

translated into less available DO in the watercolumn throughout the year that could potentially 

decrease the conversion of DOPL into PO4.  

 

4.5.4 Conclusions 

The observations and model results show that mineralization is the main PO4 source producing 77-

98% of the annual internal load. The remaining PO4 (2-23%) was produced from anoxic sediments. 

However, the sediment based PO4 was 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 PO4 from hypolimnion into the photic 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 this time, the  upwelled PO4 remained in the watercolumn.  
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Chapter 5 

Conclusions and Recommendations 

5.1 Conclusions 

Field observations and a three-dimensional model were used to investigate the physics of seasonal 

turnovers and dynamics of DO and PO4 during and between fall and spring turnover events in a 

small seasonally ice-covered lake. The main conclusions of this study are summarized below: 

 

1. In Chapter 2, it was shown that one set of calibrated parameters and coefficients in the 

Aquatic Ecosystem Model (AEM3D) can be used to simulate the hydrodynamics of a small 

Canadian Shield lake over multiple years. AEM3D was capable of predicting the water 

temperature with a RMSE of 1.45 °C during May 2011 to June 2014. It was demonstrated 

that mid-basin convection was the main process, with typical sidearm convective plumes 

having 2% (spring) to 4% (fall) of the mass flux compared to those at mid-basin. Wind 

only mixed the upper 35% of the surface mixed layer during fall turnover while convection 

acted to 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 duration of 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 turnovers, they could be more effective than 

fall turnover in the vertical biogeochemical flux at the basin-scale (e.g., re-distribution of 

nutrients and oxygen).     
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2. In Chapter 3, the biogeochemical module (iWaterQuality) was added to AEM3D to 

investigate the dynamics of 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 the basin-average 

TChla was small. During fall turnover atmospheric 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 the daily-average 

wind speed over the course of 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 under-ice. Atmospheric exchange 

was prevented during ice-on when spring turnover was complete before ice-out, 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 primary DO sink with 53% of total 

depletion. The remaining sinks were 33% 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 convective under-ice mixing. Warm winters 

with weak inverse stratification had weak spring convection and incomplete turnover, 

whereas relatively colder winters with an optimal inverse stratification gradient of 0.08-0.1 

C m-1 had stronger spring convection leading to complete turnover.  

3. The observations and model results from Chapter 4 showed that mineralization is the most 

significant source of PO4 at 77-98%. The sediment released PO4 contribution was the 
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remaining 2-23%. However, the sediment based PO4 is more important for the biological 

cycle of the lake, because (i) mineralization is a slow process that occurs through the 

watercolumn and (ii) fall turnover mixed the trapped PO4 in the hypolimnion into the photic 

zone, where it can suddenly initiate an algal bloom. However, the bloom occurred later in 

spring, as opposed to fall, because 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 PO4 remained in the watercolumn between fall and 

spring.  

 

It was concluded that variations in the biogeochemistry of a small lake is due to variations in spring 

turnover that originates in the inverse stratification condition. Fall turnover mixes accumulated 

nutrients from the bottom to the surface and the oxygen from the surface to the bottom at a certain 

level (~10 mg L-1) in all years. A relatively uniform concentration of constituents is expected in 

the watercolumn after fall turnover. An optimal strength of inverse stratification is necessary for 

the occurrence of full spring turnover. Winter I that is the time when inverse stratification develops 

is the most critical period for the lake as it determines the biogeochemical condition for the 

following year. Inverse stratification with an optimal strength not only limits the winter DO 

depletion by thinning the hypolimnion, but it also leads to a complete spring turnover. The CML 

deepening to the bottom results in an isothermal condition under ice where the entire watercolumn 

actively mixes due to convection driven by incoming solar radiation. These vertical convective 

plumes transport oxygen into the deepwater and alleviate hypoxia and PO4 release from the 

sediments in the next summer. Moreover, it prepares a calm layer beneath the ice and above the 

CML that can support phytoplankton growth due to sufficient light and PO4 that was upwelled 
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from the hypolimnion into the photic zone during fall turnover. Then, the photosynthetic oxygen 

produced by them can potentially be utilized in deepwater re-oxygenation during spring turnover.  

5.2 Future work  

The following suggestions are provided for future work: 

1. To apply the calibrated biogeochemical model for future prediction of lake hypoxia under 

different climatic scenarios. From the present results, it is expected that the reduced 

effectiveness and frequency of turnover events under climate change will increase the 

potential for stronger summer hypoxia and accumulation of nutrients into the hypolimnion. 

It can be introduced to the upper layers by fall turnover when may cause a change in the 

trophic status of the lake.  

2. To quantify the impacts of under ice phytoplankton on the light absorption and the 

hydrodynamics of convective plumes during spring turnover. 

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 zone. This may 

be an important source of nutrient supply for phytoplankton growth.  
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Appendix A 

Meteorological data: 

 
Figure A.1. Meteorological data recorded at the site shown in Fig. 1b, (a) Mean daily air temperature (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: 

 

 

Figure A.2. Convective velocity calculations. (a) Heat flux, (b) thermal expansion coefficient, (c) effective 

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

 

  


