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Abstract: Cyanobacteria, also known as blue-green algae, are photosynthetic bacteria that play a
crucial role in aquatic ecosystems and are susceptible to changes in temperature. Hence, as global
temperatures rise due to climate change, some Cyanobacterial species will thrive in warmer tem-
peratures, which will result in increased blooms during the growing season. The MIKE-3 model is
calibrated to existing (2022) conditions and is used to assess the impact of the RCP 4.5 scenario for
the year 2050 in Fairy Lake (a shallow urban lake in Ontario). The simulations projected indicate
that in 2050, in the central parts of Fairy Lake’s central basin, water temperatures will be above 20
°C for 2281 h compared to 2060 h in 2022. This situation indicates there will be a 10.7% increase in
the duration of Cyanobacteria blooms in the central area of Fairy Lake. Similarly, in the northern
area of Fairy Lake, the MIKE-3 model results indicate that surface temperature durations above 20
°C will increase from 1628 h to 2275 h for the year 2050, resulting in an additional 647 h of increased
temperatures at the surface under RCP 4.5 scenario conditions. This situation indicates there will be
a 39.7% increase in the duration of Cyanobacteria blooms in the northern portion of Fairy Lake.
These modeling conditions indicate there will be significantly more habitat amenable to Cyanobac-
teria growth when surface water temperatures are above 20 °C, indicating substantial increases in
the available growth time of Cyanobacteria due to climate change, all of which translate to major
concerns caused by climate change.

Keywords: cyanobacteria; climate change; urban lakes; blue green algae; algae blooms; MIKE-3

1. Introduction

Cyanobacteria in freshwater pose a significant threat to public health and ecosystems
[1]. Cyanobacteria are single-celled, prokaryotic organisms found in water bodies and
moist terrestrial surfaces [1]. Large Cyanobacterial blooms, labeled harmful algal blooms
(HABs), may lead to adverse environmental impacts, such as decreased ecosystem stability,
the production of toxic Cyanotoxins, and mortality. These blooms are a major source of con-
taminants affecting drinking water quality, causing taste, odor, and toxicity issues [2].
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Toxic Cyanobacteria are now recognized as health hazards, particularly in recrea-
tional waters [3-5], threatening drinking water and food safety as well as global water
security [5]. HABs have been observed globally, impacting various water bodies, includ-
ing lakes, rivers, and coastal areas [4,6,7]. In freshwater, they grow either directly as mats
on the sediment or on the surface of submerged macrophytes [8].

For relatively northern countries such as Canada, Cyanobacteria may occur year-
round, with rapid summer proliferation leading to Cyanobacterial blooms, often recurring
in the same water bodies [9]. Global climate change, nutrient over-enrichment, and hy-
drologic modifications contribute to the increased frequency of harmful algal blooms. Fre-
quently, harmful algal blooms tend to reappear in the same water body on an annual ba-
sis, although not consistently [8]. Therefore, cyanobacteria resurgences are of concern.
Mitigative management practices need to be identified to stop or curtail their resurgence.
The global rise in temperatures due to climate change may have implications for the dis-
tribution and abundance of blue-green algae. Changes in temperature patterns may con-
tribute to the expansion of suitable habitats for these organisms, affecting water bodies
worldwide. It is important to note that while warmer temperatures may favor the growth
of blue-green algae, other factors such as nutrient availability, light exposure, and water
circulation also play significant roles in the formation and persistence of cyanobacterial
blooms, phenomena which are described in [10].

Cyanobacterial blooms in drinking water and recreational bodies pose challenges for
communities and regulators due to their recurring nature. Predicting these blooms’ timing,
magnitude, duration, and health impact is complex [2,11]. In Canada, a seasonal Maxi-
mum Acceptable Concentration (MAC) of 1.5 ug/L is set for total microcystins in drinking
water [7], whereas microcystins are a class of toxins produced by certain freshwater cya-
nobacteria, commonly known as blue-green algae. Recreational activities such as swim-
ming and boating may result in health risks, with Health Canada recommending a maxi-
mum concentration of 10 pg/L for total microcystins in recreational waters used for pri-
mary contact activities [2].

Canada, with over 900,000 lakes [12], holds the global record for lakes in a country
and relies on these waterbodies for essential needs such as drinking water, crop irrigation,
fishing, swimming, and boating. There are many urban lakes (>246 waterbodies) in Can-
ada [13] already experiencing algal blooms and many more that will develop due to issues
including anthropogenic inputs and climate change, although the degree to which the im-
pact of climate change on the growth of Cyanobacteria is yet unknown. Canadian lakes
and their watersheds face mounting challenges. Climate change, intensified farming, and
urban and industrial expansion are causing pollutants to infiltrate aquatic habitats, jeop-
ardizing the health of lakes and the vital ecosystem services they offer [12]. A study by
[14] reveals a rising trend in confirmed Cyanobacteria-dominated algal blooms, reporting
a multitude of diverse waterbodies in Ontario from 1994 to 2019.

From these noted concerns, the importance of understanding the mechanisms of out-
breaks is critical to providing the understanding of possible methods that could influence
the proliferation/outbreaks of Cyanobacteria as control mechanisms. As a result, there is
an urgency to understand mechanisms that might work to control outbreaks under the
auspices of climate change and issues of urban lakes for which control is important to
protect urban regions. The result is the value of understanding how management might
assist in identifying controls, and hence, the need to know is very important.

2. Scope of Contributing Variables

Gaining an understanding of the drivers of Cyanobacterial Harmful Algal Blooms
(CyanoHABs) and understanding the influence of physiochemical and environmental
variables is essential for optimizing water resource management [15]. As evidenced by the
number of variables that are potentially important to understand and include, there are
many, including physical-chemical variables, such as water temperature, ambient temper-
ature, Secchi disk depth, turbidity, wind speed and direction, phosphates, total
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phosphorus, total nitrogen, nitrate, nitrite, ammonium ion, dissolved oxygen, conductiv-
ity, calcium, iron, alkalinity, pH, and more, indicative of the challenges of understanding
CyanoHABs [15-22].

As a further indication of the complexity of understanding CyanoHABs, catchment
and lake parameters such as buoyancy, nutrient uptake, light, carbon-concentrating mech-
anisms, temperature upwelling events, wind mixing, precipitation, catchment land-use,
and factors affecting iron also play significant roles [23].

Physical lake characteristics, including temperature and stratification strength, regu-
late Cyanobacteria biomass [18]. Hydrological connectivity between aquatic and terres-
trial landscapes influences nutrient movement and terrestrial-aquatic linkages [4]. Ecolog-
ical factors such as the presence of grazing zooplankton and competition for resources
impact Cyanobacteria proliferation. Once a lake experiences a bloom, the likelihood of
recurrence increases [24]. Water column stability and ecological niche factors, including
abundant nutrients, warm temperatures, and low water column mixing, contribute to Cy-
anobacterial proliferation [8,25].

A primary key to estimating the implications is that of temperature. Climate warm-
ing is changing key features of lakes, including thermal stratification, the ice-free season,
and the occurrence of anoxia. These alterations impact nutrient availability, influencing
the timing and extent of Cyanobacterial blooms. Increasing evidence indicates ongoing
climate change intensifying, resulting in an increased extent and severity of these blooms,
leading to greater Cyanobacterial dominance in various water bodies, regardless of nutri-
ent conditions [26-28]. Liirling et al. [29] conducted a controlled experiment in 39 water
bodies in the Netherlands and observed that warming caused an 18% increase in Cyano-
bacterial chlorophyll-a, while algal chlorophyll-a concentrations were on average 8%
higher at 25 °C than at 20 °C. All these dimensions are influenced by temperature in the
extent of Cyanobacteria blooms and the use of adaptive management within and outside
water bodies to navigate eras of bloom uncertainty.

3. Modelling Approach
3.1. Advantages and Needs of Modeling

Apparent from the complexities described above, accurate prediction of Cyanobacte-
rial blooms is urgently needed to improve the understanding of algal bloom dynamics
and support proactive decision-making and risk mitigation, which requires significant
complexity in modeling [5,30-35]. Predicted information provides local water managers
with tools for managing adverse effects posed by CyanoHABs [32].

Predicting water quality changes in freshwater bodies, particularly algal dynamics,
is challenging due to the biochemical process’s complexity and uncertainties [32,36]. Com-
putational technology advancements have improved numerical algal bloom models, but
calibration and validation of model parameters are challenging [9,37].

Three-dimensional hydrodynamic models, solving differential equations for water
transport, advection, and dispersion, are critically important to ensure that physical pro-
cesses are appropriately represented in modeling water bodies [38]. Environmental mod-
els are integral for the purposes of adaptive management, combining initial forecasts with
post-implementation monitoring for revised actions. Despite progress, each water quality
model has constraints, necessitating careful assessment to overcome shortcomings [39,40].
Hence, understanding the ranges of concerns, particularly in relation to temperature, is
challenging, and the robustness of the modeling of temperature is critical to ensure that
predictions are accurately characterized.
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3.2. MIKE-3 Modelling

To understand the mechanisms of Cyanobacterial growth and the need for a strategy
to explore different control methods, this research utilizes the MIKE-3 Flow Model Flexi-
ble Mesh, a three-dimensional model chosen for its enormous capability, flexibility, and
applicability in oceanographic, coastal, and estuarine environments [41,42]. The Hydro-
dynamic Module is founded on the numerical solution of the three-dimensional Reyn-
olds-averaged Navier—Stokes equations, accommodating both the full 3D Navier—Stokes
equations and the 3D shallow water equations. The Hydrodynamic Module integrates
continuity, momentum, temperature, salinity, and density equations, followed by a tur-
bulent closure scheme. This approach allows for Cartesian or spherical coordinates in the
horizontal domain and employs a sigma-coordinate transformation approach for the free
surface. Spatial discretization uses a cell-centered finite volume method, with unstruc-
tured grids in the horizontal plane and structured discretization in the vertical domain.
The MIKE-3 model employs a semi-implicit approach for time integration, treating hori-
zontal terms explicitly and vertical terms implicitly, with interface convective fluxes cal-
culated using an approximate Riemann solver [42].

In this research, MIKE-3 modeling is used to predict changes in the water tempera-
tures of shallow waterbodies (as applied to Fairy Lake) and thereby adopted to assess the
impacts of climate change.

4. Description of Fairy Lake Site
4.1. Characteristics of Fairy Lake

Fairy Lake is a man-made lake, ~26 ha in size, located in Acton near the headwaters
of Black Creek adjacent to Prospect Park and Rotary Park, surrounded by residential prop-
erties in the Province of Ontario, Canada. The Fairy Lake dam is located at the northeast
arm of the Lake, near Mill Street West and Victoria Street. Black Creek flows eastward
below the dam and discharges to the Credit River system. Outlet flows from the Lake are
controlled using a series of stop logs that can be adjusted to regulate the elevation of Fairy
Lake, which is currently set at an elevation of 345 m above sea level (ASL) [43]. Fairy Lake
is part of a designated Provincially Significant Wetland (PSW), and the surrounding area
also includes additional PSWs southwest of the lake [44]. The Lake is also adjacent to rural
lands, campground/trailer parks, and natural open spaces, as shown in Figure 1.
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Figure 1. Fairy Lake.

A bathymetric survey revealed that Fairy Lake has a surface area of approximately
26 ha and a perimeter of 4.6 km. The south end of the Lake has a depth of less than 2 m,
while deeper water is restricted to small areas in the main and Prospect Park basins of the
lake. The average lake depth is 1 m, and the maximum depth is 7 m. The volume of the
Lake is 400,656 m? [45].

Two Temperature Mooring (TMA and TMB) (shown in Figure 1) were installed in
Fairy Lake and started data collection for water temperatures at depths of 0.5, 1.0, 2.0, 3.0,
4.0, 5.0 m, and the Bottom from 19 May 2022 at 12.00 p.m., along with Lake water level
data. Water level data has been barometrically compensated using barometric data from
the climate station at Acton Wastewater Treatment Plant. The Town of Halton Hills re-
cently conducted a bathymetric survey in April 2022, and the elevation of the water sur-
face in the lake was 345.7 m above sea level [46].

The chemical composition of Fairy Lake is characteristic of a shallow, alkaline char-
acter and is a productive system dominated by aquatic plants. The water quality of Fairy
Lake appears to be responsive to external activities and internal processes that include the
following: direct discharge to the Lake from upstream sources; discharge to the Lake from
agricultural sources upstream; discharge of storm sewers to the Lake; internal nutrient
dynamics (nutrient release from sediments during anoxia and/or remineralization of or-
ganic matter); direct input of fecal matter from waterfowl and runoff from surrounding
landscapes and the upstream catchment; and the local wetland setting [45]. Over the past
two years, blue-green algae have been identified in the Lake, and there has been increasing
public concern about the conditions in the Lake both from an ecological standpoint and a
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recreational standpoint. Each year, there are a variety of public complaints/concerns
around topics from natural vegetation blocking the views to the presence of blue-green
algae, the quality of the water, or concern with levels of aquatic vegetation in the Lake
[47].

4.2. Hydrodynamic Model Setup on Fairy Lake
(a) Bathymetry and Mesh Generation

Fairy Lake bathymetry was conducted on 20 April 2022, and at that time, the eleva-
tion of water was at 345.41, and this water level was used as zero. The bathymetry data
consist of 40,567 points, out of which 1937 were boundary points. Shown in Figure 2 are
374 nodes and 521 elements. Five boundary arcs were selected to represent boundaries.
The created mesh has the smallest area of 2.91 m?, smallest angle of 26°, smallest time step
based on water depth as 0.3 s, and smallest time step based on water level. Ten evenly
sigma layers of 0.1 m and six z-level layers of 0.5, 0.5, 0.5, 0.5, 0.2, and 0.1 m are used in
the vertical direction. The bathymetry of the mesh was validated by comparing the aver-
age elevation (m) in meters above sea level (MASL) with the Lake bed’s measured average
elevation.
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Figure 2. Fairy Lake Model mesh.
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(b) Hydrodynamic Module Parameters

A shallow water equation is used as the governing equation for the Fairy Lake model
as it takes less computation time. MIKE-3 solves the shallow water equations under the
Boussinesq and hydrostatic assumptions using a cell-centered finite volume method with
explicit time stepping. Horizontally, it uses a triangular unstructured mesh, while verti-
cally, a structured grid is used with sigma-coordinate layers and z layers. Interested read-
ers are encouraged to consult [41] for details of these vertical layers.

(c) Model Boundaries

The model boundaries (as shown in Figure 3) are Sub-10 Black Creek Main Inlet
WQ?7, Tayler Ave Inlet WQ4, SW 2 WQ12 inlet, Dublin Line WQ10 Inlet, South Basin
WQ1Inlet, and FL. Dam WQ6 outlet.

Tayler Ave Inlet WQ4 Outfall 2 Sub 10 Black Creek Main Inlet WQ7

(m) \
4831300 {7 \ T ]

SW2 WQ12 Inlet

4831200 1------ AR ' R
4831100 === -cpoooeoeeeeo EF
ssaoopJOUTRANNO | SR 2%+ WQ6 FL Dam Outlet
T SRR % Outfall 15
4830800
—| Outfall 16
4830700
4830600
4930500 ) R : | Outfall 17
4830300 : : i | Outfall 18

WQ1 South Basin Inlet

576600 576800 577000

(m]

Figure 3. Fairy Lake Model boundaries and outfalls.

In Figure 3 of Fairy Lake, all the outfalls are added as sources in the model. The out-
flow time series from the Fairy Lake Catchment model is used in the model for both
boundary conditions and the outfalls. No structure exists in the model domain. The flow
time series of these outfalls is input in the Fairy Lake model as sources and was provided
by the output of the Fairy Lake catchment model. The outlet of Fairy Lake (shown as the
WQ6 FL Dam outlet in Figure 3) has a rating curve that was developed in 2016 [48]. The
rating curve was adjusted based on the zero level of the Bathymetry conducted in 2022.
The minimum and maximum time steps used in the Model are 0.01 and 3600 s after the
calibration. However, a 3600-second time step is used to create output. The parameters
used for the HD Model Setup are presented in Supplementary Table S1.
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(d) Temperature/Salinity Module Setup

For time integration and space discretization, a high-order solution technique was
used. For horizontal dispersion, a scaled eddy viscosity formulation with a constant value
of 1 x 10% was used. A scaled eddy viscosity formulation with a constant value of 1 x 10-10
was used for vertical dispersion. The details of the model setup are presented in Supple-
mentary Text S2.

(e) Boundary Conditions and Sources for Temperature/Salinity Module

Water temperature is measured at four creek inputs to Fairy Lake as WQ1, WQ4,
WQ7, and WQ8, as shown in Figure 4. These water temperature series are used in model-
ing. No water temperatures are available at the SW2-WQ12 inlet, so the temperature from
the WQS8 water temperature series is assumed at this location. At the outlet boundary, a
zero gradient is used.

WQ4 Water Temp WQ7 Water Temp
(m] \
4831300 - TS \ e R oy

4831200 §------ken--snnoeaaees : oo

4831100 J--n=roemeaneaneener ST ;

4831000 1----- e R o

...............

4830700 1 - ....... mp B

4830600 1- AN £ EEEEEREEREEEE dommnnnnenee]
1 =5 : '

4830500 -+~ 2 ebenneeaneees oeennnene]
1R ; .

4830400 1 - -yl a3 o SRTTEEETTTERS AETPPTTES
WQ8 Water Temp |[——P :

4830300 ------ REEEEE 3 A RE—

4830200
: < |{ wal water Temp

9,
b‘ﬂ"w

T T T
576600 576800 577000
(m]

Figure 4. For Outfall 0 and Outfall 2, the WQ8 water temperature series is used, and for Outfall 15,
Outfall 16, Outfall 17, and Outfall 18, the WQ1 water temperature series is used.

(f) Turbulence Module Set Up

A low-order, fast algorithm is applied for time integration and space discretization.
Various parameters used for the Turbulence module setup are provided in Supplementary
Text S3 and Supplementary Table S3.
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4.3. Modeling Results

The developed Fairy Lake model was run from 22 April to 22 October 2022. The start
time was matched with the time when bathymetry was conducted. It is assumed that the
‘cold” run (a term used by MIKE-3 to denote a period for the model to stabilize the tem-
perature) finishes on 19 May 2022, when the two mooring stations started measuring the
lake elevations and water temperature at various depths. This was conducted as the Lake
Elevation and Temperature data were available from 19 May to 22 October 2022.

(a) Hydrodynamic Model Calibration

The model is calibrated against measured water level data at two monitoring loca-
tions (TMA and TMB) in Fairy Lake, as shown in Figure 5. The cold start of the model was
assumed from 22 April to 19 May 2022, with calibration from 19 May to 22 October 2022.
The simulated water level versus the observed water levels from TMA and TMB at the
surface and at 5 m depth.

Fairy Lake Simulated Lake Elevations Results (MIKE-3 HD Module)

5/29/2022 0:00 7/18/2022 0:00 9/6/2022 0:00 10/26/2022 0:00 12/15/2022 0:00

Observed (TMB) Observed (TMA) —Simulated
Figure 5. Fairy Lake observed and simulated elevations

The results are shown in Figure 5, where simulated Lake levels are plotted against
the observed lake levels.

The simulated results of Fairy Lake matched well with the observed data from 19
May to 20 July 2022, but from that point to 10 October 2022, there were deviations of ~0.1
m until 26 October 2022, when the simulated values again matched the observed data. The
MIKE-3 Fairy Lake HD model was calibrated and validated using the following statistical
parameters: Average Standard Deviation, Correlation Coefficient (R?), and Nash Sutcliffe
Correlation Coefficient (NSE). Correlation Coefficients ranged between 0.75 and 0.77, and
NSE ranged between 0.4 and 0.5, which demonstrates that the model is reasonably cali-
brated. The statistics of the simulated lake levels are summarized in Table 1.
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Table 1. Fairy Lake Hydrodynamic Model Calibration Results Run.
Average Standard Deviation Statistics
Measured Simulated Measured Simulated R? NSE
Lake Relative Level with TMA -0.25 -0.19 0.11 0.06 0.77 0.40
Lake Relative Level With TMB -0.23 -0.19 0.11 0.06 0.75 0.50

(b) Calibration of the Temperature module

Simulated water temperatures at two monitoring locations, WQ-11 and WQ-3, at

both surface and deep levels, are shown in Figures 6 and 7.

30

Optimum Minimum Temperature for BG Algae Bloom

5

20

Temperature (C)
—
&

10

]
3/30/2022 0:00 5/19/2022 0:00 7/8/2022 0:00

TIME

——WQ-11-SURFACE: Simulated Temperature

WQ-11-SURFACE: Observed Temperature

WQ-11-Deep (5m): Observed Temperature m VISIBLE BLUE GREEN BLOOM OBSERVED

Figure 6. Fairy Lake observed and simulated temperatures at WQ11.

8/27/2022 0:00 10/16/2022 0:00
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WQ-11-Deep (5m): Simulated Temperature
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Figure 7. Fairy Lake observed and simulated temperatures at WQ3.

The simulated Fairy Lake water temperature for both the surface and deep levels for
WQ-11 (as shown in Figure 6) shows good calibration. For the other monitoring location,
which is at the center of the lake (WQ3), the simulated temperatures match the surface,
but there are variations at the deep location. Figure 6 also shows when the Blue-Green
Algae bloom was observed in Fairy Lake. Note that before the Blue-Green Algae bloom,
observed water temperatures (above 20 °C) were present for more than 1744 h (72 days).

(c) Statistics of simulated water temperatures

The MIKE-3 Fairy Lake HD model Temperature Module was calibrated and vali-
dated using the following statistical parameters: Average Standard Deviation, Correlation
Coefficient (R?), and Nash Sutcliffe Correlation Coefficient (NSE).

Water temperature is monitored at both the locations of WQ-11 and WQ-3 for depths of
zero, 1, 2, 3, 4, 5, and the bottom (herein called deep). The calibration statistics of simulated
water temperature for both monitoring locations are provided in Tables 2 and 3.

Table 2. Calibration Statistics of Hourly Water Temperature at WQ-11.

Average Standard Deviation Statistics

Measured Simulated Measured Simulated R2 NSE
Hourly temp at the Surface 21.14 22.68 1.80 1.97 0.90 0.98
Hourly temp at 1 m Depth 21.79 22.76 1.88 1.96 0.78 0.88
Hourly temp at 2 m Depth 21.45 22.57 1.84 1.93 0.82 0.90
Hourly temp at 3 m Depth 20.81 22.38 2.18 1.91 0.77 0.87
Hourly temp at 4 m Depth 20.81 19.94 2.18 3.47 0.86 0.51
Hourly temp at Deep 16.43 17.29 3.35 3.17 0.98 0.82

The Correlation Coefficient (R?) ranged between 0.7 and 0.98, while the Nash-Sut-
cliffe Correlation Coefficient (NSE) ranged between 0.51 to 0.98, which is very good.
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Table 3. Calibration Statistics of Hourly Water Temperature at WQ-3.

Average Standard Deviation Statistics

Measured Simulated Measured Simulated R? NSE
Hourly temp at the Surface 21.71 22.86 1.86 1.91 0.76 0.89
Hourly temp at 1 m Depth 21.58 23.01 1.84 1.90 0.78 0.92
Hourly temp at 2 m Depth 21.71 22.67 1.86 1.82 0.90 0.96
Hourly temp at 3 m Depth 20.7 22.40 2.3 1.9 0.80 0.88
Hourly temp at 4 m Depth 18.97 22.18 3.49 1.92 0.70 0.42
Hourly temp at Deep 16.63 14.88 3.60 2.45 0.97 0.59

The Correlation Coefficient (R?) ranges between 0.7 and 0.97, and the Nash-Sutcliffe
Correlation Coefficient (NSE) ranges between 0.42 and 0.96, which is very good. Overall,
and as described in more detail in the Supplemental Material, the simulated results of the
HD model for both water levels and temperature predictions mimic observed data. There-
fore, of interest is the assessment of the impact of climate change on the temperatures of
shallow water bodies such as Fairy Lake.

5. Climate Change Impact Assessment on Fairy Lake
5.1. Introduction

With widespread, ongoing urbanization and as climate change continues, the im-
portance of protecting the water quality of streams and lakes is intensifying. However,
while many water quality constituents in lakes and rivers are of overall interest, water
temperature is a ‘key’ variable, as temperature influences mixing within a waterbody, in-
fluences the acceptability of habitat for flora and fauna, and serves as a guide to the gen-
eral health of a stream and waterbodies [49]. Figure 7 shows that observation of Cyano-
bacterial growth occurred when the surface water temperatures exceeded and remained
above 20 °C.

The optimal temperature ranges for Cyanobacterial growth and the occurrence of
blooms are typically between 20 °C to 30 °C (68 °F to 86 °F) [50-52]. A minimal optimal
temperature of 20 °C for Cyanobacterial growth and the occurrence of blooms is selected
for this analysis based on a review of the literature. For the duration of the ‘Base’” model
run (22 April to 22 October 2022), the precipitation and air temperature time series were
updated using the future climate change (updated to RCP 4.5 scenario) for 2050 as re-
ported by the Region of Peel [53], which provided seasonal mean temperature changes in
°C and seasonal mean increases in precipitation. Moreover, the water temperatures of var-
ious incoming creeks (herein called inlets and outfalls) were monitored for the said period.
As assessed by McBean et al. (2022) [49], the climate change impacts for a typical dry year
indicate that the stream water temperature increased 9% of the time between 1 °C and 2
°C and 2% of the time between 2 °C and 3 °C at distances of 17,000 m downstream with
RCP 4.5 Scenario in 2050 in a nearby watershed. Therefore, the incoming water tempera-
ture series in the present case were not updated for the modeling period as the output of
the catchment model is not available. The temperature, precipitation, and incoming water
temperature time series of the base run are assumed to be a typical year for climate change
conditions.

The Fairy Lake MIKE-3 model was run for the base period and for the RCP 4.5 sce-
nario for 2050. Lake water temperature was monitored at two monitoring locations, WQ-
11 (where Cyanobacteria was visually observed on 22, 24, 25, 26, 29, 30, and 31 August
2022). Cyanobacteria were also observed on 1 and 2 September 2023. The temperatures of
the surface water of the Lake were above 20 °C during this period for more than 1744 h.

Therefore, based on the existing condition model run (2022) and the climate change
RCP 4.5 scenario, an analysis was conducted to assess the number of hours the Lake
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temperature is within various ranges and the increase in the number of hours expected to
be within those ranges with the climate change RCP 4.5 scenario.

5.2. Number of Hours Temperature Increased or Decreased in Various Temperature Ranges

Table 4 provides summarized information about the surface temperature, frequency,
and the number of hours the temperature can be expected to increase or decrease with a
specific climate change scenario (RCP 4.5) at monitoring location WQ-11 compared to a
base scenario. The results show that the climate change RCP 4.5 scenario will increase by
274 more hours (over six months) when surface water temperature is above 20 °C. For the
rest of the temperature ranges, the table is self-explanatory.

Table 4. Number of Hours Temperature Increased or Decreased with RCP4.5 at the Surface and
Various Depths in WQ-11.

Temperature Frequency No. of Hours Temperature
Depth RanI;e in°C Base with CC 4.5 Increased or DecreasecIlJ with CC4.5
Hours Hours

Om >20 2721 2995 274
1m >20 2743 3001 258
2m >20 2681 2958 277
3m >20 2622 2910 288
4m >20 2553 2889 336
5m >20 2419 2848 429
Om 15-20 693 504 -189
1m 15-20 653 492 -161
2m 15-20 710 533 -177
3m 15-20 752 567 -185
4m 15-20 813 575 —-238
5m 15-20 937 588 -349
Om 10-15 625 678 53

1m 10-15 644 682 38

2m 10-15 653 671 18

3m 10-15 669 676 7

4m 10-15 662 672 10

5m 10-15 661 693 32

Om 5-10 353 215 -138
1m 5-10 352 217 -135
2m 5-10 348 230 -118
3m 5-10 349 239 -110
4m 5-10 364 256 -108
5m 5-10 375 263 -112

Monitoring location WQ-3 is situated in the central basin of Fairy Lake, and the tem-
perature profiles vary across various ranges (Table 5). The table shows that under the cli-
mate change RCP 4.5 scenario, the water temperature will increase by 233 more hours
when the surface water temperature is above 20 °C (above the minimum optimum tem-
perature for Cyanobacterial bloom). However, the number of hours will decrease in other
temperature ranges (Table 5). This decrease in temperature in lower layers suggests that
with climate change, there will be greater vertical stratification, which demonstrates a
greater likelihood for Cyanobacteria to regulate their buoyancy [51].
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Table 5. Number of Hours Temperature Increased or Decreased with RCP4.5 at the Surface and
Various Depths in WQ-3.

Temperature Frequency : No. of Hours Temperature
Depth Range in °C Base with RCP 4.5 Increased or Decreased with RCP4.5
Hours Hours
Om >20 2796 3029 233
1m >20 2829 3045 216
2m >20 2738 2969 231
3m >20 2632 2926 294
4m >20 2568 2882 314
5m >20 2386 2721 335
Om 15-20 627 489 -138
1m 15-20 599 493 -106
2m 15-20 667 545 -122
3m 15-20 752 557 -195
4m 15-20 803 578 -225
5m 15-20 967 743 -224
Om 10-15 646 667 21
1m 10-15 649 657 8
2m 10-15 654 643 -11
3m 10-15 665 662 -3
4m 10-15 668 668 0
5m 10-15 712 651 -61
Om 5-10 323 207 -116
1m 5-10 315 197 -118
2m 5-10 333 235 -98
3m 5-10 343 247 -96
4m 5-10 353 264 -89
5m 5-10 327 277 -50
5.3. Increase in Duration of Water Temperature above Minimal Optimum Temperature for Cya-
nobacterial Growth
The duration of the Minimal Optimum Temperature for Cyanobacterial Growth is an
important parameter to consider [49]. Table 6 provides a depth-wise breakdown of the
increase in the duration of water temperatures above 20 °C at different depths in location
WQ-11 in the northern basin under the RCP 4.5 scenario. This provides an indication re-
garding the duration the water temperature remains above a certain threshold at various
depths. Note that WQ-11 is situated on the northern side of Fairy Lake, where Cyanobac-
terial bloom has been visibly observed. The results indicate increases in water temperature
at the surface for an additional 647 h, i.e., from 1628 hours in the base scenario to 2275 h
in the RCP 4.5 scenario, representing an increase of 39.7%. It is noteworthy that, as shown
in Figure 6, Cyanobacterial blooms were observed in 2022, and this increase with climate
change may have a noticeable impact on the northern basin.
Table 6. Increase in Duration of Water Temperature Above 20 °C in WQ-11 with RCP 4.5 Scenario.
Depth No. of Hours Percentage Increase
Surface Temperature 647 39.7%
1 m Depth Temperature 194 9.3%

2 m Depth Temperature 195 9.4%
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3 m Depth Temperature 197 9.5%

Table 7 provides a depth-wise breakdown of the increase in the duration of water
temperatures above 20 °C at different depths in location WQ-3 in the central basin under
the RCP 4.5 scenario. This indicates the increased duration of the water temperature above
a specific threshold at various depths, indicating that at the surface, the percentage in-
crease is 39.7% due to climate change, resulting in enhanced outbreaks of Cyanobacteria
blooms. Note that WQ-3 is in the central basin; hence, this constant increase in water tem-
perature for an additional 221 h at the surface, i.e., from 2060 h in the base scenario to 2281
h in the RCP 4.5 Scenario, represents a 10.7 % increase in the duration of Cyanobacteria
bloom:s.

Table 7. Increase in Duration of Water Temperature Above 20 °C in WQ-3 with RCP 4.5 Scenario.

Depth No. of Hours Percentage Increase
Surface Temperature 221 10.7%
1 m Depth Temperature 670 29.9%
2 m Depth Temperature 45 2.0%
3 m Depth Temperature 196 9.4%

6. Conclusions

The fundamental basis for predicting Cyanobacteria growth scenarios lies in under-
standing temperature responses under climate change conditions, governed in large part
by the temperature serving as a key parameter. This critical factor, the duration of minimal
optimum temperature for Cyanobacterial growth, is essential for evaluating the potential
expansion of Cyanobacteria populations. Unfortunately, such growth often leads to harm-
ful algal blooms, posing serious threats to aquatic ecosystems and water quality, and po-
tentially endangering human and animal health through the production of toxins.

Overall, the MIKE-3 model, in combination with Hydrodynamic, Temperature, and
Turbulence modules, was utilized using field studies to accurately calibrate the above-
named model during 2022 conditions over time for various elevations in a shallow urban
lake for existing conditions. Using the calibrated MIKE-3 modeling with its hydrody-
namic, Temperature, and Turbulent modules, water temperature conditions were esti-
mated both spatially and temporally for 2050 under RCP 4.5 conditions. In the central
basin, increases in water temperature at the surface in RCP 4.5 scenario conditions above
20 °C are projected to increase from 2060 h to 2281 h (involving an additional 221 h of
increased temperatures at the surface. This situation indicates there will be a 10.7% in-
crease in the duration of Cyanobacteria blooms in the central area of Fairy Lake. Similarly,
in the northern area of Fairy Lake, the MIKE-3 model results indicate that surface water
temperature will increase from 1628 h to 2275 h in duration, involving 647 h of additional
duration of increased temperatures at the surface in RCP 4.5 scenario conditions when
surface water temperatures are above 20 °C, the minimum optimum temperature for Cy-
anobacterial blooms. This situation indicates there will be a 39.7% increase in the duration
of Cyanobacteria blooms in the northern portion of Fairy Lake.

These modeling conditions indicate there will be significantly more habitat amenable
to Cyanobacteria growth during periods when surface water temperatures are above 20
°C.

The results show that the global rise in temperatures due to climate change will have
important implications—longer durations and deeper depths of water reaching tempera-
tures that will exacerbate the distribution and abundance of blue-green algae due to the
increase in the number of hours when the temperature exists for the enhancement of blue-
green algae blooms. These changes in temperature patterns must be expected to contribute
to the expansion of habitats for these Cyanobacteria affecting water bodies.
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