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Executive Summary
Our project aims to determine the role of water circulation in setting the nearshore water quality of
South-eastern Georgian Bay. Our field studies found a tight correlation between nutrients and
conductivity in the water, so measurements of conductivity can be used to infer water quality. Our
field work and our modeling study suggest that is very useful to think of many inlets in Eastern
Georgian Bay as being “freshtuaries” (Herdendorf, 1990) where water quality is driven by a
combination of loading and water mixing rates. We applied an analytical model to understand the
impact of tributary loading upon the nearshore conductivity gradients, which is useful as an
important first step to understanding the controls on nutrients gradients and water quality in Southeastern Georgian Bay
Our approach has two components: First we analyzed observed water parameters in three study
areas, namely, Shawanaga inlet, Parry Sound, and Moon River inlet (hereafter, SI, PS, and MR,
respectively). Secondly we synthesized these observations using mathematical modeling of the
“flushing number” to determine the driving force of water exchange. In section 1, a detailed
description of the study area, the observations and details on data collection methods are provided
(see Appendix 2 for the instruments used). Mathematical modeling of flushing mechanism is
given in section 2 where, the derivation of the flushing number is shown. The results from the data
analysis and the analytical model are given in section 3. The water velocities in the study sites
were typically in the range between +/- 20 cm/s. The water level variations suggests that there are
small lunar and solar tides, with amplitudes in the of order 5 cm. Spectral analysis of both water
level fluctuations and the current velocities show that there is a strong signal of tides at diurnal and
semi-diurnal periods, but currents appear to be driven by the diurnal periods. Thus the diurnal
water currents are reminiscent of tidal flows in the coastal ocean. Section 4 of this report contains
a discussion of our results. Analytical modeling of flushing mechanisms show that SI region has a
lower flushing number for both summer and fall seasons may due to lower river discharge. While
MR with a higher river inflow and sheltered river channel suggests a higher flushing number for
both seasons. These differences in flushing numbers explain the different conductivity gradients,
and hence nutrient gradients between these sites.

1. Introduction
The coastline of South-Eastern Georgian Bay is complex with many thousands of islands and
inlets. This beauty of the coastline has attracted many residents, but there is concern that growing
recreational use could negatively impact water quality in this relatively pristine area of the Great
Lakes. There has been almost no previous research on water circulation patterns in this region,
which would be critical for understanding the dilution and spread of any natural or anthropogenic
sources of nutrients. While the coastline is highly complex, many of the physical characteristics of
the South-Eastern Georgian Bay closely resemble the relatively well-studied Baltic Sea in
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Scandinavia. Both regions have a weak 24-hour tidal period, both regions experience storm surges
and other wind events, and the brackish Baltic Sea has similar density stratification to Georgian
Bay. In both the Georgian Bay, and the Stockholm Archipelago and the Finnish Archipelago Sea,
the local geology is heavily influenced by the past glaciations, resulting a very complex coastline
with granite bedrock and fragmented archipelagos with thousands of islands. While complex,
many Scandinavian studies have shown that the flow in these archipelagos is estuarine in nature
and is driven by a combination of river forcing, lateral density gradients, winds, and weak tides.
Hence we will use this estuarine framework to study the nutrient gradients in Georgian Bay.
A field survey conducted by the Ministry of Environment and Climate Change (MOECC) in 2015
and 2016 (from May-November) found that there are both strong conductivity and nutrient
gradients between the inlets and open lake area (Figure 1a,c,d). In particular the water coming
from rivers is relatively high in nutrients, but low in conductivity due to the granite bedrock of the
Canadian Shield. In contrast the open waters of Georgian Bay are very low in nutrients, but higher
in conductivity due to dissolved calcium carbonate. An important observation we make is that the
observed total phosphorus is strongly negatively correlated (R2 = 0.79, n = 80) with conductivity
as fresher water and phosphorus come from the same tributary sources (Figure 1). Phosphorus is
relatively difficult to monitor long-term, whereas variations in conductivity can be robustly
measured over long periods. Thus in the rest of the report, we will aim to explain changes in
conductivity gradients, keeping in mind that they are a good representation of nutrient gradients.
The distribution in productivity is mostly consistent with the spatial variability in total
phosphorus. However, there are areas with levels of chlorophyll-a that appear to be inconsistent
with the conductivity gradient (See Figure 1. a and b). This suggests other factors affecting the
observed gradient in these specific places, but overall more than 90% of the variability in
chlorophyll-a is explained by changes in phosphorus levels, which in turn are well described by
the conductivity gradients.
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Figure 1: (a) Conductivity and total phosphorus variability obtained for the Moon River inlet in
the South-eastern Georgian Bay for June 2015. Numbers represent the total phosphorus (ug/L)
whereas the color-bar represents the conductivity. (b) chlorophyll-a distribution for the same
region as (a). (c) Conductivity variability obtained for the Shawanaga River inlet for June 2015.
(d) Conductivity variability obtained for the Parry Sound for June 2016. Conductivity distribution
in all three regions have similar gradient from open water to the embayment. Images courtesy of
Dr. Todd Howell, Ontario Ministry of Environment and Climate Change (MOECC).
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Figure 1: Correlation of Specific conductivity for Moon River (MR) and Shawanga Inlet (SI) site
for June 2015. The MR sites in blue and SI site in red. There is a strong negative correlation, with
R2 = 0.791. There are about 5 sites with higher P than predicted by linear trend, and these are all
sites in sheltered embayments that do not connect well to Georgian Bay.

To understand the nutrient gradients shown in Figure 1, in this report we use the model first
developed by Arons & Stommel (1951) to study the factor(s) affecting the mixing processes in the
South-eastern Georgian Bay. This analytic model is the basis of most of the estuarine literature in
last 60 years, but has not been applied in the Great Lakes before. The models uses a nondimensional flushing number to fit the data, and this parameter provides a description of the
relative importance of river inflow to mixing. We apply this model primarily to 2015 data from
Moon River (MR) and Shawanaga Inlet, as at the time of writing the report, we have a more
complete dataset to work with here.
Furthermore, we have also examined the hydrodynamic processes that control the exchange
between Parry Sound and Georgian Bay. This field campaign was undertaken in 2016 in an effort
to characterize the dominant flushing mechanisms in Parry Sound. This analysis provides the basis
for analyzing and predicting how water quality changes in response to variations loads as a result
of water quality restoration programs or caged aquaculture industries.
1.1. Study area
The Georgian Bay of Lake Huron has a surface area of 15,108 km2 and a volume of 660 km3. The
Georgian Bay is approximately 175 km long and 75 km wide with a drainage basin of 45893.2
km2 (Bennett, 1988; Schertzer et al., 1979). In total South-Eastern Georgian Bay has about
110,000 permanent residents and about 300,000 summer residents (Statistic Canada, 2016).
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According to 2016 Canadian census, about 10,000 people reside in the study areas mentioned
above. The main town of Parry Sound has a population of 6,408. While these populations are
relatively small, there are concerns that increasing development could trigger decreases in water
quality, and hence it is important to understand what set the present gradients of nutrients in
Georgian Bay.
1.2. Observations	
  
In 2015 and 2016, a campaign of field observations were made in the Shawanaga river inlet, Moon
River inlet, and Parry Sound. The filed observations consist of spatially detailed surveys of water
quality and a collection of physical data such as temperature, current velocities, and water level
from deployed instruments (e.g. thermistor chains, Acoustic Doppler Current Profilers (ADCPs),
and level loggers. See Figures 3,4,5,6). Although the size of Moon River watershed is a magnitude
greater than the Shawanaga watershed, both regions experience persistent strong nutrient gradient
during the period of field observations.
1.2.1 Onboard surface sampling
A research vessel traveled along a pre-designed route on the regional water. Two spatial surveys
were conducted during June 16th – 25th and September 21st – October 1st of 2015 for both MR and
SI regions. The data collected include water temperature, conductivity, turbidity, and other water
quality parameters. As an example, the track map with interpolated conductivity is shown in
Figure 3 and Figure 4. An on-board ADCP measured the surface currents.
1.2.2 Vertical profile stations
A separate sampling station is carried on-board to conduct vertical profile sampling at predetermined locations along the survey track. On-board profile station includes: A Chelsea
instrument Aquapac profiler with temperature, conductivity, turbidity and water pressure loggers.
1.2.3 Moored stations
The 2015 moorings contain a total of 8 and 12 stations in MR and SI, respectively. A detailed
description of the set-up and locations are listed in Appendix 2. The ADCP stations are set within
a proximity of (<300m) from the rest of the sampling devices installed at the same location. The
moorings were deployed from May – November, 2015. A total of 6 water parameter sampling
devices were deployed, including ADCP, conductivity probes, turbidity sensors, dissolved oxygen
sensors, water level, and temperature loggers. All the instruments except ADCP are attached to a
string. The string is anchored into the water column and held vertically by a float. The locations of
the stations are shown in Figure 3 and Figure 4. To calculate flushing number, SI 8 and MR 2 are
selected as representatives for each study area. The stations are selected due to their placement in
the center of the water pathway.
The measurement campaign undertaken during the 2016 summer stratified period in Parry Sound
consisted three thermistor strings, with thermistors spaced vertically at 1 m intervals recorded the
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temperature of the water column every 10 minutes (locations shown in Figure 5). An upward
facing ADCP was situated in the main channel leading into the sound measuring the water current
magnitudes and directions (East, North, Up directions) for 1 meter bins of the water column and
for 15 minute ensembles.

Figure 2: The map of the study area in the South-eastern Georgian Bay. The labels shown by the
shaded red circles denote the deployed instruments (e.g. thermistor chains, ADCPs, and level
loggers. For details, please refer to Appendix 2) in 2015 and 2016 by the MOECC. The color-bar
represents the depth of the Georgian Bay.
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Figure 3: SI study site with mooring stations are indicated by red dots. The different colors shown
in the figure represent different depth values of the water bathymetry with above water values set
as 0. Major geographical features and names are labeled.
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Figure 4: MR study site with mooring stations are indicated by red dots. The different colors
shown in the figure represent different depth values of the water bathymetry with above water
values set as 0. Geography features and names are labeled.
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Figure 5: Plan view of Parry Sound with instrument locations for 2016 field campaign. Strings 1,
2, and 3 are thermistor strings. ADCP is located on the lake bed, facing upwards. Image from
Google Earth Pro.
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1.2.4 Meteorology
For 2015, prevailing winds over south eastern Georgian Bay is southwesterly. The magnitude and
the direction of the wind for the observational of period (May, 2015 – Nov, 2015), shown in
Figure 6, are obtained from the meteorological buoy located at the southern Georgian Bay (44.945
N, 80.627 W, Buoy ID: C45143, Data source: http://www.meds-sdmm.dfo-mpo.gc.ca/isdmgdsi/waves-vagues/index-eng.html). The majority of the strong winds, speeds above 10 ms-1, are
from southwest/west, Figure 9.

Figure 6: Wind Rose is plotted for the wind data obtained for the observational period in 2015
(May- Nov) at the meteorological buoy located at the southern Georgian Bay (44.945 N,
80.627W). Each circle represents the frequency of occurrence of wind speed and the direction.
The color-bar denotes the magnitude of the wind speeds in m/s.
1.2.5 Water Level
Water level data for 2015 and 2016 were obtained from Department of Fisheries and Ocean’s
(DFO) level gauges located at Little Current (station: 11195), Parry Sound (station: 11375),
Midland (station: 11445), Collingwood (station: 11500), and Tobermory (station: 11690).

2. Mathematical Modeling
Based on Aron and Stommel (1951), the flow mechanism within a tidal estuary can be modeled by
a non-dimensional flushing number. This non–dimensional flushing number determines whether
the estuarine salinity gradient is dominated by oscillating tidal flows or by the strength of the river
inflow.
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2.1. Mathematical derivation
Consider an estuary or inlet with a mean width w, depth H and length L. The x-axis is set to be
positive downstream flowing into Georgian Bay, and the origin is at the river mouth (where x = 0
and salinity (s)~0). At the open end of the estuary (x = L) salinity equals to Georgian Bay salinity
(s = σ). The dominant tidal period in the Georgian bay is taken as t ~ 24 hours.
The mean water velocity (v) in the inlet can be described by [1], where Q is the river discharge
divided by the cross-sectional area as,
!

𝑣 =    !"

[1]

Assuming the tidal wave length of the channel is greater than the length of the channel, the tidal
height can be expressed by [2], where, 𝜀 is the height of the tide, ω is the angular frequency and t
is the period of the tide.
𝜀 =    𝜀! cos(𝜔𝑡)

[2]

The tidal current (U) can then be described as a time derivative of [2] as shown below.
!"
!"

=    −𝐻

!  !

[3]

!"

This implies the periodic tidal current can be written as,	
  
𝑈 =    𝑈!   sin(𝜔𝑡)

[4]

The advection length scale is obtained by integrating [4] over the tidal cycle of Georgian Bay can
be shown as follows.
𝐿!"# -‐   =   

!

!!
!   U   sin
!
!

𝜔𝑡 𝑑𝑡
!

!

𝐿!"# -‐   = 𝜀!   !   cos 𝜔𝑡

!! !
!

[5]
!

= 𝜀!   !

[6]

The conservation of salinity is shown in [7]. The eddy diffusivity (A m2/s) along the x-axis is
described with a dimensionless number B which contains other environmental processes that are
not present in the equation (e.g. stratification). 2𝐿!"# is the total excursion of the tide in [8].
!"

!!

+ 𝑣 !" =
!"

!(!

!"
)
!"

[7]

!"

The diffusivity A can be defined in terms of maximum tidal displacement and maximum velocity.
𝐴 = 2𝐵𝐿!"# 𝑈!

[8]

where, B is a dimensionless constant. Usually the diffusivity A would be related to a turbulent
velocity U* which is less than 10% of 𝑈! , so we assume that in [8] that B << 1.
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Assuming a steady state of the salinity gradient, we can now derive the following relationship
between advection of salinity by the mean river flow, and diffusion of salinity by the oscillating
tidal flows as
!"

𝑣  𝑠 = 𝐴   !" + 𝑐

[9]

where, c is the constant of integration. At the river mouth (x = 0), both the salinity and the gradient
of the salinity, 𝜕𝑠 𝜕𝑥 = 0. Hence, c = 0.
Combining [4], [6], and [8], the coefficient of eddy diffusion [10] can be obtained in terms of tidal
displacement 𝐿!"# .
𝐴 =    2𝐵𝐿!!"# 𝜔𝑥 ! 𝐻!

[10]

A dimensionless parameter λ defines the ratio of distance along the channel to total length. Hence,
!

𝜆 =    ! ,

[11]

where, λ = 0 at the river mouth, and 1 at the end of channel at lake.
A dimensionless flushing number (F) where, F = v/AL can be redefined as follows.
𝐴 =    2𝐵𝐿!!"# 𝜔 𝐻! ∗ 𝑥 !
!! !

[10b]

𝐹 =    !!!!

[12]

v/AL =   v𝐻! /(2𝐵𝐿!!"# 𝜔𝐿) ∗ 𝑥 !

[12b]

!"# !"

then,

Using [12], the conservation of salt can be written as
!"

𝐹 ∙ 𝑠 =    𝜆! !"
!
λ

!

𝑑λ =   

!"
!

[13]
[14]

Integration of [14] yields the salinity as an exponential function of dimensionless flushing number
and distance from the river mouth.
!
!

!

=    𝑒 !(!!λ)

[15]

Equation [15] calculates the non-dimensional flushing number based on the current velocities
obtained by the spatial surveys collected during the Summer and Fall in 2015 at the SI and MR
study regions. Different flushing number values are calculated to provide reference points for
spatial and temporal comparison between sites and seasons.
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!

Substituting the expression for velocity v = !", back into [12] yields,
𝐹 =    !!∙!

!! !
!"#

! ∙!∙!∙!∙!

.

!! !

𝐹 =    !!!!

[16]

!"# !"

where, V is the volume of the estuary. Angular frequency the South-eastern Georgian Bay is
defined as follows.
𝜔=

!!

[17]

!

Using [17], the flushing number given in [16] can be written as a function of tidal period.
!! ! !

𝐹 =    !∙!

!"#

[18]

! ∙!

Our main modeling results for this report will involve fitting [15] to observed conductivity
gradients, given realistic values for the flushing number defined by [18].

3. Results
3.1. Stratification and Currents
3.1.1 Moon River inlet
Time series of temperature profiles from 2015 observations obtained at MR 1, 2, 4, 6, 7 (see
Figure 4 for their locations) are shown in Figure 7. The estimated thermocline depth is
superimposed on the temperature profile time series. In summary, temporal variability of
temperature variability can be defined as pre-stratified (well-mixed), stratified and post-stratified
(well-mixed) seasons. Due to the shallow depths at MR1 shows a very well-mixed water column
throughout the observed period.
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Figure 7: Temperature profiles at MR 1, 2, 4, 6, 7 (see Figure 2 for their locations) with estimated
depth of thermocline overlaid on top are shown.
A sample time series of the temperature profiles taken at MR1 during the observational period and
the meteorological observations obtained from the buoy (ID 45143) are shown in Figure 8. Wind
stress at the surface is shown in Figure 8a. The winds and corresponding wind stresses on the
surface during the stratified period (~ DOY 150-290) are varying in magnitude and the direction
(Figure 6 and Figure 8a). During DOY 194-196 and DOY 274-276, the southeasterly winds are
strong (>= 10 ms-1) and has an average surface wind stress of 0.2 Nm-2. The second strong wind
event (DOY 261-262), on the other hand, is southwesterly and has a 0.3 Nm-2 wind stress over the
surface.
The surface air and the water temperatures (Figure 8b) have negative correlations (0.16 and 0.01,
respectively) with the surface wind stress. The higher the wind stress over the surface, the higher
the turbulent heat transfer across, namely latent heat and sensible heat, resulting cooling at the
surface. The surface air and the water temperatures of the southern Georgian Bay are subjected to
diurnal variations. During the stratified period, the mean surface air and water temperature of the
southern Georgian Bay is 15.7 0C and 16.8 0C, respectively.
The water column at MR1 shows a significant temporal temperature variability (Figure 8c). The
water column is well mixed at the beginning of the observational period (from DOY 120-150).
Then the stratification starts to grow and thermocline deepens until DOY 265. After that,
thermocline tends to weakens and rises. During the stratified season, the time series of the
temperature profiles at the MR1 shows a significant temporal variability of the depth of the
thermocline (black contour line) with the thermocline depth varying between 5 m and 20 m. For
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instance, during stratified season, several times that the thermocline moved upward direction,
including significant upwelling events between DOY 195-197, 223-225, 238-239, and 255-257.

Figure 8: Thermal stratification observed at the MR1 location from May – Nov, 2015 and the
meteorological data for the observational period in 2015 (May- Nov) from the buoy located at the
southern Georgian Bay (44.945 N, 80.627W). (a) Calculated wind stress form the wind speed. (b)
surface air temperature and the water temperature (c) Thermal stratification for the observed
period.
Acoustic Doppler Current Profiler (ADCP) measurements of the along-shore and cross- shore at
MR1 (assuming the coast is rotated 450 anti-clockwise to the east), superimposed with the
thermocline depth are sown in Figure 9.b and Figure 9.c, respectively. The flows at MR1 are
oscillatory in both along-shore and cross-shore directions. However, the velocities of the crossshore flow have strong variability compared to that of the along-shore velocities. The upper
surface (~ 0 -5 m) has a strong, prolong, and alternating currents (up to 0.2 ms-1) driven by the
surface winds. Below the wind driven layer, the data shows a dominant barotropic flow during
majority of the observational period given by a very small vertical shear of the horizontal flow
(Figure 9. e). The vertical shear of the horizontal velocity (S)
is given by
𝑆 = 𝜕𝑢 𝜕𝑧 ! + 𝜕𝑣 𝜕𝑧 ! , where, u and v are along-shore and cross-shore velocities,
respectively. The strong values at the surface layer is induced by the wind shear. Further, large
values observed below the wind driven surface layer coincide with the upwelling events (DOY
195-197, 223-225, 238-239, and 255-257).
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Figure 9: various parameters at MR 1 site. a) Surface wind stress, b) Temperature profile, c)
North-south direction current velocity, d) East-west current direction velocity, e) Vertical shear.
Plot b) to e) are superimposed with a black line representing the thermocline depth calculated from
water temperature.
3.1.2 Shawanaga River inlet
	
  

The overall depth of SI region is homogenous in comparison to MR region, however the mean
depth is higher than that of MR study area. The thermocline depth of SI region is present since the
beginning of the survey as shown in Figure 10. The temperature difference within the water
columns are relatively small at any given time. The depth of thermocline remained relatively
constant for the first half of the sampling season until day 210. Since shallower stratified water
column have weaker thermocline, it is more susceptible to mixing events caused by strong wind
events. An increase in frequency of strong wind events (Figure 11 a) lead to more frequent mixing
within the water column as indicated by near vertical thermocline depth prediction shown in
Figure 10.
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Figure 10: Temperature profile at SI 2, 3, 4 with estimated depth of thermocline overlaid on top.
An example time series taken at SI2 are shown in Figure 11. The temporal variability of water
temperature (Figure 11b) shows well-mixed water column. Significant fluctuation in thermocline
depth can be observed past Day 210 due to more frequent strong wind events in region and a weak
thermo-stratification in place. The East-West (Figure 11c) and North-West (Figure 11d) currents
show a dominant barotropic flow below the wind driven surface flow. This seen by the differential
of vertical shear above and below the hypothesized thermocline. (Figure 11d).
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Figure 11: Current velocities of the flow at SI2 from ADCP are shown. (a) same as Figure 8a. (b)
Temperature (c) East-West velocity(u). Positive values denote the East flow. (d) North-West
direction (v). Positive values denote the North flow. (e) vertical shear of the horizontal velocity
(S).
3.1.3 Parry Sound
	
  

Analysis of the season-long temperature data set in Parry Sound is visualized in Figure 12 for
string 2 reveals the gradual onset of a strong thermal stratification with a thermocline that deepens
throughout the season with a mean depth around 12 – 14 metres. The water column is very
dynamic, with isotherm vertical fluctuations having amplitudes up 8 m and on average fluctuating
around 2 metres per day as seen in the subset of the temperature record in Figure 13.	
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Figure 12: Temperature contour plot with time and depth. Data is from String 2. Solid black line
indicates the 12C isotherm.

Figure 13: Temperature contour plot with time and depth, for a 10 day subset of the field
campaign (DOY 213-223). Data is from String 2. Solid black line indicates the 12C isotherm.
Current velocities through the channel linking Parry Sound to Georgian Bay shown in Figure 14.
support the exchange hypothesis with regular direction inversions. Below a thin wind-influenced
surface layer with velocities greater than 0.5 m/s, current velocity magnitudes are in the range of
cm/s, often exceeding 10 cm/s close to the surface layer. Current reversals are often observed
below the thermocline.
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Figure 14: ADCP observed east-west currents in the channel leading into Parry Sound. Note that
the upper plot is a subset of the total observation period (lower plot) with the velocity scale
reduced to highlight current velocities below the wind-influenced zone.
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3.2. Conductivity time series
In Figure 15, SI 1 and MR 1 are located in the open water of Georgian Bay (see Figure 2), which
shows a relative stable conductivity throughout the sampling period. MR 2 and MR 5 are located
at an intermediate region between the open water of Georgian bay and are subjected to the inflow
of fresh water from Moon river, the gradual increase in conductivity shows that water mass from
Georgian bay slowly mixes with the water mass from the river. MR 6 is located at a sheltered
channel towards the inner part of Moon rRver region. It has relatively undiluted throughout the
whole season, indicating relatively strong river inflows and weak influence of mixing with
Georgian Bay waters.

Figure 15: Specific conductivity for MR and SI mooring stations throughout the sampling season.
For MR site, the conductivity in sheltered regions is relatively stable while open water regions
have steadily increase in conductivity over the duration. For SI site, the conductivity starts with
range of conductivities but converges at the end of the sampling season.
SI stations that are located more inland showed a lower conductivity measurement at the
beginning of the sampling period. Because of strong flushing and a weaker river inflow in the SI
region, conductivity in the whole SI region becomes homogenous half way through the sampling
period (see Figure 15 b).
3.3. Flushing mechanisms –Spectral Analysis
	
  

The water level records from 2015 around Georgian Bay suggests that there are small tides, with
amplitudes of order 5 cm. The Fast Fourier Transform (FFT) analysis shows a dominating 12.4
hour lunar semi-diurnal (M2 tide) and is visible in all water gauge records – located at Little
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Current, Parry Sound, Midland, Collingwood, and Tobermory –but does not appear to correlate
with currents (See Figure 16 and Figure 17).

Figure 16: Spectral analysis for water level fluctuation (1hr sampling) of tide gauges located at
Little Current, Parry Sound, Midland, Collingwood, and Tobermory. Spectrum shows peaks at
lunar semi diurnal (M2), solar semi-diurnal (S2), lunar diurnal (O1), and at solar diurnal (K1)
periods.
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Figure 17: Spectral analysis for water level (a) and depth averaged water velocity (b) at one
location in the Shawanaga river region (SI 8). Here is a strong signal of tides at diurnal and semidiurnal periods, but water movements appear to be driven by the diurnal periods, but water
movements appear to be driven by the diurnal tides at these locations.
Further, spectral analysis (pwelch) was conducted on the de-trended thermocline, surface water
level, east-west current (ADCP), and wind data (Figure 18 and Figure 19). Surface water levels
revealed a strong M2 tidal constituent (principal lunar) signature of 12.4 hours, with longer
periods likely representing synoptic weather pattern forcing. Internal waves respond strongly to
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the K1 tidal constituent (luni-solar diurnal) of 23.95 h (K1 = 23.93 h) and have a small peak at 12
h, likely representing the M2 tidal constituent.

Figure 18: Spectral analysis of the thermocline and surface water level (SWL) displacement.
Strong 24 h peak for internal waves represents the K1 tide. The 12.4 h (surface) and 12 h (internal)
peaks likely correspond to M2 tidal constituent. All PSD normalized with respect to one of the
largest peaks.
Spectral analysis of the depth-averaged (below wind-influenced zone) epilimnetic velocities in the
east-west direction results in a strong spectral speak at T = 23.95 h (Figure 19). This is in good
agreement with the thermocline spectral analysis and likely represents the K1 tidal constituent.
Wind speeds in Figure 19 reveal a spectral peak at 24 h corresponding to diurnal wind events.
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Figure 19: Spectral analysis of mean epilimnetic (below wind-influenced zone) current velocities
and wind speeds. Strong 24-hour peak represents the K1 tidal constituent/diurnal winds. The 12.4
h peaks likely correspond to M2 tidal constituent. All PSD normalized with respect to one of the
largest peaks.
3.4. Flushing number analysis
Detailed information on the estimation of the following parameters are provided in appendix 1.
The tidal period in Georgian bay is approximately 24 hours (Weather Information, 2015).
Table 1: Parameters used for calculating theoretical flushing number for MR and SI region.
3

River Discharge (m /s)
Mean channel width (m)
Mean channel depth (m)

MR summer
12.69
155
6.83

MR fall
2.50
155
6.83

SI summer
6.02
2546
5.3

SI fall
0.71
2546
5.3
Page	
  27	
  

	
  

Channel length (m)
Current velocity (m/s)
Accumulative advection distance (m),
𝐿!"#
Theoretical Flushing number from
equation [18]
Flushing number from track data
shown in Figure 23.

11000
0.028
273

11000
0.023
193

14000
0.15
1938

14000
0.18
1677

5.9e-5

2.3e-5

2.1e-8

3.2e-9

0.9482 +/5.2099

7.5387 +/113.6591

0.1306 +/0.1714

0.061 +/1.0279

Implied B from data in Figure 23.

6.2e-5

3e-6

1.2e-7

4.1e-8

Figure 20: The summer and fall track data for MR and SI regions are superimposed on reference
flushing numbers.
The flushing number for track data was calculated for each individual data point using equation
[15]. An average for all the points was taken to represent the mean flushing number for the survey.
The normalized distance for MR and SI are shown in Table 2. Each distance is calculated as the
distance between the GPS coordinates of river mouth and the point that is marked in Figure 38. SI
inlet have lower flushing number values (0.06~0.13) indicating that the region is predominately
driven by the tide. MR inlet have higher flushing values (0.9482~7.538) showing the flushing
mechanism in the region is more balanced between tidal flushing and river outflow. The implied B
value is calculated by dividing the theoretical value of flushing number by the flushing number
calculated by track data.
Table 2: Normalized distance for SI and MR.
SI

MR
Page	
  28	
  

	
  

Normalized distance (m) 14000 11000
The salinity values are normalized by salinity range (smax – smin). The maximum and minimum
salinity of MR and SI for each survey is shown in Table 3.
Table 3: Seasonal minimum and maximum salinity for MR and SI.
Site\Season Summer Fall
Max

Min

MR

0.0837

0.0859

SI

0.0833

0.08869

MR

0.0238

0.0238

SI

0.0238

0.0238

3.5. Flushing in Parry Sound
	
  

Our observation of Parry sound in Figure 14 and 15 indicate a strong oscillating flow in and out of
the channel to Georgian Bay. The strong semidiurnal movements of the thermocline act as a
bellows, pumping water into and out of Parry Sound as it rises and sinks.
We can make an estimate of the flushing timescale for this exchange using a modified prism
model as
𝑡!"#$!!"# =   

!!! !!" !!!!!"#$%&'(!
!!! !!!"#
!"

[19]

where, tflushing is the flushing rate (d-1), APS (m2) the mean epilimnetic surface area of Parry Sound,
Vepi (m3) the mean epilimneitc volume, zthermocline (m) the thermocline depth and t is time, it is
possible to estimate an instantaneous and time-averaged flushing estimate.
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Figure 21: Thermocline and SWL fluctuations. Note that thermocline fluctuations are an order of
magnitude larger than SWL movements, revealing their importance in flushing processes.
Due to significantly larger amplitudes (∂z/∂t) as evidenced by the cyan line in Figure 21, flushing
dynamics are dominated by thermocline fluctuations rather than surface water level movements. A
time-averaged flushing rate for the epilimnion of Parry Sound of ~0.02 d-1, relating to a retention
time of ~45 days was calculated based on the 2016 thermocline data set.
Theoretical current velocities calculated from thermocline movements and mass conservation
principles can be compared to actual current velocities recorded in the main channel by the ADCP
to access the validity and accuracy of our flushing rate analysis.
𝑢!!!" =   

!!" !!!!!"#$%&'(!
!!!"
!"

[20]

From [20] where uchan is the epilimnetic current velocity in the channel (m/s) and ACCS is the
channel cross sectional area (m2), theoretical channel velocities due to both thermocline and
surface water level fluctuations were calculated. Theoretical and actual (ADCP field data) channel
current velocities are plotted in Figure 22. Thermocline-derived channel current velocities agree
well in magnitude with field data, although temporal/directional agreement is poor. SWL-derived
currents are, as expected, much smaller than either field data or thermocline-derived currents.
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Figure 22: Channel current velocities as derived from: field data (red (east-west) and magenta
(magnitude) lines), thermocline fluctuations (cyan) and SWL fluctuations (blue line).

3.6. Numerical model –FVCOM
We continue to work on developing a numerical model that will explain the complex circulation
patterns and associated flushing mechanisms in the nearshore of South-eastern Georgian Bay. The
proposed circulation model will be developed using FVCOM (Finite Volume Coastal Ocean
Model, http://fvcom.smast.umassd.edu/fvcom/). The FVCOM is an unstructured grid, finitevolume, primitive equations hydrodynamic model. To generate the unstructured grid for the
South-eastern Georgian Bay we used the Surface- water Modelling System (SMS) by Acquaveo.
A sample grid for Parry Sound is shown below (See Figure 23). We have finished making a full
grid that includes many 1000s of islands, and the important inlets of Parry Sound, Shawanaga
Inlet and Moon River. We will continue working on this in 2017 using funding from other
sources.
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Figure 23: Numerical mesh – unstructured model grid for the FVCOM. The Parry sound grid is
shown.

4. Discussion
Our analytic model shown in Figure 23 has a good explanation of explaining the difference in
conductivity, and hence nutrients gradients between Shawanaga Inlet and Moon River. A lower
flushing number suggests that flushing is driven by the tides where as high flushing number
suggests that river discharge dominates the flushing. Hence, for a low flushing number the river
water would mix with the basin water which in turn result in high salinity. For a high flushing
number, the mixing of water masses is prevented until further away from the river mouth which is
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shown by the delay in increasing salinity over distance. For this study, the two sites’ flushing
number based on track data showed agreements with the physical properties of the sites.
Compared to MI region, SI region has lower river discharge with higher water volume showed a
much lower flushing number for both summer and fall surveys. Further, MR with a higher
discharge and much more sheltered river channel showed higher flushing number for both
surveys.

The flushing numbers predicted by equation [18] is a similar order of magnitude to thatdeduced
from the fit to data in Figure 23. This correlation agrees with the variation in the parameter that is
mentioned in Aron and Stommel (1951) who also found the magnitude of the parameter B is of a
degree of difference between their two study sites. This parameter may be an indicator of other
forcing such as stratification and/or seasonality changes between different sites. Future analysis
will need to calibrate diffusion coefficients in this channels.

Internal waves in Parry Sound, and water currents in the main channel between the sound and
Georgian Bay primarily fluctuate at a period of ~24 hours. Internal wave dynamics in the sound
lead to current reversals in the channel and exchange of water and associated water quality
constituents with Georgian Bay waters. A retention time of approximated 45 days was calculated
for the epilimnion of Parry Sound with the hypolimnion expected to have a much longer retention
time due to the larger volume and shallow channel impeding exchange.
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Appendix 1
Width of the channel is estimated with 6 random measurements taken on google map, they are
listed in Table 4 in Appendix 1.
A.1.1. Channel width
Table 4: List of random channel width measurements taken in study sites.
MR (meters)
1430
2800
2024
3060
2833
3130
Mean: 2546

SI (meters)
260
123
138
225
104
81
Mean: 155

A.1.2. Velocity distribution:
The velocity from ADCP moorings located at MR 2 and SI 8 are used to calculate the mean and
first standard deviation of the current speed at Moon river channel and Shawanaga Channel,
respectively. The dates used are up to a month prior to the actual date that samples were collected.
The duration is listed in Table 5. The mean and standard deviation are labeled by red line in Figure
24, Figure 25, Figure 26, Figure 27. In general, the positive direction is set as the primary
direction of the water flow. For Shawanaga Channel, the positive direction is set for water moving
south and negative towards North. For Moon River, the positive direction is set for west and
negative for east. The directions are set based on the location of river outlet and the relative
geometry of the location of the ADCP moored stations.
Table 5: List of the sampled day and days used to calculate mean flow velocity collected from
ADCP moorings. Locations of the stations are shown in Figure 2, Figure 3, and Figure 4.
Survey location and days
MR 2 summer, day 174-176
MR 2 fall, day 271-273
SI 8 summer, day 166-167
SI 8 fall, day 264-266

Days used for calculation
144-176
241-273
136-167
234-266

Date of the Year
May 24th – June 25th
August 29th – September 30th
May 16th –June 16th
August 22nd – September 23rd
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Figure 24: ADCP measured velocity distribution of at MR 2 for up to a month prior to the summer
track survey date.

Figure 25: ADCP measured velocity distribution of at MR 2 for up to a month prior to the fall
track survey date.
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Figure 26: ADCP measured velocity distribution at SI 8 for up to a month prior to the summer
track survey date.

Figure 27: ADCP measured velocity distribution at SI 8 for up to a month prior to the fall track
survey date.
A.1.3. Ladv
The advection length for the water particles are calculated using the velocity data collected from
the ADCP moorings. The frequency of the data collection is once every 30 minutes. 24-hour
advection length is calculated based on the data. Time-averaged mean advection distance is
calculated for up to a month prior to the first day of the survey.
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Figure 28: Approximated advection length for MR2 with the duration used for calculating timeaveraged Ladv. Red and blue solid lines represent Summer and Fall surveys, respectively. The
horizontal red and blue lines indicate the mean flow during the Summer and Fall surveys.

Figure 29: Approximated advection distance for SI8 with the duration used for calculating timeaveraged Ladv values colored in red and blue for different survey runs. The horizontal red and
blue lines indicate the mean flow during the Summer and Fall surveys.
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Figure 30: Progressive Vector Diagrams for Shawanaga Inlet overlaid in google map. These give
an indication of how far water masses would move in 2 days, based on ADCP water current
measurements.
A.1.4. River discharge
Moon river is estimated to be 261 km long with a drainage area of 4941 km2. The annual
discharge from the river is 62 m3/s. Shawanaga river is estimated to be 59.8 km long with a
drainage area of 263 km2. Shawanaga river’s discharge normally peaks during spring season and
gradually lowers over the summer, reaching minimum flow rate in fall and maintain the rate
throughout winter season. With an average annual flow of 3.3 m3/s. The watershed area of MR, SI
and PS region are shown in Figure 31. Comparison between MR and SI river outflow during the
survey season is shown in Figure 32. Moon river discharge is determined by the data published by
Environment Canada water office’s publication on the water gauge that is located closest to the
river (WSC, 2015). Discharge data of Shawanaga river station was not available for 2015.
Shawanaga river discharge (Q1) is estimated by area of Shawanaga river (A1) along with two other
watersheds in similar region with of similar catchment’s area (A2), discharge (Q2) using [21]. The
drainage areas of the watersheds are shown in Table 6; their locations are shown in Figure 33.
Equation of prorating flows was used to approximate Shawanaga river’s discharge based on the
two watersheds in Magnetawan regions [21]. The average of the two estimates are used to
represent the SI region discharge for 2015. Discharge used for Moon River is calculated by using
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the time-averaged discharge data for a month prior to the sampling event, the plots are shown for
MR and SI sites for both summer and fall sampling season in, Figure 34, Figure 35, Figure 36,
Figure 37.
!!
!!

!

= !!

[21]

!

Table 6: Gauge data obtained for MR 2 and SI 8 locations. Data courtesy: Water office.
Station Name

Station Number Watershed Area
(km^2)
02EB011
4941
263
02EA005
328.84

MR 2 Moon River at Highway NO.400
SI 8 North Magnetawan River near Burk’s
Falls
North Magnetawan River above Pickerel 02EA010
Lake

155.06

Figure 31: Shawanaga River watershed (SI), Mill Lake watershed (PS), Moon River watershed
(MR) marked in red in eastern Georgian Bay.
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Figure 32: The discharge of Moon river and Shawanaga river from May 10th to October 7th of
1976.

Figure 33: The locations of SI and North Magnetawan watersheds marked in red shade.
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Figure 34: Moon river summer discharge (m3/s). Time-averaged discharge shown in red line.

Figure 35: Moon river Fall discharge (m3/s). Time-averaged discharge is shown in red line.
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Figure 36: Shawanaga Island summer discharge (m3/s). Time –averaged discharge is shown in red
line.

Figure 37: Shawanaga Island Fall discharge (m3/s). Time-averaged discharge is shown in red.
A.1.5. Track
The spatial survey consisted of continuous onboard sampling of water quality parameters along a
predetermined route and profiling of water column at predetermined locations along the survey
track. The locations of the vertical profiles are marked by x, whereas mooring stations are marked
by a + sign (see Figure 38, Figure 39). The onboard conductivity measurements are shown as a
gradient line in Figure 38 and Figure 39 There is a strong gradient between the open water and the
embayment.
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For the Moon River study area, the data in a defined area was selected as outlined in Table 7. For
Shawanaga river, only the survey points within the main channel were selected for analysis. The
starting point that was marked in Figure 38 for both summer and fall until the end of the survey.
Both the selection ranges for MR and the end point coordinates for SI are listed in Table 7.
Table 7: The coordinates for MR selection box and SI starting point.
Longitude
Latitude

MR
SI
45.1682~45.1578 X 545236
-80.1052~-79.9489 Y 5046085

Figure 38: Onboard specific conductivity for Shawanaga islands. The moorings are labeled with a
+ and the locations of the vertical profile are marked with a x. The starting point for calculated
flushing number is marked with a red dot.
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Figure 39: Onboard specific conductivity for Moon River. The moorings are labeled with a + and
the locations of the vertical profile are marked with a x.

Appendix 2
	
  

A.2.1. Temperature loggers
Hobo Tibdits temperature logger, sampling at a 30-minute interval, attached at a meter apart from
the bottom.
A.2.2 Conductivity probe
Alec conductivity meter, sampling at a 90-minute interval, depth various depends on location.
A.2.3. Turbidity Chlorophyll meter/ Alec turbidity and Chlorophyll Low-Bias Meter
Deployment
Alec turbidity and chlorophyll meter deployment, sampling at 30-minute interval, depth various
depends on location.
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A.2.4. ADCP
RDI Workhorse Sentinel, sampling at a 30-minute interval, depth various depends on location.
A.2.4.1. Location details and the instruments used
MR 1 is located in the open water of Georgian Bay. It was installed with an ADCP, temperature
loggers, conductivity probes and turbidity sensors. The ADCP device was located at the bottom of
the mooring station at 24 meters’ depth. The string with all other devices attached is located within
the ADCP’s proximity in a 29.7-meter depth water. Conductivity probes and turbidity sensor are
tied at 4.4 meters below water level.
MR 2 is located at the North western outlet of Moon river channel. It is installed with an ADCP,
conductivity probes, Oxygen RBR, Temperature loggers and turbidity sensors. The ADCP device
was located at the 24 meters below water surface. The string with all other devices attached is
located within the ADCP’s proximity in a 29.9-meter depth water. Conductivity probe, Oxygen
RBR and turbidity sensor are tied at 4 meters below water level.
MR 3 is the outmost station for the south eastern Moon river channel, closest to the open water of
Georgian Bay. It is only installed with an ADCP which is located at 4.5 meters below the water
surface.
MR 4 is installed with oxygen RBR, temperature loggers, and turbidity sensors. The string of
instruments goes to 19.3 meters in depth, with oxygen RBR and Turbidity sensor attached at 3.3
meters from water surface.
MR 5 is installed with an ADCP, conductivity probes and turbidity sensors. The ADCP is located
at 5.9 meters below the water surface. Other devices are attached at 2.9 meters below the water
surface.
MR 6 is installed with a conductivity probe, temperature loggers, and a turbidity sensor. The string
of instruments goes down to 24.3 meters below the surface while the conductivity and turbidity
sensors are attached at a 3.3-meter depth below the water surface.
MR 7 is installed with an oxygen RBR, temperature loggers, and a turbidity sensor. The string of
instruments goes to 8.5 meters below surface with the oxygen and turbidity sensors attached at
3.5-meters depth
MR 8 is installed with oxygen RBR and temperature loggers. The string of instruments goes to
16.4-meters depth while the oxygen sensor is attached at 3.4-meters depth below the surface.
SI 1 is installed with an ADCP, conductivity probes, temperature loggers, and turbidity sensors.
The ADCP device was located at the bottom of the mooring station at 18.9 meters’ depth. The
string of instruments goes to 18.2 meters in depth with the conductivity probe and turbidity sensor
attached at 2.9-meter depth.
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SI 2 is installed with an ADCP and temperature loggers. The ADCP station is located at 13.4meter depth. The deepest temperature logger is located at 11.9 meters
SI 3 is installed with an ADCP, conductivity probes, temperature loggers and turbidity sensors.
ADCP is stationed at 13.4-meters depth. The string with other instruments are set at 13.2-meter
depth with conductivity and turbidity sensors attached at 3.2-meter depth.
SI 4 is installed with an ADCP and conductivity probes. ADCP is stationed at 9.3-meter depth and
the deepest temperature logger is located at 13.4-meter depth.
SI 5 is installed with an oxygen RBR, temperature loggers and turbidity sensors. The string with
these instruments goes to 16.3-meter depth with the oxygen and turbidity sensor attached at 3.3meter depth.
SI 6 is installed with an ADCP and temperature loggers. ADCP is stationed at 13-meter depth
while the deepest temperature logger is at 16.5 meters.
SI 7 is installed with a conductivity probe, temperature loggers and a turbidity sensor. The string
with other instruments goes to 10.7-meters in depth with conductivity and turbidity sensor
attached at 2.7-meter depth.
SI 8 is installed with an ADCP, turbidity sensor and conductivity probe. ADCP is stationed at 9.2meter depth. The conductivity and turbidity sensors are attached at 3.2-meter depth.
SI 9 is installed with a turbidity sensor and a conductivity probe. The conductivity and turbidity
sensors are attached at 2.8-meter depth.
SI 10. It is installed with an oxygen RBR, temperature loggers and a turbidity sensor. The string
with instruments goes to 19.7 meters in depth with the oxygen and turbidity sensor attached at 16
meters.
SI 11 is installed with an ADCP which is stationed at 7.5-meter depth.
SI 12 is installed with a conductivity probe and a turbidity sensor. The instruments are attached at
3.9-meter beneath water surface.
Table 8: Requested Analyses and associated LIMS product codes: Water Matrix.
Matrix Type WS: [surface water samples]
PARAMETER

LIMS TEST CODE

Chloride

CL3016

DOC & silicates

DCSI3370

Cations (Ca, Mg, Na, K) note - calcium alone would be OK CAT3497
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Nitrates and ammonium & phosphate (filtered water)1

DISNUT3364

Soluble Reactive Phosphorus (filtered water)1

Environment Canada

Suspended solids

SS3365

Total P and N-nitrogen (whole water)

TOTNUT3367

Total P (whole water)

Dorset

Total P (filtered water)1

Dorset

Alkalinity, conductivity , lab pH

PHALCO3218

E.coli + Enterococci

ECFS 3371

Turbidity

TURB3311

Chlorophyll

CHL3169

Notes: 1- Sample filtered in the field through 0.45 um membrane filters.
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