Water Quality in the South SK River Basin

IV CHARACTERISTICS OF WATER QUALITY IN THE SOUTH
SASKATCHEWAN RIVER
IV.1

Water Quality Time Series for the SSRB

For each of the 22 water quality parameters selected for this study, data from each of the
monitoring stations were plotted as parameter measurement (concentration, colony-forming units,
etc.) over time for all years of available data, from upstream to downstream located stations, and
using all available measurements regardless of sampling interval (primarily monthly). Plotted data
can be found in Appendix B, this section includes examples and a summary of the results.
Time series plots were conducted to establish:
1) Significant gaps in monitoring data.
2) To compare overall water quality in the upstream portions of the South Saskatchewan
River Basin (including tributaries) to downstream water quality in the Saskatchewan
portion.

IV.1.i

Monitoring Gaps

Initial plots confirmed that several parameters were monitored inconsistently (less than monthly
or quarterly) over the period of available data, with large multi-year gaps in sampling. In some
cases, this may have been due to selective monitoring. For example, some parameters may be
consistently below detection limits, and therefore after a few initial years of sampling they are only
measured once or twice per year (instead of monthly). In other cases, these gaps represent changes
in the monitoring program, such as prioritization of urban monitoring sites, the changing of
monitoring agencies, or budget cuts leading to the cessation of monitoring for some locations.
Historically water quality was monitored by the federal government in the South Saskatchewan
River Basin, however over time many of the federal monitoring stations ceased monitoring. A
more thorough analysis of monitoring gaps and recommendations for improved monitoring in the
South Saskatchewan River Basin can be found in section VII. At this time it is important to note
that the monitoring program in the Saskatchewan portion of the South Saskatchewan River Basin
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has been very challenged in terms of consistency, which has significant consequences for the
integrity of the long-term monitoring data. An example of time series data plotted from upstream
to downstream for Conductivity clearly shows the gaps in data evident for the Saskatchewan
portion of the South Saskatchewan River (figure 9).
For sampling stations from the Alberta provincial database along the tributaries of the South
Saskatchewan River (The Oldman, Red Deer, and Bow Rivers with a total of 8 long term sampling
stations) sampling data was available as monthly data with very minimal gaps, from 1987 to 2009.
More current data is also available, representing the data acquired at the beginning of the project
in 2010. Previous years of sampling data may be available from provincial monitoring stations,
however if more historical data is available, it has not been integrated into the provincial
monitoring database. Federal monitoring stations in Alberta include a greater time span, from
about 1965 to 2009 (current). There are four stations with this greater span of data: two on the
Bow River (AL05BA0011 and AL05BE0013), one on the Red Deer River (AL05CK0001) and one
downstream of the confluence of the Oldman and Bow Rivers, on the South Saskatchewan River
(AL05AK0001). There are minimal gaps for these stations as well, with occasional missing
monthly samples (one or two in a year), with the exception of samples taken prior to 1975 (for
which there may be multi-year gaps in sampling data). On the Saskatchewan side, water quality
monitoring data has significant gaps, depending on the parameter. For example, for turbidity there
are only samples available from about 2003 to 2008. Other parameters have multi-year gaps, such
as the example of conductivity shown in figure 9, where there are no samples available (or only
quarterly or less available) on the South Saskatchewan River from about 1984 to 1989, and 1998 to
2003. All sampling stations in the Saskatchewan portion of the South Saskatchewan River selected
for this study were provincial. Federal monitoring stations have sampled data from the South
Saskatchewan River, however, the last federal sampling period was in the 1960s.
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Figure 9: Upstream to Downstream Time Series for
Conductivity
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Water quality data plotted over time quickly revealed cyclical patterns in most water quality
parameters. For example, turbidity plotted over time indicated a highly cyclical within-year
pattern for each sampling year, a pattern which was also evident for total phosphorus, total
nitrogen, temperature, pH, conductivity, and less so for fecal coliforms at some sampling locations
(see example of pH in figure 10). While the data is not included here, it is interesting to note that
these cyclical patterns are highly evident in headwater regions, which are largely driven by seasonal
natural processes and patterns in flow due to a reliance on snowpack melt in the mountains. It
would be expected that water quality parameters which are highly related to or driven by flow
would also change seasonally, but whether the pattern is due to some correlation with changes in
discharge or other natural factors such as phytoplankton growth or temperature, it is important to
understand that most water quality parameters naturally vary in concentration or measurement
over time.
These patterns in seasonality will be explored further in section IV.2.

Figure 10: Averaging seasonal pH (4-month moving average shown in black) illustrates the seasonal pattern in pH
measurements across all years of data.

IV.1.ii

Upstream to Downstream Changes

Increases in the range of measured value for most water quality parameters increased from
upstream to downstream, starting in the headwaters of the tributaries. This was particularly
evident on the Bow River, where two stations are located in the headwaters regions. The Oldman
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and Red Deer Rivers also saw an increase in water quality concentrations/measurements from
upstream to downstream, although the uppermost sampling locations were not located in the
headwaters. This upstream to downstream shift likely indicates cumulative changes in water
quality from upstream, and while some of these changes are expected as a part of the natural
accumulation of contaminants, the rate of change is due to anthropogenic activity within the basin.
Increases from upstream to downstream concentrations/measurements were noticeable for
turbidity, total phosphorus, all forms of nitrogen, dissolved organic carbon, dissolved sodium,
dissolved sulphate, dissolved chloride, dissolved fluoride, and total dissolved solids.
Increases in nutrients (phosphorus, carbon, nitrogen) correspond well with increases in
chlorophyll, which is an indicator of biological productivity (figures 11 and 12). Dissolved organic
carbon saw particularly marked increases along the Red Deer River, where productive soils support
extensive agriculture. Eutrophication processes should increase variability and possibly lower
daytime concentrations of dissolved oxygen, an effect which is seen for dissolved oxygen from
upstream to downstream along each of the tributaries, with a shift in overall (median) values, and
an increase in the frequency of maximum (greater than 14 mg/l) and lower values (below 6 mg/l)
(figure 13). Oxygen concentrations were particularly low for the Saskatchewan portion of the
South Saskatchewan River Basin.
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Figure 11: Upstream to downstream changes in total nitrogen concentrations (blue) are clearly shown using a
moving average trend line (red) from Lake Louise (headwater region) to Carseland Dam (downstream) on the
Bow River.

Page 90

Water Quality in the South SK River Basin

Figure 12: Changes in chlorophyll concentrations (blue) from upstream (headwater) regions to mid-reach
(downstream) locations. Most of the measurements taken in the headwater regions show chlorophyll to be below
detection limits (recorded as 1 µg/l).
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Figure 13: Dissolved oxygen remained consistently between 8 mg/l and 14 mg/l for the upper river reaches.
Downstream this range increased to 4 mg/l (extremely low) and greater than 16 mg/l. Oxygen concentrations
lower than 6.5 mg/l can cause fish mortality, even for warm-water fish species.

Increases in total dissolved solids can be accounted for by corresponding increases in the dissolved
constituents, including dissolved sodium, dissolved sulphate, dissolved chloride, and dissolved
fluoride (figure 14). It is difficult to differentiate this change as a result of human activity, or
natural occurring salt dissolving from soils and bedrock, however, it is interesting to note that
dissolved fluoride, which is a chemical often found in trace amounts in groundwater due to
dissolution from bedrock, is also contributed to river systems from untreated or minimally treated
wastewater or from industrial and mining activity. While there is not a marked increase
downstream from major urban centers, there does appear to be an overall increase over time in
fluoride, potentially as a result of bedrock and surficial material exposure as natural resource
extraction (coal mining and oil and gas extraction) increased significantly in the 1980s and 1990s.
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Conductivity, in contrast to total dissolved solids, does not seem to increase or change significantly
upstream to downstream.

Bow River above Canmore - Dissolved Sulphate

Bow River above Canmore - Total Dissolved Solids
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Figure 14: Comparison between increases from upstream to downstream in dissolved sulphate, and total dissolved
solids.

Turbidity shows a dramatic increase from headwater regions to downstream regions in the basin
(figure 15). This is the combined effect of increases in contaminants, but it is also highly driven by
natural increases in flow rates. Increases in flow also increase the bedload potential of river
channels, allowing the river channel to carry more sediment. As a result, turbidity increases. Small
decreases in turbidity can be seen downstream from the City of Calgary and the City of Saskatoon.
Both cities have a network of dams and weirs which slows river flow, allowing particulates to settle
and decreasing turbidity. This change in turbidity can be seen from upstream at the tributaries, to
downstream in the South Saskatchewan River (figure 16).
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Figure 15: Upstream (Bow River at Lake Louis) to downstream (South Saskatchewan at Hwy 41) comparison of
turbiduty measurements.

Page 94

Water Quality in the South SK River Basin

Figure 16: Clarity of the Bow River (left) at Lake Louis compared to the South Saskatchewan River (right) at
Lemsford Ferry.

Total copper and total lead both indicate increases and decreases in the total range of
measurements from upstream to downstream. This may be a reflection of the proximity of
sampling site to sources of metal contamination, but it is difficult to ascertain the cause with any
certainty due to inconsistent sampling. In contrast, total zinc is very consistently monitored, and
shows significant increases from upstream to downstream for the Bow and Red Deer Rivers, but
not the Oldman River. Zinc had mixed results for the Saskatchewan portion of the South
Saskatchewan River, but sampling frequency was inconsistent, which would not allow a clear
pattern to emerge.
No changes were observed for pH or arsenic. For fecal coliforms, little change was observed for the
majority of samples, however, peaks in fecal coliform counts increased from upstream to
downstream in both the tributaries, and the South Saskatchewan River itself. Temperature did
increase upstream to downstream, however the changes in temperature range were consistent with
changes in physiographic region for the tributaries. Portions of the tributaries in mountainous
regions had lower overall temperatures, a reflection of the importance of snow melt in contributing
flow, as well as higher elevations. One unusual change was observed downstream from the City of
Saskatoon, where maximum temperatures increased slightly (compared to directly upstream from
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Saskatoon). This may be from a combination of urban runoff, and discharge from the Queen
Elizabeth Power Station.
Water quality downstream from Lake Diefenbaker generally failed to follow the upstream to
downstream trends in overall water quality parameter values. In some cases, water quality
measurements were higher downstream from Lake Diefenbaker compared to upstream, but in
many cases the reverse was true: downstream was quality was actually improved downstream from
the Gardiner Dam.

IV.2

Water Quality Seasonality

Defining the seasonality of each water quality parameter provides information on the times of the
year (months or seasons) during which water quality is particularly concerning because of
extremely high or low measurements. This also assists in the definition of water quality
benchmarks. For example, total nitrogen is particularly high in the South Saskatchewan River
during the winter months, or early spring. During the winter there is little or no biological activity,
which normally uptakes nitrogen and other nutrients through photosynthesis and the building of
plant and phytoplankton tissues. In addition, a primary pathway of nitrogen cycling is through
groundwater, and during the winter (when there is no surface runoff), Canadian rivers are typically
sustained by baseflow (inflow from groundwater) (Pomeroy, de Boer, and Martz, 2005).
To better define the seasonality of each water quality parameter, and for each sampling location,
monthly water quality measurements were plotted using standard box and whisker plots, and using
data from each sampling location grouped into “seasons” by month.
However, before conducting any further analysis on the distribution of the data, it was necessary to
first prepare the data by removing within-month samples in order to produce monthly interval
data. For some months, multiple (two or more) samples were taken and recorded into the database
for the same month. Unfortunately, because the most consistent sampling interval was monthly
(once per month), multiple within-month samples can skew the data when calculating certain
descriptive statistics, such as the median value for a given season, if there are a large number of
samples taken in a given month or season compared to other months or seasons. Therefore the
first step to analyzing seasonality by plotting the data distribution for each month, was to remove
these multiple within-month samples to produce one sample per month for all months of available
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data. This was done by selecting all months with more than one sample taken during that month
and averaging all the within-month samples to produce one value for that month.
Then, for each water quality sampling month (January to December), all monthly samples were
plotted together to show the range of water quality values per month. In other words, all January
values were plotted together, following by February, March, April, etc. Plots were generated using
standard interquartile ranges calculated and graphed into “box and whisker” plots: the top of each
box indicates the third quartile at 75% of all data values (75% of the data values are less than or
equal to this value), the bottom is 25%, and the centre is the median. Values outside the ‘whiskers’
are outliers: extreme high or low values that are less than or greater than 1.5 times the interquartile
range (below the first quartile = 1.5 x IQR and above the third quartile = 1.5xIQR). These outliers
can be considered abnormally high/low.
Box plots were generated in this manner for 20 water quality parameters. Arsenic and magnesium
were not plotted due to poor data availability. Parameters were then examined to determine
patterns in water quality measurements as they changed throughout the year, month to month, and
within seasons.
For example, dissolved fluoride at the Oldman River-Lethbridge station (AB05AD0010) showed
very little change in the range of values from January to December, with no discernible seasonal
pattern (figure 17) from months 1 through 12 (January to December). In contrast, there was a
strong seasonal pattern for all sampling locations and river reaches for conductivity with the
highest values occurring in winter (Dec, Jan, Feb, Mar), and the lowest in the summer (June, July,
August).
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Box Plots of Diss Fluoride by Month (Jan-Dec) for Oldman - Lethbridge

Box Plots of Conductivity by Month (Jan-Dec) for Oldman - Lethbridge
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Figure 17: Box and whisker plots for fluoride compared to conductivity on the Oldman River at Lethbridge (station
AB05AD0010).
Month 1 = January; Month 2 = February; Month 3 = March… Month 12 = December

Similarly, total nitrogen was particularly high for most sampling locations during the winter
months (Dec, Jan, Feb, Mar) with a slow decline through spring and into the summer (June, July,
August).This pattern was present for all sampling locations upstream of Lake Diefenbaker, but
downstream from the Gardiner Dam the seasonal pattern broke down significantly for both
conductivity and total nitrogen (figure 18).
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Box Plots of Total Nitrogen by Month (Jan-Dec) for S SK - Hwy 41

Box Plots of Total Nitrogen by Month (Jan-Dec) for S SK - Outlook
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Figure 18: Box plots of total nitrogen (by month for months January to February) for stations located upstream
(AL05AK0001) and downstream (SK05HF0205) from Lake Diefenbaker.

Box plots for all parameters and all 16 stations can be found in Appendix C. Tables 3 to 6 show a
summary of the results.
Symbol Key:
S/W
=
W/S
=
F/W
=
Sp / W
=
Sp / F
Sp / S
other
-=
<ins>
=

summer high, winter low
winter high / summer low
fall high / winter low
spring high / winter low
spring high / fall low
spring high / summer low
unusual or inconsistent pattern
no discernable seasonal pattern
insufficient data

y
n
semi
rev

yes
no
similar pattern
same pattern, in reverse (high flow = low WQ measurements)

=
=
=
=
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Summer High / Winter Low Seasonal Patterns
I. WQ Parameter
Turbidity

Temperature

Fecal Coliforms

Total Phosphorus

Zinc

Lead

II. River Reach
Bow River
Oldman River
Red Deer River
S SK River - Upstream
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream

Winter High / Summer Low Seasonal Patterns
III. Pattern
S/W
S/W
S/W
S/W
-S/W
S/W
S/W
S/W
S/W
S/W
S/W
S/W
S/W
-S/W
S/W
S/W
S/W
---S/W
S/W
-<ins>
<ins>
S/W
S/W
--

I. WQ Parameter
Total Dissolved Solids

Conductivity

Dissolved Sulphate

Dissolved Fluoride

Dissolved Oxygen

II. River Reach
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream

III. Pattern
W/S
W/S
W/S
W/S
-W/S
W/S
W/S
W/S
S / W *reversed
W/S
W/S
W/S
W/S
-W/S
-W/S
W/S
<ins>
W/S
W/S
other
W/S
W/S

Tables 3 (left) and 4 (right): Summer High / Winter Low pattern in seasonality for 6 water quality parameters
(Turbidity, Temperature, Fecal Coliforms, Total Phosphorus, Total Zinc, and Total Lead) is shown on the left.
Winter High / Summer Low pattern in seasonality for 5 water quality parameters (Total Dissolved Solids,
Conductivity, Dissolved Sulphates, Dissolved Fluoride, Dissolved Oxygen) is shown on the right.
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Other Seasonal Patterns

Winter-Spring High / Summer Low Seasonal Patterns
I. WQ Parameter
Total Nitrate + Nitrite

Total Ammonia

Dissolved Sodium

Dissolved Chloride

II. River Reach
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream

III. Pattern
W/S
W/S
Sp / S
W/S
-W/S
W/S
Sp / S
W/S
<ins>
Sp / S
W/S
Sp / S
--Sp / S
W/S
Sp / S
W/S
S / W *reversed

I. WQ Parameter
Copper

II. River Reach
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Dissolved Organic Carbon Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
pH
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Chlorophyll A
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream
Total Nitrogen
Bow River
Oldman River
Red Deer River
South SK River
S SK River - Downstream

III. Pattern
-other
Sp / W
Sp / W
-Sp / W
S/W
Sp / W
Sp / W
-F/W
F/W
F/W
F/W
F/W
Sp / S
Sp / W
Sp / W
--W/S
Sp / F
Sp / F
W/S
<ins>

Tables 5 (left) and 6 (right): Summer High / Winter Low pattern in seasonality for 6 water quality parameters
(Turbidity, Temperature, Fecal Coliforms, Total Phosphorus, Total Zinc, and Total Lead) is shown on the left.
Other season patterns are shown on the right for Copper, Dissolved Organic Carbon, pH, Chlorophyll-A, and Total
Nitrogen.
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IV.3

Water Quality and River Hydrology (Flow)

The major natural processes governing water quality within a watershed govern the transport (the
transport of contaminants within a system), retention (the storage and cumulative collection of
contaminants), and biological processing (biological uptake and sources of contaminants through
metabolism and decomposition) of water quality contaminants (Nilsson and Renöfält, 2008). One
of the most influential natural factors determining and influencing overall water quality within a
catchment is water quantity, or the amount of water within and moving through a river system.
Quantity and quality of water are closely linked: how water quantity varies spatially and temporally
mirrors the seasonal pattern of water quality variation throughout the year for many water quality
parameters. For example, turbidity is known to be one water quality parameter very closely related
to flow because it is largely influenced by the sediments carried by the river channel (CCME, 2002).
The higher the flow, or the greater the amount and speed of water in a river channel, the greater the
sediment carrying capacity of the river, and as expected, turbidity measurements throughout the
year will mirror the seasonal pattern in river flow: Periods or peaks of high flow will correspond
with periods of high turbidity, and vice-versa (figures 19 and 20).

Figure 19: Monthly averaged turbidity and flow measurements plotted for all years of data, from 1968 to 2010
clearly show that peaks and low periods in turbidity measurements closely mirror those for river flow.
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Box and Whisker Plots by Month (Jan-Dec) for Flow and Turbidity
South SK River at Hwy 41
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Figure 20: Box and whisker plots with measurements grouped by month show the same seasonal pattern for
turbidity and flow at the South Saskatchewan River station downstream from the confluence of the Oldman and
Bow Rivers (AL05AK0001).

Accompanying graphs of seasonal flow patterns plotted with seasonal patterns in water quality can
be found in Appendix D. Graphs were not produced for all stations, only for one station from the
downstream-most point for each tributary (3 stations total) to represent water quality and flow
inputs to the South Saskatchewan River, as well plots for all stations located along the South
Saskatchewan River itself (5 stations). These are the same graphs as figure 20.
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IV.3.i

Testing Flow – Water Quality Relationships

While many water quality parameters follow the same seasonal pattern as flow throughout the
year, this does not necessarily mean that river flow can be used to predict or model water quality.
There are many natural and anthropogenic factors which may influence how water quality varies,
and while it has been demonstrated in several studies that river water quantity and quality are
related, this may be because variation in flow and water quality are governed or influenced by the
same climate conditions (precipitation, temperature, weather patterns etc.), rather than flow being
the major driver of water quality conditions. The flow-water quality relationship will depend on
the chemical characteristics of the water quality parameter in question. Therefore it was necessary
to take a further step and test the relationship between flow and water quality for each water
quality parameter, at each sampling location.
This test was carried out using fitted flow-water quality regression models. Flow was tested against
each water quality parameter, at each sampling location, using an iterative non-linear model-fitting
approach, where multiple bivariate models were fitted to each flow-water quality parameter
pairing, with flow plotted against water quality measurements for each parameter using the multistep process outline in sections IV.3.i-A to IV.3.i-D.
Flow data for each of the water quality sampling locations was obtained from Environment
Canada’s online HYDAT database. In most cases, a water quantity (flow) station was not colocated with a water quality station, but the closest station with data available for the same time
period was used for each water quality sampling location (see map of selected long term
monitoring stations, section II.4). Matching the water quality sampling locations to a flow station
was particularly difficult for the Saskatchewan portion of the South Saskatchewan River upstream
of Lake Diefenbaker. Only one flow station is located in this portion of the river, which recorded
flow values until the establishment of the Gardiner Dam and Lake Diefenbaker in 1964, after which
it recorded lake levels. Therefore for the Lake Diefenbaker - Riverhurst Ferry sampling location,
and the S SK River – Leader sampling location, flows had to be obtained from two upstream flow
stations located on the Red Deer River (HYDAT Station 05CK004) and the South SK River
downstream from the Oldman and Bow River confluence (HYDAT station 05AJ001). Flows from
these two stations were combined to give the estimated flow in the downstream portions of the
river, as shown below.
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Water Quality Sampling Location
AL05BA0011 - Bow R. Hwy 1 above Lake Louis
AL05BE0013 - Bow R. 4.5km above Canmore
AB05BH0010 - Bow R. at Cochrane
AB05BM0010 - Bow R. below Carseland Dam
AB05BM0590 - Bow R. at Cluny
AB05BN0010 - Bow R. near Ronalane Bridge
AB05AD0010 - Oldman R. above Lethbridge Hwy 3
AB05AG0010 - Oldman R. at HWY 36 N of Taber
AB05CC0010 - Red Deer R. at Hwy 2 above Red Deer
AB05CE0010 - Red Deer R. at Morrin Bridge
AL05CK0001 - Red Deer R. near Bindloss
AL05AK0001 - S. SK. R. at Hwy 41
SK05HB0087 - S. SK. R. Hwy 21 near Leader
SK05HF0129 - Lake Diefenbaker Riverhurst Ferry
SK05HF0205 - S. SK. R. Hwy 15 Near Outlook
SK05HH0267 - S. SK. R. at Clarkboro Ferry (left bank)

HYDAT Station
05BA001 - Bow R. at Lake Louis
05BE004 - Bow R. near Seebe
05BH004 - Bow R. at Calgary
05BM002 -Bow R. below Carseland Dam
05BM004 - Bow R. below Bassano Dam
05BN012 - Bow R. near the Mouth
05AD007 - Oldman R. near Lethbridge
05AG006 - Oldman R. near the Mouth
05CC002 - Red D. R. at Red Deer
05CE001 - Red D. R. at Drumheller
05CK004 - Red D. R. near Bindloss
05AJ001 - S. SK. R. at Medicine Hat
05CK004 + 05AJ001
05CK004 + 05AJ001
05HF004 - S. SK. R. below Gardiner Dam
05HG001 - S. SK. R. at Saskatoon

For water quality samples taken on a specific day (single-month samples), the water quality
sampling date was matched to the daily recorded flow for that same day. However, for monthlyadjusted data (where there was multiple within-month samples averaged to obtain a single water
quality value for that month) it was necessary to match the water quality samples to an averaged
monthly flow value to compare averaged water quality measurements to averaged flow
measurements.

IV.3.i-A
Models)

Step 1: Regression Technique Selection (Linear vs. Non-Linear

Plotting flow against the water quality measurements indicated some potential relationships
between water quality and flow, however in most cases this was not a simple linear relationship, as
shown by adding a simple least squares linear regression to the scatterplots. For example, Total
Nitrogen at Red Deer – Bindloss (AL05CK00010) versus flow, or conductivity at Bow – Lake Louis
(AL05BA0011). As you can see in figures 21 and 22 respectively, there is no simple linear
relationship demonstrated for flow and water quality for these two parameters.
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Scatterplot of Total Nitrogen vs Flow (Red Deer-Bindloss)
With Least Squares Regression
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Figure 21: Scatterplot of monthly averaged flow versus total nitrogen for station AL05CK00010 with a linear

least squares regression trendline.

Scatterplot of Conductivity vs Flow (Bow-Lake Louis)
With Least Squares Regression
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Figure 22: Scatterplot of monthly averaged flow versus conductivity for station AL05BA0011 with a linear

least squares regression trendline.
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Applying a LOESS smoothing function showed that some of these relationships are actually nonlinear, or curved. LOESS (or LOcal regrESSion) smoothing applies a line of best fit to the data
calculated in multiple “steps” in a manner similar to a moving average trend line. In LOESS
smoothing, localized subsets of data (groups of points) are used to calculate a weighted least
squares fit for each point of data in the scatterplot. The smoothing parameter, α is the proportion
of data used in each fit, and is between 1 and (λ+1)/n with λ as the degree of the local polynomial
and an nα number of points. Local polynomials calculated for each data subset are either linear or
quadratic, resulting in a straight or curved best fit line for that subset of data. A predetermined
weight is given for data points nearest the point of estimation and the least weight to point further
away. Regressions were calculated in Minitab, with a default weight of 0.5 and using 6 iterative
steps (the greater the number of steps or subsets, the smoother the function). Weighting is applied
using the tri-cube weight function: 𝑤(𝑥) = (1 − |𝑥|3 )3 I[|𝑥| < 1]. A more complete description of
the application of the LOESS smoothing function can be found in NIST/SEMATECH (2012) and
Jacoby (2000).
As shown in figure 23, most relationships between flow and water quality parameter measurements
were non-linear, as indicated by the curved best fit line:

Scatterplot of Conductivity vs Flow (Bow-Lake Louis)
With Lowess Regression (f0.5 & 6 steps)
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Figure 23: Scatterplot of conductivity versus flow including a best fit line using LOESS smoothing function
(produced in Minitab).
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IV.3.i-B

Step 2: Curve Fitting

Since most relationships between flow and water quality were not linear, as demonstrated by the
scatterplots of flow versus water quality (scatterplots can be found in Appendix E), it was necessary
to test several curved (non-linear) models against the data and select a function which best
describes the non-linear relationship. There are a number of models available to select from using
standard curve fitting software such as R Statistics, ExcelSTAT, or Minitab. Of these models, 6
were chosen based on their likelihood to fit the flow-water quality relationship:
1. Polynomial (cubic, quadratic)
2. Logarithmic
3. Exponential
4. Power
5. Log-Logistic
6. Michaelis-Menten

Using excel, 3 or 4 possible regression models were fitted to the model and selected for further
testing in Minitab based on the R² coefficient of determination (figure 24). A further description of
this coefficient can be found in section IV.3.i-C.

Figure 24: An example of curve fitting using Excel (logarithmic regression for conductivity and flow at Bow-Lake
Louis).
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IV.3.i-C

Step 3: Determining Selection Criteria for Flow-WQ Models

Which is the BEST Model?
For non-linear regression, as with all types of regression, an evaluation of model fit depends on the
discrepancy between the observed value, and the fitted value, called the residual or model error.
The sum of squares of the model error (SSE) is an overall measurement of this discrepancy, in
other words, a measure of the different between observed values and the estimation model
(residuals). It is calculated by subtracting the observed value (𝑦) from the estimated value given
by the model (𝑦̂) and squaring the results, and is therefore called the sum of the square of the
residuals. The smaller the residual sum of squares, the better the model estimation will be. The
residual sum of squares can be described by the equation:
𝑆𝑆𝐸 = ∑𝑛𝑖=1(𝑦𝑖− 𝑦̂𝑖 )²
The ability of a model to predict the values of a population depends on only on the characteristics
of the model itself (how well it fits the data), but also on the variance within the population of the
data sample as well. This is the variance due to randomness within the same, or some other
unknown factor creating variance across sample values that the model is not able to account for.
The difference between the predictive model and the sample variance can be estimated by dividing
the sum of squares of the model error (sum of squares of the residual) by the degrees of freedom in
the sample, yielding the mean squared model error (𝑀𝑆𝐸) and is described by:
𝑀𝑆𝐸 = ∑(𝑦𝑖 − 𝑦̂)²/(𝑛
− 𝑝) = SSE / DFE (error degrees of freedom)
𝑖
where 𝑛 is the number of samples, and 𝑝 is the number of parameters included in the model.
The mean squared error is therefore an estimate of the variance about the population regression
line (𝜎²), the root of which is the standard error of the regression, also known as the root mean
square, or the standard deviation of the residuals, and is usually denoted as 𝑆 or 𝑆𝑦𝑥 .
𝑆 = √𝑀𝑆𝐸
Across any given set of fitted models, the “best” fitting model will be the one which minimizes the
error between the model and the observed values, and will therefore have the smallest 𝑆𝑦𝑥
(Motulsky and Ransnas, 1987).
Page 109

Water Quality in the South SK River Basin

Does the best model adequately fit the data?
While the standard error (𝑆𝑦𝑥 ) can be used to determine the best fitting model across any given set
of fitted models, it does not clearly define whether or not any one given model can adequately
predict the value of 𝑦 given the value of 𝑥.
In linear models of regression, it is widely accepted to use the proportion of variation in a variable
𝑦 that can be accounted for by the model as a measurement of the adequacy of that model in
representing the relationship between 𝑦 and some predictor, 𝑥. Often it is measured from the sum
of squares of the distances of the points from the model best fit line (Motulsky and Christopoulos,
2003).
This variation, commonly denoted as 𝑅2 , or the coefficient of determination, when applied to linear
models of regression, is usually calculated as the proportion of variance of 𝑦 within the model over
the variation of values within the sample or:
∑(𝑦−𝑦̂)²

1 − ∑(𝑦−𝑦̅)²

(1)

Where 𝑦̂ is the fitted 𝑦 value as determined by the linear regression model (Anderson-Sprecher,
1994), and 𝑦̅ is the mean of the values in the sample. For linear regression, the total sum of squares
for all values in the sample is the same as the regression sum of squares (the difference between the
model and the sample mean) plus the residual sum of squares (the different between the model
predicted 𝑦 and the sample 𝑦 values), or SStot = SSreg + SSerr which is calculated by:
∑(𝑦 − 𝑦̅)² = ∑(𝑦̂ − 𝑦̅)² + ∑(𝑦 − 𝑦̂)
Where 𝑦̂ is the 𝑦 value for each given 𝑥 as predicted by a linear model with the equation 𝑦 = 𝛼 +
𝛽𝑥 as with equation (1). 𝑅2 is therefore the proportion of the residual sum of squares (sum of
squares of model error, SSerr) divided by the total sum of squares (SStot), or:
1−

𝑆𝑆𝑟𝑒𝑔
𝑆𝑆𝑒𝑟𝑟

As a result, when applied to linear regression, 𝑅 2 is unitless, varies from 0.0 (no fit) to 1.0 (a
perfect fit), and can be interpreted as the proportion of variance within the sample than can be
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expressed by the model, or the percentage of variance in the sample that can be predicted by the
linear model when multiplied by 100.
However, while the use of 𝑅2 is widely accepted in linear regression modeling to determine the
goodness of fit for a linear model, controversy exists over the use of the 𝑅2 value when applied in
the context of non-linear (curved) models. Some statisticians have insisted that application of 𝑅2
to non-linear models must be done with caution, while others have stated that it can be used in the
same way regardless of model type, but the controversy centers on the argument that the equations
and definitions used to calculate 𝑅2 can differ significantly when applied to linear versus non-linear
models despite the use of the same term “coefficient of determination” and the common symbol
𝑅 2 (Kvalseth, 1985). Therefore caution must be applied when using software or some other means
to calculate 𝑅2 as the results may or may not have the same meaning or applicability as intended,
depending on which equation(s) are used. A fairly comprehensive list of these alternate equations
can be found in Kvalseth (1985). To ensure the same coefficient of determination is used for all
models, 𝑅2 will be manually calculated for each model based on equation (1) instead of using
statistical software.
In addition, a second argument against the application of the coefficient of determination to assess
model fit is that while 𝑅2 can be used to directly compare nested models, the use of 𝑅2 to determine
absolute model adequacy or model fit across dissimilar models (a linear model compared to a nonlinear model, for example) is erroneous because it has a slightly different meaning when applied to
linear versus non-linear models. As demonstrated, in simple linear models the coefficient of
determination can be interpreted as the proportion of the sample variance that can be accounted
for by the model, however, in non-linear models the total sample variance is not always equal to the
regression sum of squares plus the residual sum of squares, and as a result, using equation (1)
results in a coefficient of determination which is biased according to sample size, the number of
variables in the model, and of course, the model equation (Anderson-Sprecher, 1994).
Consequently, a linear and a non-linear model may yield different values for the coefficient of
determination, yet they may demonstrate the same model fit according to the mean squared error.
In addition, the application of any minimum 𝑅2 across multiple model types could rule out models
that actually demonstrate adequate model fit according to other model fit criteria. Therefore the 𝑅2
coefficient was used to select the best fitting model (of the models applied), but not to assess
whether the selected model demonstrates adequate model fit.
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ANOVA TEST
A perfect regression model should create a best fit line that passes through all points of the
available data. However, even for a perfectly fitted model, repeat observations of 𝑦 for any given
value of 𝑥 using a second set of response values will yield observations that do not fall on this
perfect fit line, even if the conditions of observation are the same as the original set of data. The
deviations in the second set of recorded values for 𝑦 are due to purely random variation, or noise.
The sum of squares of pure error (SSpe) measures this variation, and can be calculated if there are
repeated observations of 𝑦 for a given value of 𝑥 within a sample dataset. In essence, this is an
estimation of the variation that would result from a perfectly fitted model if such a model were
possible. The sum of squares of pure error, or the sum of the squared deviations for the pure
model, for all levels of 𝑥 can be obtained by summing all the deviations for which there are
repeated observations (𝑥𝑖 ). The sum of squares of pure error is therefore calculated as (Reliasoft
Corporation, 2012):
𝑚𝑖

𝑛

𝑆𝑆𝑝𝑒 = ∑ ∑(𝑦𝑖𝑗 − 𝑦̅𝑖 )2
𝑖=1 𝑗=1

Where 𝑖 is the 𝑖th level of 𝑥 with repeated observations (𝑥𝑖 ), 𝑦̅𝑖 is the mean of the 𝑚𝑖 repeated
observations corresponding to 𝑥𝑖 , and 𝑦𝑖𝑗 is each observation of 𝑦 for the given value of 𝑥. The
corresponding mean square for the perfect error variance can be calculated from (Reliasoft
Corporation, 2012):
𝑛

𝐷𝐹𝑝𝑒 = ∑ 𝑚𝑖 − 𝑛
𝑖=1

Unless there are an equal number of repeat observations of for all levels of 𝑥, in which case degrees
of freedom for the balanced model can be calculated more simply as 𝑛𝑚 − 𝑛 for 𝑚 number of
observations at each 𝑥.
The mean square for the pure error is therefore calculated as:
𝑀𝐸𝑝𝑒 =
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If the model does not fit all observations perfectly, there are two components of the error sum of
squares: the pure error due to repeat observations, and the variation not captured because of the
imperfect model, which is the sum of squares due to lack of fit. This lack of fit error is the deviation
of the applied model from the theoretical perfect fit model. This lack of fit error can be calculated
from the sum of squares of pure error from the theoretical perfect model (𝑆𝑆𝑝𝑒) and the error sum
of squares from the actual applied model (𝑆𝑆𝑒):
𝑆𝑆𝑙𝑜𝑓 = 𝑆𝑆𝑒 − 𝑆𝑆𝑝𝑒
The mean square of the lack of fit is then:
𝑀𝑆𝑙𝑜𝑓 =

𝑆𝑆𝑙𝑜𝑓
𝑛−2

The sum of squares and mean square from the lack of fit statistic indicates how far the given model
is from a theoretical perfectly fitting model (ReliaSoft, 2012). A standard ANOVA 𝐹 test can then
be applied to determine if, given the perfect and imperfect nested models, whether there is a
significant difference between them. In other words, whether the given applied model “fits” the
data within a desired level of confidence. The 𝐹 test statistic is then calculated from the mean
square of the perfect and imperfect models, using:
𝐹 = 𝑀𝑆𝑙𝑜𝑓/𝑀𝑆𝑝𝑒 or

∑𝑛
̅ 𝑖 −𝑦̂𝑖 )²/(𝑛−𝑝)
𝑖=1 𝑛𝑖 (𝑦
𝑚𝑖
2
𝑛
∑𝑖=1 ∑𝑗=1
(𝑦𝑖𝑗 −𝑦̅𝑖 ) /(𝑁−𝑛)

Which means 𝐹 is a ratio of the “fit” or deviance from the theoretical perfect and applied imperfect
models. The critical value of 𝐹 is given according to the desired confidence level and degrees of
freedom, and can be found using software, online tools, or critical 𝐹 values from any statistical
textbook. The critical 𝐹 statistic reveals whether to accept or reject the null hypothesis (𝐻𝑜 ): the
model fits the data. If the 𝐹 statistic is greater than the critical 𝐹 value, the null hypothesis is
accepted. Similarly, if the p value is greater than the desired level of confidence (a standard of 0.05
applies in most cases), the null hypothesis is accepted (or more correctly, there is a failure to reject
the null hypothesis) and the model can be considered to adequately fit the data.
The calculation of the 𝐹 statistic, however, relies on the assumption that there are repeated
observations of 𝑦 for a given level of 𝑥 within the sample dataset. If there are no such “repeated”
observations available, the 𝐹 statistic cannot be calculated and the lack of fit test cannot be applied.
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Therefore where available, the ANOVA lack of fit test at the standard of 0.05 confidence level (95%
confidence) will be used to determine the adequacy of model fit for the best available model
selected according to the smallest sum of squares (𝑆) and the largest 𝑅² value.

Assessing Fit:
Out of a possible 3-4 best fitting models, each model was tested using a curved fitting algorithm
available in Minitab Statistical Software (Gaussian iterative algorithm) and assessed for fit given a
number of criteria:
1. Which is the best model?
a. Which model has the lowest ‘S’ statistic (smallest standard sum of squares)?
b. Which model has the highest R² value (coefficient of determination)?
2. Does the “best” model adequately fit the data?
a. Does the ANOVA lack of fit test indicate the model fits the data? (using the F test
statistic at a given confidence level of 0.05).
b. What do the residuals look like following the regression?
c. Does the model “appear” to fit the data?
d. Are the residuals randomly distributed about the best fit line?
e. Are the residuals normally distributed?

Using the above criteria, models were selected, applied, then assessed for model fit. For example,
for conductivity at Bow River – Canmore (AL05BE0013) which is shown in figure 25.
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Fitted Regression (Conductivity vs. Flow) - Log-Logistic

COND = 220.681 + (336.784 - 220.681) / (1 + exp(8.10743 * lnQ / 79.4147)))
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Figure 25: Fitted regression plot for conductivity versus flow using Log-Logistic regression (Bow River – Canmore).

A summary of model fit indicated the best fitting model across four tested models (quadratic
polynomial regression, power regression, log-logistic regression, and a cubic polynomial
regression) was the log-logistic regression model at an S statistic of 29.4643 and an R² value of
0.375. At the chosen confidence level (0.05) the ANOVA lack of fit F statistic and calculated p value
for the test indicated a significant relationship (p value at 0.94 was > 0.05) and therefore the null
hypothesis for the ANOVA lack of fit test was rejected (there is no fit) and the model can be
considered to fit the data at 95% confidence.
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Summary of Model Fit:
mean:

297.72

R^2= 1- (RSS/TSS)
TSS: 357190.92
RSS
(SSE)
234900
239360
223113
230649

Quad polynomial
Power Regression:
Log-Logistic
Cubic Polynomial

R^2
0.342369
0.329882
0.375368
0.354270

S
F
P
30.1739
67.16
0.000
30.4002
0.79
0.872
29.4643
0.73
0.940
29.9578
47.00
0.000

An examination of the residuals indicated a god model fit, but also showed that the model is
somewhat inadequate for very low and very high levels of flow:
Residual Plots for COND (Log-Logistic)
Normal Probability Plot
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IV.3.i-D

Step 4: Model Application

Models were tested for all water quality parameters, at all sampling stations, for 20 water quality
parameters (all initially selected water quality parameters minus total arsenic and dissolved
magnesium due to constraints in data availability). The results of these tests for stations along the
South Saskatchewan River can be found in Appendix F. In most cases log-log regression was the best

fitting model for conductivity and flow, while total nitrogen could not be reliably predicted using flow
using any of the tested regression models. A summary of the results can be found in tables 7, 8 and 9
below.
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Flow Station
05BA001
05BE004
05BH004
05BM002
05BM004
05BN012
05AD007
05AG006
05CC002
05CE001
05CK004
05AJ001
CK004 + AJ001
CK004 + AJ002
05HF004
05HG001

WQ Station #
AL05BA0011
AL05BE0013
AB05BH0010
AB05BM0010
AB05BM0590
AB05BN0010
AB05AD0010
AB05AG0010
AB05CC0010
AB05CE0010
AL05CK0001
AL05AK0001
SK05HB0087
SK05HF0129
SK05HF0205
SK05HH0267

Station
Bow - Lake Louis
Bow - Canmore
Bow - Cochrane
Bow - Carseland
Bow - Cluny
Bow - Ronalane
Oldman - Lethbridge
Oldman - Taber
Red Deer - Hwy 2
Red Deer - Morrin
Red Deer - Bindloss
S SK Hwy 41
S SK Leader
S SK Riverhurst
S SK Outlook
S SK Clarkboro

T Ammonia
-----------------

D Chloride Chloro-A
--------------Log-log
-------Exponential -Power
--------

Table 7: Summary of Flow-Water Quality Modeling (Parameters A - F)

Conductivity
Log-Log
Log-Log
Log-Log
----Power
Log-log
Log-Log
Log-Log
Logarithmic
Power
----

T Copper
-----------------

DOC Fecal Coli.
---------------------------------

D Fluoride
-Log-log
---------------
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Flow Station
05BA001
05BE004
05BH004
05BM002
05BM004
05BN012
05AD007
05AG006
05CC002
05CE001
05CK004
05AJ001
CK004 + AJ001
CK004 + AJ002
05HF004
05HG001

WQ Station #
AL05BA0011
AL05BE0013
AB05BH0010
AB05BM0010
AB05BM0590
AB05BN0010
AB05AD0010
AB05AG0010
AB05CC0010
AB05CE0010
AL05CK0001
AL05AK0001
SK05HB0087
SK05HF0129
SK05HF0205
SK05HH0267

Station
Bow - Lake Louis
Bow - Canmore
Bow - Cochrane
Bow - Carseland
Bow - Cluny
Bow - Ronalane
Oldman - Lethbridge
Oldman - Taber
Red Deer - Hwy 2
Red Deer - Morrin
Red Deer - Bindloss
S SK Hwy 41
S SK Leader
S SK Riverhurst
S SK Outlook
S SK Clarkboro

T Lead
Exponential
----------------

Table 8: Summary of Flow-Water Quality Modeling (Parameters G - P)

T Nitrogen
-----------------

NO2 NO3
Log-log
--Log-log
-------------

D Oxygen
-Cubic Poly
-----Power
Log-log
--------

pH T Phosphorus
-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --
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Flow Station
05BA001
05BE004
05BH004
05BM002
05BM004
05BN012
05AD007
05AG006
05CC002
05CE001
05CK004
05AJ001
CK004 + AJ001
CK004 + AJ002
05HF004
05HG001

WQ Station #
AL05BA0011
AL05BE0013
AB05BH0010
AB05BM0010
AB05BM0590
AB05BN0010
AB05AD0010
AB05AG0010
AB05CC0010
AB05CE0010
AL05CK0001
AL05AK0001
SK05HB0087
SK05HF0129
SK05HF0205
SK05HH0267

Station
Bow - Lake Louis
Bow - Canmore
Bow - Cochrane
Bow - Carseland
Bow - Cluny
Bow - Ronalane
Oldman - Lethbridge
Oldman - Taber
Red Deer - Hwy 2
Red Deer - Morrin
Red Deer - Bindloss
S SK Hwy 41
S SK Leader
S SK Riverhurst
S SK Outlook
S SK Clarkboro

D Sodium
-Logarithmic
-----Power
---Power
-----

Table 9: Summary of Flow-Water Quality Modeling (Parameters Q – Z)

D Sulphate
-Log-Log
-----Power
Log-log
Log-log
Power
Logarithmic
-----

Temp
-----------------

TDS
---Log-log
---Log-log
Log-log
Log-log
Power
Logarithmic
Power
----

Turbidity
Exponential
--------------Power

T Zinc
-----------------
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IV.3.ii

Water Quality Parameters That Are Related to Flow

If a relationship to flow can be modeled by any of the equations tested in this curve fitting exercise,
this has several consequences for the interpretation of water quality on the South Saskatchewan
River. For parameters which are highly driven by flow, such as turbidity, total dissolved solids, and
dissolved sulphate, it can be expected that during periods of high flow there will be a resulting
increase in measurements or concentrations for that parameter. For example, figure 19 shows
turbidity plotted with flow where both follow the same seasonal patterns.
For the above three parameters (turbidity, total dissolved solids, and dissolved sulphate), a reliable
relationship can be found between flow and water quality measurements. Using this model, for
some sampling stations it is then possible to make an estimated prediction of water quality based
on flow. In addition, for water quality sampling, it will be crucial to measure these parameters
during periods of high flow to ensure sampling captures the peak, or highest
concentration/measurement, of that parameter.
This has practical applications for storm water outflow monitoring as well. Stormwater discharges
during snowmelt or precipitation events can contribute to turbidity and total dissolved solids in the
receiving waterbody.
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