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Abstract: Urbanization of natural areas leads to vegetation removal, replacement of pervious with
impervious surfaces, and drainage channel changes leading to increased stormwater flows and pollutants
from physical, chemical and biological origins flowing into receiving water bodies. Determination of these
pollutant loadings can be accomplished via sampling (as part of a monitoring program) and/or model
estimations. Although sampling can be the most accurate method for determination of pollutant loadings, a
major issue is its accuracy relies on the need for comprehensive samples over time with substantial time
and cost issues. Modeling using land-uses, rainfall, and GIS mapping can be a potential supplement for
monitoring, especially for locations with numerous stormwater outfalls. For example, Saskatoon, SK, has
over 100 outfalls to the South Saskatchewan River (SSR) that cannot reasonably be comprehensively
monitored. Currently, we use GIS mapping and land-use based pollutant loadings to determine the
stormwater loadings to the SSR including total suspended solids (TSS), chemical oxygen demand (COD),
biochemical oxygen demand (BOD), nutrients, metals, and polyaromatic hydrocarbons (PAHs). The seven
outfalls studied cover 36% of Saskatoon’s total area with single-family residential land use found to be the
most dominant across Saskatoon at 34%, followed by green, industrial and commercial with 21%, 14% and
11% respectively. The 23 St W area was found to be primarily commercial and industrial uses with the
largest predicted area loadings of: 20,000 kg/km? TSS, 9,500 kg/km? COD, 1000 kg/km? BOD, 225 kg/km?
TN, 40 kg/km? TP, 4-26 kg/km? metals, 0.075 kg/km? PAHS.

1 INTRODUCTION

Urbanization changes existing land uses making pervious areas into impervious surfaces thus altering the
natural surface runoff pollutant characteristics which impact receiving waters (Barbosa et al., 2012; Jartun
& Pettersen, 2010). Urbanization also increases various anthropogenic activities on the catchment surfaces
which generates pollutants of physical, chemical and biological origin that are eventually washed out to
water bodies during storms (Borris et al., 2016; Goonetilleke et al., 2005; Jartun & Pettersen, 2010). These
increased urban runoffs are major contributors of organics, metals, and other pollutants that can led to
receiving water degradation (Jarvelainen, Sillanpaa, & Koivusalo, 2017). Determination and mitigation of
stormwater pollutant loadings is a major area of investigation by municipalities within Canada and beyond.

Many approaches to stormwater management have been considered in Canada and worldwide, however,
there is a particular issue with current conveyance systems that release stormwaters directly into
waterbodies without any treatment (Burns et al. 2012). Stormwater contains numerous pollutants including
total suspended solids (TSS), chemical oxygen demand (COD), biochemical oxygen demand (BOD),
nutrients (total nitrogen, TN; total phosphorus, TP), metals (Pb, Zn, Cu, Cr, Ni), and polyaromatic
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hydrocarbons (PAHs), among others. Suspended solids affect light penetration, impact receiving habitats,
and are often considered as a universal water quality parameter (Rossi et al., 2013; Rugner et al., 2013).
Suspended solids originate from wear of streets and paved areas, construction sites, corrosion of vehicles
and building materials, atmospheric fallout, anthropogenic wastes, and rooftops, among others. (Barbosa
et al., 2012; Bjorklund, 2011; Goonetilleke & Thomas, 2003). BOD and COD are indicative of the degree of
organic pollution in the water environment (Lee at el., 2016; Lee & Nikraz, 2015). Vegetation such as leaves
and fecal matter from animals such as dogs, cats and birds are the main sources of biodegradable organic
matter (Barbosa et al., 2012; Goonetilleke & Thomas, 2003). Nutrients including nitrogen and phosphorus
arise from fertilizers used in many residential, commercial, and agricultural applications. Heavy metals are
of concern due to their potential toxicity and their non-degradability (Goonetilleke & Thomas, 2003; Hvitved-
Jacobsen et al. 2010). Heavy metal sources are vehicles, tire wear, fuel and lubricating oils, road wear,
industrial processes, corrosion of road traffic signs, and road metallic structures and building materials
(Bjorklund, 2011). PAHSs originate from both anthropogenic and natural sources, although anthropogenic
sources are of main concern in stormwaters (Goonetilleke & Thomas, 2003). Sources of PAHs include
incomplete combustion of gasoline and diesel fuels, oil combustion, bitumen and asphalt, abrasion of tire
and asphalt, urban construction plastic materials, waste incineration, and lubricating oil (Bjérklund, 2011;
Brown & Peake, 2006). Interestingly, TSS are used as a proxy for pollutant loads as a many of the above
pollutants are found adsorbed onto stormwater solids (Rossi et al., 2005; Rugner et al., 2013). Clearly,
urban stormwaters are highly contaminated wastewaters that need treatment prior to their release.

The pollutants of interest listed above are distributed differently in urban areas based on land uses. The
majority of urban stormwater runoff pollutants have nonpoint sources originating from both impervious and
pervious surfaces. Impervious, human-made surface sources may include paved parking lots, streets,
driveways, roofs, and sidewalks. Pervious areas may include gardens, bare ground, unpaved parking
areas, construction sites, and undeveloped areas which may closely mimic the natural landscape. Overall,
all urban areas have the potential to contribute significant amounts of pollutants. For example, according
to the Nationwide Urban Runoff Program (NURP), residential, commercial, and light industrial areas can all
contribute significant amounts of pollutants to receiving waters (USEPA, 1983). More recently, these urban
areas have been grouped into land use classifications including residential, commercial,
roadways/highways, agricultural, undeveloped or ‘green’ areas, light/heavy industrial, and undeveloped
areas (Jarveldinen et al., 2017). These areas can be delineated in urban areas using GIS and can be
coupled with measured areal pollutant loadings and rainfall data to estimate the pollutant loadings to
receiving waters. Currently, areal pollutant loadings for Saskatoon catchments have not be determined;
however, previous study loadings may be used as a starting point for model estimations.

Pollutant loading estimation has been one of the greatest challenges for stormwater management due to
the high variability of storm events, both short-term (daily) and long-term (seasonally and yearly), and
numerous potential pollutant sources (Sakson & Brzezinska, 2018). Loadings can be determined either
through monitoring studies with intensive sampling and/or via modelling studies using rainfall, areal
loadings, and GIS land-use classifications. Modelling pollutant loadings has been limited by low reliability
when applied to larger scales as it is dependant on the variability of total rainfall, drainage area, land use
and impervious area (Barbosa et al.,, 2012). Loadings estimation via monitoring is challenging due to
inaccurate sampling, high costs for sample analysis of many constituents, and lack of resources to collect
samples (personnel and/or automated sampling) (Jarveldinen et al., 2017). The best approach may be to
use modelling, informed by sampling regimes, to better determine pollutant loads by using climate, accurate
land use, imperviousness, and surface pollutant concentration data for urban areas (Cheema et al., 2017).

The determination of impacts of stormwater runoff from the City of Saskatoon (COS), SK on the South
Saskatchewan River (SSR) has been limited due to lack of comprehensive studies (McLeod et al., 2006).
Clearly, there is a need to acquire a better understanding of urban runoff in the COS and its associated
processes (i.e. pollutant build-up and washoff) to determine the potential impacts of pollutant loadings to
the SSR. The objectives of this study are: (i) to delineate land uses for seven large stormwater catchment
areas of the COS using GIS; (ii) use previous literature areal pollutant loading information and regional
rainfall data (summer 2018) to estimate pollutant concentrations from each of these catchments; (iii) to
estimate the total pollutant loadings and areal loadings from urban runoff of these catchments into the SSR.
The pollutants estimated include total suspended solids (TSS), chemical oxygen demand (COD),

GEN126-2



biochemical oxygen demand (BOD), metals (Pb, Zn, Cu, Cr, Ni) and polyaromatic hydrocarbons (PAHSs).
In the future, this predictive method will be used to compare and contrast actual sampled SSR loadings.

2 METHODOLOGY

2.1 Study Area

The seven study catchment areas are located on the banks of the SSR in the COS (52° 07’ N, 106° 38’ W).
The COS has a total area of 228.13 km?2 and a population of 246,376 making it the largest municipality in
Saskatchewan, Canada (Statistics Canada, 2016). The Saskatchewan climate is continental, dry, and
averages 2,268 hours of sunshine annually. The summer is the wettest season with average annual
precipitation of 340 mm. The COS has high pollutant mass accumulation in catchment areas as a result of
long dry periods between successive summer storms. The COS has separated stormwater sewers with
over 100 outfalls, many being directed without treatment to the SSR. Of these, 14 outfalls have catchment
areas greater than 100 ha (1 km?2) (Figure 1) with seven of these considered in the current study (Table 1).
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Figure 1. The fourteen major stormwater catchment areas of the City of Saskatoon (based on City of
Saskatoon maps) including the seven current study areas. Stars (*) indicate rain gauge stations.

Table 1. Selected COS stormwater catchment areas and their characteristics.

Catchment Name Area (km?)  Relative Area (%) Primary Type

Wanuskewin Road 25.50 11.18 Light Industrial
Circle Dr S Bridge 24.60 10.78 Residential

McPherson Avenue 9.58 4.20 Light Industrial
17th StW 9.27 4.06 Residential

Agra Road 7.20 3.16 Undeveloped
14th StE 4.27 1.87 Residential

23rd St W 2.73 1.20 Commercial & Industrial
Total 78.88 36.45

2.2 Land Use Analysis by GIS

Geographic information system (GIS) and land use data can be used to estimate pollutant loadings coupled
with rainfall-runoff models (Jato-Espino et al., 2016). Land uses characteristics can include the number of
impervious surfaces, vehicles, industrial debris, leaf and animal litter, surface slopes and soils, and
hydrological and meteorological characteristics of an area (Stranger et al., 2010). The seven catchment
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areas considered in the current study (Table 1) were divided into several land use classes following
Jarvelainen et al. (2017) in which the city centre was considered as commercial area. Recent land-use
information from the COS and Google Earth Pro were used to classify land uses and delineated via ArcGIS.
All delineated polygons of the same land use classes were summed to get the total area for that land use
class. Land use by roads were estimated based on finding the percentages of roads for each class using
five randomly selected areas within each catchment area.

2.3 Rainfall, Runoff Coefficients, and SMC Values

The eight rain gauges for COS (Figure 1) were used to determine the COS rainfall information for each
individual catchment given rainfall depths are often localized (COS, 2016). Average pollutant concentration
for each catchment was determined via the site mean concentration (SMC) which is the geometric mean
of multiple rainfall’'s event mean concentration (EMC) over a duration (e.g., seasonally for the current study,
6 months in total) in which EMC is the total pollutant mass per event volume (Charbeneau & Barrett, 1998).
For the current study catchment areas, average SMC values (Table 2) were considered based on Melanen
(1981), Mitchell (2005), Nordeidet et al. (2004) and Jarvelainen et al. (2017) given the lack of available land
use SMC information for the current catchments in Saskatoon. To estimate runoff during a rainfall event,
runoff coefficients (CR) are required that are the ratio of total depth of runoff to total depth of rainfall
(Mahmoud et al., 2014). For the current study, COS’s CR values were used as shown in Table 3.

Table 2. Flow weighted site mean concentration (SMC) values for the different land use classes (average
and standard deviation) from studies including Melanen (1981), Mitchell (2005), Nordeidet et al. (2004) and
Jarvelainen et al. (2017). Note that the PAHs were only measured by Jarvelainen et al. (2017).

Class TSS COD BOD TN TP Pb Zn Cu Cr Ni  PAHs
(mg/l) (mg/L) (mg/L) (mg/k) (mg/L) (ug/L) (uglL) (pglt) (pg/L) (ug/L) (ug/L)

SR AVG 100 57 8.5 1.9 0.3 60 144 32 49 165 04
SD 81 36 0 0.6 0.1 50 109 175 35 19 0

MR  AVG 118 68 8.5 2 0.3 73 252 395 13 21 0.6
SD 47 45 0 5 0.1 71 87 8 8 13 0

R AVG 271 120 24 23 0.3 114 237 55 20 29 0.8
SD 175 62 0 05 005 117 42 16 17 2. 0

HW  AVG 288 117 24 2 0.5 166 327 64 10 15 1.4
SD 148 70 0 0.3 03 139 173 31 4 21 0

CM  AVG 19 91 10 1.9 0.3 145 260 84 14 24 0.6
SD 160 61 0 03 005 140 136 71 9 8 0

IN AVG 194 91 10 1.9 0.3 145 260 84 14 24 0.6
SD 160 61 0 03 005 140 136 71 9 8 0

GR AVG 84 38 7.9 1.8 0.3 3 116 19 7 15 0
SD 61 2.8 0 0.2 0.1 30 110 125 0 0 0

AG  AVG 84 38 7.9 1.8 0.3 3 116 19 7 15 0
SD 61 2.8 0 0.2 0.1 30 110 125 0 0 0

Table 3. The land use classification used currently based on Jarveldinen et al. (2017). Runoff
coefficients (CR) considered in the current study follow the COS guidelines (COS, 2018).

Land use class Acronym CR  Description

Single-family Residential SR 0.30  Single dwelling house

Multi-family Residential MR 0.60  Multiple separate housing units within building

Roads R 0.95  With average traffic less than 15,000 vehicles/day

Highways HW 0.95 With average traffic more than 15,000 vehicles/day

Commercial CM 0.60 Downtown, central business district, shopping
centre, university, hospital etc.

Industrial IN 0.60 Industrial area

Green GR 0.10  Parks, forests, meadows and undeveloped area

Agricultural AG 0.05 Cultivated area
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2.4 Calculation of Pollutant Loads

Seasonal (summer 2018) pollutant export rates were calculated based on the following equation by Legret
and Pagotto (1999) and shown as

PV

L :ﬁﬁzl'e (1)

Where, where L (kg) is the seasonal pollutant load, P (mm) represents the seasonal precipitation, Pe (mm)
is the precipitation during each storm event, V (m?) is the seasonal runoff volume, Ve (m3) is the runoff
volume computed for each storm event, and Le is the pollutant load for each individual storm event. The
pollutant load for each storm event (Le) was calculated as

L, =cV, (2)

Where, c represents the mean concentration of the pollutant constituent (mg/m?) for each runoff sample.
Ve was obtained as:

Ve = RX(A(CR)) (3)

Where, A (m?) is the measured drainage area per land use and CR represents runoff coefficient of each
land use in the studied catchments.

2.5 Estimation of Pollutant Loads

Pollutant export rates for Summer 2018 were calculated for individual pollutants for each of the land use
classes within all catchments areas following Novotny (2003). Briefly, equations (4) and (5) were used to
determine monthly pollutant loads calculations as follows:

Lyqa = (CR)P(SMC) (4)

Where, Lua (kg/km?) is the monthly unit area load, CR (dimensionless) is the runoff coefficient as presented
in Table 3, P (mm) is the monthly precipitation depth, and SMC (mg/L) is the characteristic event-volume-
weighted SMC.

Lot = LygA (5)

Where Lt (kg) is the monthly pollutant export rate, and A (km?) is the total area occupied by the individual
land use class.

3 RESULTS AND DISCUSSION

3.1 Land Use Analysis

The seven catchment areas were divided into the various land use classifications are shown in Figure 2.
Overall, except for the Wanuskewin Road catchment, all the catchments areas have significant amounts of
single-family residential areas (SR: 20-54%) (Figure 3a). Wanuskewin Road is comprised of mostly green
(GR: 55%) and industrial (IN: 37%) area with a small percentage of roads and highways. The majority of
Agra Road is green (GR: 60%) and single-family residential area (SR: 25%). The 17th St W and Agra Road
are the only two catchment areas with agricultural (AG) land use. The 14th St E catchment is commercial
(CM) and industrial (IN) land use dominated with over 50%. Roads (R) and highways (HW) are found in
each catchment but at low areas, while multiple-family residential (MR) areas are found in five catchment
areas but in low areas. Clearly, each catchment has significantly different area usages and, by inference,
will have variability in expected pollutant loadings to the SSR.
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Figure 2. Land use analysis of the studied catchment areas. Legend areas acronyms are in Table 3.
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Figure 3b represents overall land uses for the seven catchment areas that make up 36% of the COS total
area. Single-family residential (SR) land use is the most dominant across the COS comprising 34%,
followed by green (GR), industrial (IN), and commercial (CM) with 21%, 14% and 11% respectively. Land
use by roads (R) are less than 10% of COS total area. The lowest land use in COS is the agricultural (AG)
at 2% as itis found in few catchments, whereas highways (HW) and multi-family residential (MR) represent
4% and 6% of the overall area. For comparison, Bannerman et al. (1996) found 47% residential area, 8%
commercial area, 6% industrial area, and 20% of combined green and agricultural area in Milwaukee,
Wisconsin, USA. Additionally, Luck and Wu (2002) found residential areas dominated within the city of
Arizona, NV, USA comprising 35% overall area. In contrast, study areas of Lahti and Espoo in Finland
determined by Jarvelainen et al. (2017) were dominated by agricultural (58%).
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Figure 3. Distribution of land use classes for the individual study catchments (a) and overall COS (b).

3.2 Pollutant Export Estimates for Summer 2018

Predicted loadings of the seven catchment areas were determined using SMC concentrations and 2018
rainfall data (Figure 4). Overall, Circle Drive S Bridge and Wanuskewin Road catchment areas had the
highest predicted loadings for all pollutants as expected based on their larger areas (25.5 and 24.6 km?,
respectively). These two catchments account for approximately 70% of all pollutants into the SSR. The
Agra Road catchment produced the lowest projected loadings given it has a large amount of green (GR)
area which would be anticipated to have less available pollutants as well as less runoff based on a low CR
(0.1 from Table 3). The remaining catchments show that 14th St E and 23rd St W contributed less pollutant
loadings as compared to McPherson Avenue and 17th St W, and these are generally proportional on the
total areas for each of these catchment areas.

The approximate pollutant loadings from all catchments into the SSR over 2018 are: 1,230,000 kg TSS,
571,000 kg COD, 88,300 kg BOD, 13,000 kg TN, 2,100 kg TP, metals ranging from 80 to 1,500 kg, and 4.3
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kg PAHs. These loadings would be scattered throughout the year due to various rainfall events. For future

consideration,

the pollutant loadings per unit area will be useful to extrapolate the impacts of land uses of

catchment areas on pollutant loadings, as well as to predict the impacts of changes in land uses within
catchment areas. In addition, these values can more readily be compared to previous studies as shown
below. As a commercial and industrial dominated area, the 23rd St W catchment contributed the largest
amount of all pollutants based on area with: 20,000 kg/km? TSS, 9,500 kg/km? COD, 1,000 kg/km? BOD,
225 kg/km2 TN, 40 kg/km?2 TP, metals ranging from 4-26 kg/km2, and 0.075 kg/km2 PAHs. The Agra Road
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Figure 4. Total estimated pollutant loads to the South Saskatchewan River.
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and Wanuskewin Road areas produced the least amount of pollutants per unit area because of their large
green land uses, despite Wanuskewin Road having a relatively large area making it a higher total
contributor to loadings. For comparison, Sillanpaa (2013) estimated loadings for urban developed areas in
the City of Espoo, Finland and found similar yearly loading ranges of TSS (12,900-54,800 kg/km?2), COD

(2,670-4,700 kg/km?), TN (560-2,290 kg/km?), and TP (26-65 kg/km?). Additionally, Melanen (1981) studied
three different types of residential area, commercial area and driveways and found TSS (10,000-100,000
kg/km?), COD (10,000-50,000 kg/km?), BOD (1,000-10,000 kg/km?), TN (200-1,000 kg/km?), and TP (20-
200 kg/km?). For the COS, McLeod et al. (2006) studied Avenue B S, Taylor Street and Silverwood
catchment areas for a period of two years study and found: TSS: 21,200 kg/km? for Avenue B S, 5,700
kg/km? for Taylor Street, 7,100 5,700 kg/km? for Silverwood; COD: 7,300 kg/km? for Avenue B S, 2,400
kg/km? for Taylor Street, 1,000 kg/km? for Silverwood; TN: 218 kg/km? for Avenue B S, 79 kg/km? for Taylor
Street, 17 kg/km? for Silverwood; and TP: 48 kg/km? for Avenue B S, 24 kg/km? for Taylor Street, 5 kg/km?
for Silverwood. Despite similarities, each catchment area and region will be expected to have different
loadings based on land usage, catchment topography, and rainfall event timing, durations, and volumes.

4 CONCLUSIONS

The current study predicted the loadings for seven different COS stormwater outfalls into SSR during
summer of 2018. The seven catchment areas were dominated by single-family residential (SR) land use at
34%, with smaller amounts of green (GR), industrial (IN) and commercial (CM) land uses with 21%, 14%
and 11% respectively. Pollutants considered were total suspended solids (TSS), chemical oxygen demand
(COD), biochemical oxygen demand (BOD), nutrients (TN, TP), metals (Pb, Zn, Cu, Cr, Ni) and
polyaromatic hydrocarbons (PAHs).These seven catchments accounted for 36.5% of the total land area in
the COS and contributed estimated loadings in 2018 of 1,230,000 kg TSS, 571,000 kg COD, 88,300 kg
BOD, 13,000 kg TN, 2,100 kg TP, metals ranging from 80 to 1,500 kg, and 4.3 kg PAHs. These loadings
are distributed throughout the rainfall season (approximately 6 months), thus it is difficult to determine if the
loadings would result in exceedances of CCME (Canadian Council of Ministers of the Environment) (CCME,
2011) guidelines. Further research is being conducted to assess actual samples as part of a monitoring
program to determine how the actual samples compare to these GIS-based model estimations. This work
will include 14 catchment areas of the COS and will be presented as a continuation of this study.
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