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ABSTRACT 
Surface water in rivers as a major component of water resources is susceptible to influences 

posed by natural factors besides anthropogenic activities. However, different from anthropogenic 

activities, the effects of natural factors are often beyond human control. This thesis aimed to 

understand how riverine water quality responds to hydro-meteorological conditions, especially 

flow and precipitation. The investigation of the hydro-meteorological response of riverine water 

quality was conducted through statistically analyzing hydro-meteorological variables and eleven 

water quality data collected from three rivers in Alberta, Canada, and their river basins during the 

time period of 1988 - 2014.  

Both flow and water quality parameters, in general, showed significant seasonal variation in 

the rivers. The dependence of water quality on flow was investigated in three flow regimes, which 

were formulated based on flow magnitude. The water quality parameters were categorized into 

eight groups using cluster analysis based on their response pattern to flow. The results suggest that 

water quality parameters respond to flow differently under different flow regimes due to their 

different physical nature and their different contribution sources.  

To investigate the meteorological response of riverine water quality, the linkages between 

river flow and precipitation and between river water quality and precipitation were focused. The 

results showed the significant dependency of river flow as well as most of the water quality 

parameters on cumulative antecedent average areal precipitation (AAP). Furthermore, the 

qualitative response of water quality to the three categories of cumulative antecedent AAP, which 

were classified according to its magnitude, was observed. In general, a higher amount of 

precipitation, which is associated with a higher flow, would results in the decrease of some water 

quality parameters by diluting or the increase of some water quality parameters by mobilizing and 

transporting pollutant into rivers. Overall, similar water quality responses to flow and precipitation 
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were confirmed. Therefore, all the results obtained in this thesis suggest that riverine water quality 

management, especially for the rivers whose variation in flow is primarily driven by precipitation, 

should take hydro-meteorological condition into the consideration. 
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CHAPTER 1: INTRODUCTION 

Water quality management is an important aspect besides water quantity management in water 

resources engineering. To date, the understanding of the physical processes governing water 

quality of receiving water bodies including rivers and lakes is still insufficient as water quality 

phenomena are complicated and naturally multidimensional. Besides anthropogenic activities 

which generate pollution and alter land use, several factors such as geological, meteorological, and 

hydrological conditions largely contribute to the spatial and temporal variation of water quality in 

aquatic environments. A review of the effect of the hydrological conditions (especially flow) and 

the meteorological conditions (especially precipitation) on riverine water quality was given in 

Chapters 3 and 4, respectively. The following sections would provide a short introduction to 

several topics including pollution source, water quality management, and water quality modelling 

and data analysis, respectively.   

1.1 POLLUTION SOURCE 

There are two different types of pollution sources that contribute pollutant loading to receiving 

water bodies. These two sources are the point source and non-point source. Point source pollution 

is the pollution that can be easily recognized/quantified and controlled. Effluents from wastewater 

treatment plants and industries, which are often released into receiving water bodies at designated 

locations, are typical examples of point source pollution. Pollutant loadings from point sources are 

often approximately constant in terms of water quality level and water quantity during a year, 

although temporal trend over a long-term period might present. The contribution of point source 

pollution in terms of pollutant loading is fundamentally independent of the metrological and 
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hydrological conditions. The attenuation of the effect of point source pollution can be fulfilled 

such as through enhancing treatment efficiency using a variety of means (Jarvie et al., 2006). 

In contrast to point source pollutants, non-point source pollutants exist ubiquitously on the 

land surface and they are often discharged into receiving water bodies from non-designated 

locations. A typical example is the stormwater runoff, which mobilizes and transports various 

contaminants accumulated on the land surface, and drains into receiving water bodies. In urban 

settings, stormwater runoff has also been collected and discharged into water bodies through 

stormwater outfall pipes; however, quality and quantity measurement of stormwater runoff is not 

feasible as the outfall pipes are situated in numerous locations. Thus, the pollutant loadings from 

non-point sources cannot easily be tracked/quantified, if not impossible, and be controlled because 

of the nature of non-point source pollution. Pollutants on land surface are in general resulted from 

various anthropogenic activities such as agricultural activities and the use of road salts which are 

seasonal. The carrier of the pollutants, stormwater runoff, is also seasonal. Therefore, the pollutant 

loadings originated from non-point sources and their impact on receiving water bodies would be 

seasonal. Besides the seasonal nature of the effect of non-point sources, the impact of non-point 

sources is largely related to land use (Akbar, 2013). Studies by Kundzewicz and Krysanova (2010) 

and Carpenter et al. (1998) stated that agricultural activities are the major non-point source 

pollution, especially of nutrients, entering the surface waters. The excess load of nutrients added 

to water bodies would result in eutrophication and consequently deteriorates ecosystem and 

decrease the applicability of water for various beneficial uses (e.g., a supply of drinking water). In 

urban settings in cold climate, the use of road salt in winter is one of the major sources of chloride. 

High chloride concentration causes water acidification and mobilization of toxic metals by ion 

exchange. Variation of water salinity is directly influenced by flow as high chloride concentrations 



3 

 

are often observed in low flows while high flows dilute chloride (Nilsson and Renöfält, 2008, 

Interlandi and Crockett, 2003).  

1.2 WATER QUALITY MANAGEMENT 

Water quality issues can arise from several factors including anthropogenic contamination, 

extreme hydrological conditions (e.g., droughts and floods), and others. To comply with 

environmental requirements and regulatory expectations, water quality management is an essential 

component in water resources management. The approaches/methods adopted to manage water 

quality can be broadly classified into three categories: land use control, water body morphology 

control, and modification of discharge pattern  (Nilsson and Renöfält, 2008).  

Different types of land use (e.g., agricultural, forested and urbanized lands) impact water 

quality differently (Akbar et al., 2013). The change of land use can alter the hydrology cycle of a 

watershed by changing the infiltration rate, groundwater recharge, and baseflow amount (Fan and 

Shibata, 2015). Many studies (Brabec et al., 2002, Fan and Shibata, 2015, Tu, 2009) have 

investigated the change of water quality in surface waters resulted from projected land use changes 

to develop effective land use management plans to prevent water quality of water bodies from 

further degradation in the future. Overall, the change or control of land use would lead to the 

change of pollutants accumulated on the land surface and thus alter water quality in water bodies.  

On the other hand, water quality can be enhanced by changing water body morphology. Moses 

et al. (2011) conducted a study on the impact of lake morphology on water quality and concluded 

that the small surface area and volume of the studied lake, would reduce its dilution capacity. The 

same study ascribed higher concentrations of some water quality parameters such as phosphate 

(PO4
3-) to the shallow depth of the lake.  
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Among many exogenous factors influencing water quality of receiving water bodies, water 

quantity is believed to be one of the most influential factors affecting water quality (Alberta 

Environment, 2010, Whitehead et al., 2009, Prathumratana et al., 2008, Bowes et al., 2014). Water 

quantity affects water quality by means of washing off more pollutants into water bodies during 

high flow whereas by reducing the dilution capacity of water bodies during low flows (Hrdinka et 

al., 2012). A large number of studies has ascribed the variation of many water quality parameters 

to the variation of water quantity (Robinson et al., 2009, He et al., 2011, H Malan, 2003). 

Therefore, the seasonal variation of water quantity in water bodies, which is always present, leads 

to the seasonal variation of water quality by inducing seasonal variations of pollutant loadings, the 

contribution of point and non-point sources, and chemical and biological processes. As an 

example, a study by Conlan et al. (2007) showed that during the low flow period in a river, the 

decrease of ammonia concentration because of nitrification and the production of nitrate due to 

ammonia decay would be beneficial for algae growth and thus, result in the drop of dissolved 

oxygen (DO). The effect of water quantity on water quality could be more primary related to 

hydrological extreme events such as floods and droughts, as the natural dilution capacity of streams 

which helps in self-recovery of water bodies cannot help in maintaining their water quality (Yang 

et al., 2012). Therefore, the modification of flow pattern could be beneficial to improve water 

quality. Although the change of flow is often beyond human control, the modification of flow to a 

certain degree, for instance through controlling hydraulic structures, can be conducted. A study 

by Cha et al. (2009) at Yeongsan River, Korea suggested that releasing the excess water from 

the upstream dams during dry seasons could be helpful in improving water quality by diluting 

pollutants. On the other hand, the improvement of water quality can also be achieved by 

considering flow dynamics in water bodies to schedule the release of effluent from point sources 
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(e.g., wastewater treatment plants and industries). Nilsson and Renöfält (2008) stated that more 

effluent can be released during high flow seasons in which water bodies have higher dilution 

capacity compared to low flow seasons.  

Owing to the association between water quantity and water quality in water bodies, water 

quality management has attempted to address this causal relationship in practices recently. For 

instance, in Alberta, different management targets are determined based on stratified water quality 

data according to the seasons and/or flow conditions (Government of Alberta, 2014). Note that 

water quality management in Alberta was described in more details in Chapter 2. Differing from 

improving water quality by considering flow dynamics or modifying flow, the improvement of 

water quality by changing the land use and water body morphology is a chronic process.  

1.3 WATER QUALITY DATA ANALYSIS AND MODELLING 

One of the major tasks of water quality management is to attenuate or prevent water quality 

from further degradation, which hinders various beneficial uses of water resources in natural 

receiving water bodies, such as recreation and water resources reuse. Water quality of a water body 

is affected by multiple factors including meteorological, geological (land use) and hydrological 

factors, as well as physical, chemical, and biological processes. As a result, understanding water 

quality variation/change and water quality response to its explanatory variables is challenging but 

beneficial to establish more effective water quality management plans. To better understand water 

quality and thus predict water quality, two broad approaches namely data statistical analysis and 

modelling have been employed. Although physically-based models produce good results in 

modelling and prediction of water quality, they are often being developed on a site-specific basis 

and need many inputs as well as a large number of observations, which makes the model 

development more costly and time-consuming (Chang et al., 2015).  



6 

 

As an alternative to physically-based modelling approach, various data-driven modelling 

approaches have also been widely employed to investigate the change in water quality and to 

identify the causes of the change. The data-driven modelling has a major advantage over the 

physically-based modelling, as it can bypass the need for fully understanding physical processes 

to develop a model. The lack of understanding of complex systems has often hindered the 

development of physically-based models. The data-driven modelling approaches range from 

intuitive regression methods to soft computing technologies such as artificial neural network 

(ANN) modelling, which is preferable in modelling non-linear relationship between independent 

and explanatory variables. Although the non-linear relationship between water quality and its 

explanatory variables has been recognized, the use of linear approach has still been widely used 

due to its easy implementation. For instance, Tabari (2011) adopted both simple linear regression 

approach and Man-Kendall test, which is a non-parametric trend analysis, to investigate the 

temporal trend of water quality concentrations over a long-time duration on the Maroon River, 

Iran. Another study by Interlandi and Crockett (2003), in which linear regression approach was 

applied, concluded that flow rate, precipitation, and land use change have approximately an equal 

contributions to the changes of water quality parameters such as conductivity, alkalinity, sodium, 

and chloride concentration in their studied river.  

On the other hand, to depict the non-linear dependence between water quality and its 

influential factors, among a variety of data-driven approaches, ANN is one of most commonly 

used approaches. Singh et al. (2009) applied ANN method to estimate dissolved oxygen (DO) and 

biochemical oxygen demand (BOD) levels in the Gomti River, India and concluded that ANN is 

applicable to predict concentrations of the water quality parameters. Another study conducted by 

Ha and Stenstrom (2003) used ANN to predict the stormwater quality of different land use types 
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and their results proved the applicability of ANN. Although the use of ANN is advantageous in 

interpreting non-linear input-output relationship, the network optimization could be difficult and 

subjective (Kim et al., 2016) due to the lack of existing systematic approach for model 

development.  

Apart from the linear and non-linear data-driven modelling approaches, statistical analysis 

approaches, especially multivariate data analysis techniques, have been extensively used to 

understand the dependence between water quality and various potential influential factors and in 

turn the physical processes governing water quality in the literature. Pejman et al. (2009) applied 

the combination of Cluster Analysis (CA), Principal Component Analysis (PCA), and Factor 

Analysis (FA) to investigate the impact of influential variables on water quality in Haraz River in 

Iran. In this study, CA was used to divide water quality measurement stations into 3 groups based 

on the level of pollution (namely low, moderate and high pollution), and then PCA and FA were 

adopted to investigate the most important factors causing water quality variation at each level of 

pollution. A study by Zhang et al. (2009) also employed CA, PCA and Discriminant Analysis 

(DA) to group 18 water quality sampling sites and 12 months of a year into 3 groups and 3 periods, 

respectively, based on pollution level and river flow magnitude to investigate the primary 

influential variables resulting in water quality spatial and temporal variation as well as to identify 

possible pollution sources. Another example of using multivariate analysis, especially PCA and 

FA, is the study by Zare Garizi et al. (2011) in the Chehelchay River, Iran, which investigated the 

major causes of seasonal variation of water quality as river dilution capacity in high flow period, 

high concentrations during low flow period, non-point sources of pollution especially agricultural 

activities, and washing off the soil salts. In addition to the above-mentioned multivariate analysis 
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techniques, simple correlation analysis has also been broadly used in water quality studies (Singh 

et al., 2004, Hongve et al., 2004, Kundzewicz and Krysanova, 2010, Bouza-Deaño et al., 2008).  

1.4 THESIS LAYOUT 

This thesis consists of 5 chapters and Chapters 3 and 4 were written in the manuscript format 

for potential publication. Chapter 1 introduced several general issues related to water quality; while 

Chapter 2 gave a brief description of surface water quantity and quantity (especially rivers) in 

Alberta. Chapters 3 and 4 conducted analysis to identify the effect of the hydrological variable 

(flow) and meteorological variable (precipitation) on seasonal variation of various water quality 

parameters, respectively. Chapter 5 stated general conclusions and recommendations for future 

research. There is no individual chapter for literature review and study area introduction, can be 

found in Chapters 3 and 4. 
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CHAPTER 2: RESEARCH BACKGROUND 

2.1 WATER MANAGEMENT IN ALBERTA 

Canada is a water-rich country as it has 20% of world’s freshwater but 0.5% of world’s 

population. Among Canadian provinces, the province of Alberta has approximately 2.2% of 

Canada’s freshwater (Alberta Environment, 2010). Majority of the province population are 

residing in the southern part where extensive agricultural activities occur, which use 44% of water 

allocation in Alberta. In addition, oil sand industry in the central area near Fort McMurray uses 

8% of water resources as well (Kienzle, 2000) and more than 80% of the water is being recycled 

(CAPP, 2017d). Alberta has a diverse climate in terms of various temperature from -8 to -24 in the 

winter and from +24 to +16 in the summer from the south to the north and precipitation from 300 

mm/year in the southeast to 450 mm/year in the north and up to 600 mm/year in the mountains. 

The available water resources in Alberta come from various sources including lakes, rivers, and 

groundwater. These resources are managed by Alberta’s Water Act, which supports and promotes 

the conservation and management of water as well as allocating water resources to consumers 

annually. The water allocation is being updated each year based on many factors such as climate 

forecast conditions (e.g., dry vs. wet years) and priority and numbers of the stakeholders. 

According to the recent water allocation statistics, the majority of Alberta’s population primarily 

use surface water for drinking, agriculture, and recreation (Akbar, 2013).  

Alberta’s Water for Life issued in 2003, on the other hand, introduced the water management 

roadmap for short, medium and long-term period (Alberta Environment, 2003). This roadmap 

offers three main goals for formulating provincial water management strategies to ensure: 
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• Safe and secure drinking water supply  

• Healthy aquatic ecosystems 

• Reliable and high-quality water supplies for a sustainable economy 

To fulfill the above goals, the quantification of available water resources in terms of both 

quantity and quality and the capture of their variations and/or changes are indispensable to achieve 

a sustainable and efficient water management strategy.  

2.2 SURFACE WATER QUANTITY IN ALBERTA 

Water quantity in both surface water and groundwater is not stationary due to the changes 

and/or variations of anthropogenic activities (e.g., agricultural irrigation, the use of road salt, and 

industrial activities) and natural factors (e.g., hydro-meteorological conditions). Although rural 

Albertans largely rely on groundwater and there is an anticipated increasing trend in groundwater 

use in industry (Alberta Environment and Parks, 2017a), the majority (more than 97%) of the 

allocated water in the province comes from surface waters (Alberta Environment, 2010). 

Therefore, the management of surface water is crucial to supply all users with sufficient and high-

quality water. Surface waters in Alberta are coming from glaciers, lakes, reservoirs, and rivers. 

Available water quantity in the water bodies has often presented seasonal variation as well as 

changes over a long-time horizon. 

In Alberta, there are seven major watersheds including Athabasca River Basin, Beaver River 

Basin, Hay River Basin, Milk River Basin, North Saskatchewan River Basin, Peace/Slave River 

Basin and South Saskatchewan River Basin. Each watershed consists of one or more rivers with 

different climate and geographic conditions that affect water quantity and quality at each river. 

Rivers flow rates are being measured on a daily basis in different locations during short or long-
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term periods.  Table1, demonstrates the mean annual discharge for major rivers in Alberta as well 

as the mean annual runoff which would be one of the important contributors to water quantity and 

quality variation. Note that the detailed study area description can be found in Chapter 3 and 4 

under study area section.  

Table 1. Mean annual discharge and mean annual runoff values of major rivers in Alberta, 

using long-term data (Seneka, 2004).  

River Mean annual discharge (m
3
/s) Mean annual runoff (billion m

3
) 

Athabasca River at Athabasca 423 13.3 

Beaver River near Cold Lake 

Reserve 
19.4 0.6 

Bow River at Calgary 91.1 2.9 

Milk River at Eastern Crossing 

of International Boundary 
9.9 0.3 

North Saskatchewan River at 

Edmonton 
212 6.7 

Oldman River near Lethbridge 81.8 2.6 

Peace River at Peace River 1830 57.7 

Red Deer River 47.5 1.5 

South Saskatchewan River 190 7.4 

 

2.3 SURFACE WATER QUALITY IN ALBERTA 

Although annual and short-term water quality reports demonstrated good quality in surface 

waters, specifically rivers (Government of Alberta, 2017b), long-term studies showed the need to 
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concern about water quality in Alberta. Most of the major rivers in Alberta have natural increases 

in some water quality parameters that are associated with solids such as turbidity, suspended solids, 

metals, and phosphorus. In addition, rivers passing the boreal lands, tend to have high organic 

carbon concentrations (Government of Alberta, 2012). Another study result showed that the 

decline in river flow caused bacterial sedimentation during the long-term study in the Oldman 

River (Byrne et al., 2006). As well, the study conducted by Turnbiull and Ryan (2012) showed 

that although wastewater treatment plants helped to decrease pathogens and fecal coliform 

concentrations in the Bow and Oldman Rivers, significant increasing chloride concentration in 

downstream of urban areas was observed. Thus, the need to study the long-term variation of water 

quality in surface waters would help to understand the long-term issues of water quality in Alberta.  

Surface water quality guidelines, Environmental Quality Guidelines for Alberta Surface 

Waters, Guidance for Deriving Site-Specific Water Quality Objectives for Alberta Rivers, 

Guidelines for Canadian Recreational Water Quality, and Canadian Environmental Quality 

Guidelines have been developed to facilitate surface water quality management in Alberta. The 

overarching objective of water quality management is to protect the water resources for aquatic 

life, agricultural and recreational activities. The Environmental Quality Guidelines for Alberta 

Surface Waters, which was updated in June 2014, contains guidelines for surface water quality, 

sediment quality and tissue residue (Government of Alberta, 2014). Note that this guideline is not 

applicable for drinking water quality assessment. In the context of surface water quality, the water 

quality guidelines recommend having site-specific criteria for each watershed and study water 

quality variation under different flow regimes along with considering non-point sources of 

pollution on management policies (Government of Alberta, 2012). In addition, A Canada-wide 

Framework for Water Quality Monitoring guideline (2006), suggest installing flow gauge stations 



13 

 

close to water quality monitoring stations to study the hydrological effects on the water quality. 

The use of a single threshold for each water quality parameter ignoring the nature of seasonal 

variation of surface water quality posed by seasonal variation of anthropogenic activities and 

natural factors (e.g., hydrologic-meteorological conditions), is insufficient for effective water 

quality management. On the other hand, by seeing seasonal variation of water quality as well as 

hydro-meteorological parameters and the change in water quality during extreme events, floods 

and droughts (Hrdinka et al., 2012, Whitehead et al., 2009), there is a need to consider water quality 

variation under different flow regimes to understand the governing physical processes as well as 

potential sources of water quality variation under different flow regime (Nilsson and Renöfält, 

2008).  

TO understand surface water quality and help to develop effective water quality management 

strategies, several governmental, industrial or private groups have monitored water quality of the 

rivers, lakes, and groundwater wells in Alberta. Especially, Alberta Environment and Parks use an 

extensive monitoring, reporting and evaluating system for water quality control using these data, 

and most of the datasets and reports are freely available online. The provincial water quality 

monitoring program has been monitoring 17 water quality parameters at 23 locations on 12 major 

rivers in Alberta on a monthly basis and the long-term data is available from March 1987 to present 

although many non-detected and gapped data can be seen in the dataset. Some water quality 

parameters including turbidity, pH, temperature, DO, and conductivity are being measured in the 

field at the mid-depth of the river, since transporting the samples to laboratory affects the data 

values, and other water quality parameters such as nutrients, fecal coliform, and E. coli 

concentrations are being measured at the laboratory. These monitoring data has been used to 
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analyze Canadian Water Quality Index to assess the water quality levels of surface waters (CCME, 

2001, Akbar et al., 2013).  

2.4 RESEARCH OBJECTIVE 

In a surface water body, its water quantity and quality are governed and/or affected by many 

factors. These factors can be broadly categorized into two groups, namely anthropogenic and 

natural factors. Changes in the land use type which affect water quality and quantity is an example 

of the anthropogenic activities. Natural and climatic factors, on the other hand, have a direct or 

indirect effect on water quality by changes in temperature, precipitation etc. Since these factors 

could affect surface water differently in terms of time horizon, spatial domain, and magnitude, the 

investigation of their effects at different time and geospatial scales and even at different 

magnitudes of these influential factors is important. A better understanding of the effects of these 

factors or a better mapping of the relationship between water resources (quantity or quality) and 

these factors is indispensable to achieve a sustainable and efficient water strategy, especially for 

water quality management. This thesis did not intend to investigate all potential influential factors 

at various time scales. The overarching objective of this thesis was to investigate the seasonal 

variation of water quality in Alberta rivers and the effects of hydro-meteorological variables on 

the water quality variation under different hydro-meteorological conditions in selected Alberta 

rivers. The results are expected to provide useful knowledge to aid in formulating more efficient 

water management plans, in which flow and meteorological conditions are taken into 

consideration, in Alberta. The detailed objectives are to:  

• Investigate seasonal variation of water quality parameters; 

• Study the dependence of water quality under different flow regimes through statistically 

analyzing flow and water quality data;  
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• Study the potential linkage between water quality and precipitation using statistical analysis 

approaches. 
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CHAPTER 3: WATER QUALITY RESPONSE TO RIVER FLOW REGIME1 

3.1 INTRODUCTION  

Rivers, as an important surface water resources, are affected by anthropogenic activities in 

terms of their water quantity and quality. In the context of riverine water quality, anthropogenic 

activities alter non-point pollution sources (e.g., pollutants deposited on land surface and washed 

off by stormwater runoff) and point pollution sources (e.g., treated municipal wastewater effluent) 

in a watershed and consequently result in the variation of riverine water quality (Bowes et al., 

2008). On the other hand, natural factors including geographical and hydro-meteorological 

conditions of river watersheds are also keys to riverine water quality variation temporally and 

spatially. However, the effects of anthropogenic and natural factors are different in many ways 

(Pejman et al., 2009). For instance, treated wastewater effluent has often been released at a more 

or less constant rate during a year. In contrast, surface runoff from urban and rural settings has 

presented seasonal variation; therefore, they have different impacts on the water quality of water 

bodies (Singh et al., 2004, Fan et al., 2010). Furthermore, the effects of anthropogenic activities 

can be controlled in some ways by reducing pollutant loading and improving water treatment 

efficiency; whereas hydro-meteorological conditions variations, which would lead to the spatial 

and seasonal variation of water quality (H Malan, 2003, Nilsson and Renöfält, 2008), are often 

beyond human control.  

The above-mentioned anthropogenic and natural factors also affect riverine flow, which is 

linked with riverine water quality directly and/or indirectly (Nilsson and Renöfält, 2008). For 

instance, urbanization and deforestation alter quantity as well as the quality of stormwater runoff, 

                                                

1 This Chapter has been prepared for potential publication in a journal.  
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which drains into rivers (Chen and Chang, 2014). Climate variation or change would largely alter 

watershed hydrologic cycle, which affects the transport of pollutants (Whitehead et al., 2009). In 

other words, pollutants discharged into rivers from different sources, vary with the variations or 

changes in precipitation, snowmelt, and temperature change sequence in a year (Ouyang et al., 

2006, Bu, 2010, Zare Garizi et al., 2011). Especially, increasing precipitation could potentially 

increase the loading of some pollutants into rivers; whereas less precipitation can lead to river flow 

reduction and in turn, decrease the dilution capability of rivers (Prathumratana et al., 2008). In 

addition, in riverine environment, spatial and temporal variations of water quality have been well 

documented in the literature (Singh et al., 2004, Shrestha and Kazama, 2007, Li et al., 2014, 

Monica and Choi, 2015) and been associated with the variation of flow (Zhang et al., 2009, 

Hrdinka et al., 2012). Therefore, the existing body of knowledge suggests the need to manage 

water quality considering flow, especially different flow regimes, which would affect the 

contribution of various pollutant sources and the behavior of pollutants in watercourses (Nilsson 

and Renöfält, 2008, Ocampo-Duque et al., 2013).   

Regardless of the acknowledgment of the above issues, water quality guidelines often adopt a 

single threshold value for each water quality parameter of interest for management purposes. This 

obviously ignores the fact of varying water quality level due to the variations in pollutant sources 

and their relative contributions, and governing physical processes under varying hydro-

meteorological conditions (Poole et al., 2004). For instance, dissolved oxygen (DO) concentration, 

which clearly presents seasonal variation as well as variation at a finer temporal resolution (e.g., 

diurnal scale), is primarily impacted by biological processes such as photosynthesis and respiration 

of aquatic plants and microorganisms in addition to interface with the atmosphere. As a result, 

water resources management based on a single threshold approach, which is formulated on the 
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ground of ignoring the various nature of water quality and its related physical processes, might fail 

(He et al., 2011, Hrdinka et al., 2012). Besides from a practical perspective, several studies have 

explored feasible ways to attenuate pollution in water bodies considering flow dynamics. Nilsson 

and Renöfält (2008) and Yang et al. (2012) indicated that the enhancement of water quality can be 

achieved by controlling and modifying flow. In addition, Ng et al. (2006) proposed a program 

called Seasonal Effluent Discharge Program (SEDP), which considers the dilution capacity of the 

Yarra River to release treated wastewater, to improve river water quality and lower the cost of 

wastewater treatment. All these examples advocate the importance of understanding the role of 

flow on water quality when formulating efficient water quality management strategies and targets.  

Based on the above issues, there is a need to understand important water quality parameter’s 

response to flow, seasonally and spatially, mainly under different flow regimes, that are defined 

based on flow magnitude, to manage riverine water quality more effectively. This chapter selected 

three major rivers (Athabasca, Bow, and Oldman Rivers) in Alberta, Canada to investigate the 

above issue as an example. Specifically, seasonal variation of flow and selected water quality 

parameters were studied and the response of each water quality parameter under different flow 

regime (low, medium, and high flow) were investigated using correlation analysis. Besides the use 

of statistical techniques, this study also proposed the use of cluster analysis for categorizing flow 

response of water quality parameters and the potential source of each water quality pollutant was 

identified. The results obtained from this chapter provided insight into the effect of flow on riverine 

water quality and thus can help in enhancing riverine water quality management. 
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3.2 MATERIALS AND METHODS 

3.2.1 STUDY AREA 

The province of Alberta is situated in western Canada. The western part of the province is 

mountainous with warm chinook winds during winter time, while the eastern part is mostly flat, 

containing dry prairies. The northern part of the province has less frost-free days than the southern 

area with deserted weather in summer and lack of rainfall. Two most populated municipalities, the 

Cities of Edmonton and Calgary, are located in the central and southern parts of the province, 

respectively. The central area of the province is well known due to oil sand industry, while the 

majority of the land in the southern part is used for agriculture, especially grain and dairy farming. 

Alberta’s climate and temperature vary considerably from south to north. Overall, Alberta has cold 

winters with the average daytime temperature of -10°C in the south and -24°C in the north, while 

average summer temperature is +13°C in the Rocky Mountains and +18°C from the dry prairie to 

the south-east. The average annual precipitation in Alberta varies from a low of below 350 mm in 

the southeast to more than 600 mm in the mountains.  

Considering the availability of both flow and water quality data and multiple water quality 

stations on a river for spatial analysis, three rivers, including the Athabasca, Bow and Oldman 

Rivers, were selected for this study. Both the Athabasca and Bow Rivers originate from the Rocky 

Mountains, while the Oldman River starts from a small lake near the Mountains. The Athabasca 

River, which is the second longest and the only undammed river in Alberta, flows over a 1538 km 

pathway through snow-capped mountains, agricultural plains, boreal forests, wetlands, and small 

urban centers before joining the Lake Athabasca. The Athabasca river basin is situated mainly in 

the central part of the province and approximately 95,300 km2 in area, which is about one-fourth 

of the province surface area. Both the Bow and Oldman Rivers, situated in the southern part of 
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Alberta, flow through mountains, foothills, and prairies before they join the South Saskatchewan 

River. The Bow River is approximately 587 km long and its watershed is 26,200 km2 in size. The 

City of Calgary is the most populated community center within the river basin. The Oldman River 

watershed is 28,000 km2 and an approximate 200,000 population reside in the City of Lethbridge 

and rural areas.  

Among these three river basins, oil sand industry heavily relies on the Athabasca River for 

water supply, especially in the lower portion of the river; while the dominated anthropogenic 

activities in the upper portion watershed are forestry and agriculture in addition to industries such 

as coal mines and pulp and paper mills. In the Bow River Basin, several townships (Canmore, 

Cochrane, and Banff) are located in the upstream basin, where minor agricultural activities also 

occur; while urbanization and agriculture are dominant in the midstream and downstream 

watersheds, respectively. In the Oldman River watershed, forested lands are dominant in the 

western upstream watershed; while most land in the eastern downstream watershed is used for 

agriculture. All the three rivers are municipal wastewater-impacted rivers, especially the middle 

reach of the Bow River, where the City of Calgary, is situated in.  

Similar flow dynamics are demonstrated in all three rivers. In general, flow peaks in early 

summer (often in June) and declines to the baseflow and then remains at baseflow throughout late 

fall and winter. The flow starts to increase in early spring towards early summer until it peaks. The 

rivers are often covered by ice in winter, especially from mid-November to following mid-April.  

3.2.2 WATER QUALITY AND QUANTITY DATA 

Water quality in surface water bodies has been monitored by both governmental and private 

sectors since the 1940s; however regular monitoring schemes were established during the 1950s 

and 1960s when low oxygen levels were detected in some water bodies due to excess nutrient. As 
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water quality commonly varies spatially along a river, monthly water quality data collected in the 

time period of 1988-2014 from two or three long-term water quality monitoring stations on the 

three rivers, were used in this study. Figure 1, shows the locations of the selected water quality 

stations on the rivers. The three water quality stations, AB05BH0010, AB05BM0010, and 

AB05BN0010, on the Bow River, and three water quality stations, AB05AB0070, AB05AD0010, 

and AB05AG0010, on the Oldman River, are located in the upstream, midstream, and downstream 

of the rivers, respectively. The two water quality stations, AB07BE0010 and AB07CC0030, are 

situated in the midstream and downstream of the Athabasca River. Note that this thesis did not 

target any specific water quality parameters but rather investigating the water quality parameters 

whose data are available. Eleven water quality parameters including chlorophyll-a (Chl-a), water 

temperature (WT), DO, turbidity (TURB), dissolved organic carbon (DOC), total phosphorus 

(TP), total nitrogen (TN), pH, chloride (Cl-), sulphate (SO4
2-), and specific conductance (SC) were 

used in this thesis. The data sizes range from 178 to 323 and the non-detected data, which are less 

than 20%, were replaced by half of the detection limit (Field, 2011). 

Daily flow data were collected from the Water Survey of Canada, which monitors river flow 

across Canada. The flow gauge stations used are in close proximity to the water quality stations 

on the rivers. Two flow gauge stations (07BE001 and 07DA001) on the Athabasca River, and three 

gauge stations (05BH008, 05BM002 and 05BN012) on the Bow River, and three gauge stations 

(05AA024, 05AD007 and 05AG006) on the Oldman River are also shown in Figure 1. Note that 

flows on water quality sampling dates were extracted from the daily flow data sets and used in this 

study. Note that all the flow and water quality data were validated before publishing online.  
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Figure 1. The Study area, water quality and flow monitoring stations on the three studied 

rivers in Alberta.  
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3.2.3 STATISTICAL METHODS 

Since water quality data are often not normally distributed because of seasonal variation as 

well as the existence of outliers and censored data (Rravichandran, 2003, Singh et al., 2004, Tabari, 

2011, Li et al., 2014), non-parametric statistical analyses were adopted in this study. To investigate 

the seasonality of both flow and water quality, the Kruskal Wallis (KW) test (Appendix 2) was 

applied to identify if a significant difference exists among the medians of each dataset grouped by 

months. The KW test was performed at a significance level of 5% using MATLAB. As river flow 

often varies greatly in magnitude, flow was divided into three regimes, namely low, medium, and 

high flow regimes, based upon its magnitude, to investigate the water quality response to flow. 

The approach of the flow division can be found in the following section. To identify the 

dependence of water quality on flow, Spearman correlation coefficient between water quality 

concentration and flow was calculated under different flow regimes. In addition, the hierarchical 

cluster analysis (CA) (Appendix 1) was employed to categorize the flow response of water quality 

parameters using MATLAB. Cluster analysis is a popular technique (Bu, 2010, Hafizan et al., 

2011, Jung et al., 2016), to classify data set based on their similarities without any prior assumption 

and supervision. Hierarchical clustering is the most famous method which groups the similar 

parameters using the Euclidean distance. In this study, the calculated Spearman correlation 

coefficients in the three flow regimes were used as the inputs for the water quality parameters 

classification.    
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3.3 RESULTS AND DISCUSSION 

3.3.1 SEASONAL VARIATIONS OF FLOW AND WATER QUALITY PARAMETERS  

As expected, the significant seasonal variation of flow was detected at all flow gauge stations 

(except midstream gauge station on the Bow River) on these three rivers using KW test. Figure 2 

displays the seasonal variation of daily flow at the most downstream flow gauge stations, 

07DA001, 05BN012 and 05AG006 of the Athabasca, Bow and Oldman Rivers, respectively, as 

examples. In the box and whisker plots, the outliers highlighted by red are defined as a data point 

greater than the 1.5 interquartile range (namely the difference between the third quantile and the 

first quantile) above the third quartile or lower than the 1.5 interquartile range below the first 

quartile. Since the flow data were validated before publishing, the outliers identified by the above 

approach are remained into the datasets. The same definition of outliers and the outlier handling 

are applied to all water quality datasets in this thesis. As shown in Figure 2, in general flow in the 

rivers remains baseflow condition in winter months, especially from November to next March, and 

then starts increasing until peaking in June or July during the rainy season. Flow then gradually 

decreases after its peak until November. The average daily flows from upstream to downstream 

stations are 396 and 574 m3/s on the Athabasca River, 88, 136 and 93 m3/s on the Bow River, and 

38, 71 and 76 m3/s on the Oldman River. The average flow decreases from midstream to 

downstream stations on the Bow River. This might be ascribed to the massive water withdrawal 

for agricultural lands irrigation downstream of the City of Calgary. 

 



25 

 

 

Figure 2. Box and whisker plots of flow at (a) 07DA001 on the Athabasca River; (b) 

05BN012 on the Bow River; and (c) 05AG006 on the Oldman River. 

Similar to the flow, statistically significant seasonal variations were detected in all water 

quality parameters at all water quality stations except Chl-a and pH at the upstream water quality 

station on the Oldman River. The box and whisker plots in Figure 3 display the seasonal variations 

of three selected water quality parameters including TP, Cl-, and TN at the selected stations 

(corresponding to the selected flow gauge stations in Figure 2) on the rivers as examples. These 

water quality parameters demonstrate different seasonal variation patterns and they appear to be 

associated with the seasonal variation of flow but in different ways. Concentrations of some water 

quality parameters such as TP (Figure 3(a)) and TURB, which are associated with sediments and 

particulate matters, have the similar seasonal variation as flow. In many surface water bodies, most 
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TP was often found to attach to sediments (Neal et al., 2000, Brett et al., 2005). Concentrations of 

these water quality parameters are high when the flow is high, especially from May to July, and 

vice versa. This suggests that high flow mobilizes sediments in waterway and surface runoff also 

mobilizes and transports pollutants accumulated on the land surface into water bodies.  

However, the seasonal variation patterns of dissolved water quality parameters including Cl- 

(Figure 3(b)) and SO4
2-, and SC (a surrogate measure of dissolved solids), in general, appear to be 

opposite to that of flow. Namely, their low concentrations are often observed in late spring and 

summer when flows are relatively high; whereas their high concentrations are often measured 

during late fall and winter when flows are low. This suggests that flow might be the primary driver 

of their seasonal variations, especially high flow dilutes these pollutants.  

The seasonal variation of TN as shown in Figure 3(c) appears to be more complex compared 

to those of the above-mentioned water quality parameters. Furthermore, obvious differences in the 

seasonal variation of TN were observed among the rivers, and high TN concentrations were 

observed in both low and high flow conditions on the rivers (data not shown). In general, relatively 

high TN concentrations were observed in May, while low concentrations were measured in 

October on the Athabasca River. On the Bow and Oldman Rivers, TN concentration peaked during 

June except at the midstream and downstream stations of the Bow River, where the peak of TN 

concertation occurred in late fall and early winter, respectively and low TN levels were measured 

in July-August. All the observations indicate that the role of flow on TN is not as apparent as its 

roles on the other water quality parameters (e.g., TP and Cl-). TN is the sum of various species of 

nitrogen existing in both dissolved and particulate forms in water bodies (RAMP, 2017c). As flow 

affects the concentrations of dissolved and particulate pollutants differently, the seasonal variation 
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of such pollutants (like TN) would be a function of composition and sources of TN besides flow 

(RAMP, 2017c).  

 

Figure 3. Box and whisker plots of (a) TP at AB07CC0030 on the Athabasca River; (b) 

Cl- at AB05BN0010 on the Bow River; and (c) TN at AB05AG0010 on the Oldman River. 

The variation of other water quality parameters such as Chl-a, DOC, and DO (their variations 

not shown), are not simply similar or opposite to that of flow as their variation is directly or 

indirectly associated with aquatic plants and microorganism activities in water bodies. For 

example, in general, Chl-a concentration is always high during spring and early summer from April 

to June and DOC concentration often peaks during this period as well; while the concentrations of 

these parameters are low and more or less constant in months from late fall to winter. DO, which 

is likely largely affected by biological activities of aquatic algae and plants (He et al., 2011), 
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appears to have two peaks often observed in February-March and November. The lowest DOs are 

often measured between July and August after high flow and when water temperature peaks at all 

stations except the midstream station on the Athabasca River where low DO is observed in 

February. The seasonal variation of DO might be governed by the combination of flow impacting 

biomass growth, WT affecting the dissolvability of oxygen, and many others (e.g., nutrients which 

also affect biomass growth) (Shrestha and Kazama, 2007; Nilsson and Renöfält, 2008). Further 

studies are required to investigate the causes of different behavior of DO in the Athabasca River. 

WT has the same seasonal variation pattern as flow, but its peak is observed between July to 

September slightly lagging the flow peak; however, the seasonal variation of WT is believed to be 

primarily driven by meteorological conditions. Similarly, pH can be affected by many factors, e.g., 

biological activities and chemical composition of point and non-point pollution sources, which 

makes its variation stochastic. Therefore, the links between these water quality parameters and 

flow are not very apparent. 

3.3.2 DEPENDENCE OF RIVERINE WATER QUALITY ON FLOW 

The identified seasonal variation of flow suggests that different water sources contribute to 

river flow. It also implies that different pollution sources and physical mechanisms could 

govern/control water quality level in rivers in different seasons (Zare Garizi et al., 2011). 

Therefore, the dependence of riverine water quality on flow under three flow regimes (low, 

medium, and high flows) were investigated. The determination of the cut-off values used to divide 

flow regimes was subjective to a certain degree as they were determined by the observations of 

hydrographs, scatter plots between water quality and flow, and experimental runs of CA in this 

study. Basically, the low flow cut-off should be close to the flow magnitude before the prominent 
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increase in early spring. The medium flow cut-off was determined using the ratio of 1.4 defined as 

below.  

Peak flow-Medium flow cut-off
Medium flow cutoff-Low flow cut-off

= 1.4 

The low, medium, and high flow regimes were defined as below the low flow cut-off, between 

the low and medium flow cut-offs, and above the medium flow cut-off, respectively. Figure 4, 

displays the average hydrograph of daily average flow over the study period and the flow cut-offs 

for the upstream station (05AD007) on the Oldman River, as an example. The calculated Spearman 

correlation coefficients of water quality parameters and flow under low, medium, and high flow 

regimes are reported in Tables 2-4 for the Athabasca, Bow, and Oldman Rivers, respectively. 

 

Figure 4. The average hydrograph of daily average flow over the study period and the 

defined flow cut-off values at the upstream station (05AD007) on the Oldman River. 
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Table 2. Spearman correlation coefficients between water quality and flow in low flow 

(LF), medium flow (MF), and high flow (HF) regimes, respectively, on the Athabasca 

River. Correlation coefficients in boldface are statistically significant (p-value ≤ 0.05) 

and numbers in parentheses are sample sizes. 

Station 
At Athabasca Town 

(AB07BE0010) 

Fort McMurray 100 m above the 

confluence with Horse River 

(AB07CC0030) 

Flow 

regime 

LF 

(150) 

MF 

(97) 

HF 

(69) 

LF 

(95) 

MF 

(75) 

HF 

(58) 

Chl-a 0.509 0.192 -0.317 0.336 0.712 -0.535 

WT 0.266 0.542 -0.151 0.087 0.666 -0.039 

DO 0.517 -0.568 -0.009 0.335 -0.682 0.049 

TURB 0.565 0.563 0.636 0.268 0.617 0.576 

DOC 0.064 0.145 0.346 0.264 -0.009 0.386 

TP -0.187 0.443 0.601 -0.007 0.501 0.691 

TN -0.238 0.082 0.528 -0.171 0.131 0.552 

pH 0.350 -0.207 -0.477 0.284 0.202 -0.387 

Cl- -0.549 -0.225 0.025 -0.604 -0.617 -0.281 

SO4
2- -0.721 -0.579 -0.454 -0.576 -0.570 -0.269 

SC -0.778 -0.667 -0.500 -0.616 -0.800 -0.505 
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Table 3. Spearman correlation coefficients between water quality and flow in low flow 

(LF), medium flow (MF), and high flow (HF) regimes, respectively, on the Bow River. 

Correlation coefficients in boldface are statistically significant (p-value ≤ 0.05) and 

numbers in parentheses are sample sizes. 

Station 
Bow R. at Cochrane 

(AB05BH0010) 

Bow R. below Carseland 

dam 

(AB05BM0010) 

Bow R. near Ronalane 

bridge 

(AB05BN0010) 

Flow 

regime 

LF 

(171) 

MF 

(66) 

HF 

(48) 

LF 

(84) 

MF 

(61) 

HF 

(24) 

LF 

(239) 

MF 

(64) 

HF 

(20) 

Chl-a 0.130 -0.182 -0.340 0.033 0.131 -0.106 0.024 0.342 -0.378 

WT 0.307 0.534 -0.316 -0.247 -0.024 -0.374 -0.260 0.328 -0.005 

DO -0.220 -0.445 0.367 0.160 -0.008 0.563 0.264 -0.450 0.054 

TURB 0.032 0.181 0.527 0.065 -0.170 -0.508 0.309 0.275 0.466 

DOC 0.150 0.118 0.277 0.041 -0.132 0.008 -0.232 0.183 0.155 

TP -0.085 0.039 0.459 0.047 -0.167 -0.243 0.152 0.301 0.312 

TN -0.030 0.066 0.282 0.081 -0.148 0.127 0.271 -0.292 0.139 

pH 0.239 -0.166 -0.187 0.053 -0.052 -0.030 -0.253 0.218 -0.350 

Cl- 0.053 -0.176 0.161 0.018 -0.170 0.336 0.054 -0.459 -0.442 

SO4
2- -0.211 -0.497 -0.310 0.054 -0.075 0.197 -0.420 -0.323 -0.243 

SC -0.124 -0.511 -0.089 0.074 0.009 0.348 -0.039 -0.348 -0.405 

 



32 

 

Table 4. Spearman correlation coefficients between water quality and flow in low flow 

(LF), medium flow (MF), and high flow (HF) regimes, respectively, on the Oldman River. 

Correlation coefficients in boldface are statistically significant (p-value ≤ 0.05) and 

numbers in parentheses are sample sizes. 

Station 
Near Brocket 

(AB05AB0070) 

Above Lethbridge at 

highway 3 

(AB05AD0010) 

At highway 36 bridge 

north of Taber 

(AB05AG0010) 

Flow 

regime 

LF 

(141) 

MF 

(47) 

HF 

(15) 

LF 

(221) 

MF 

(77) 

HF 

(24) 

LF 

(238) 

MF 

(63) 

HF 

(23) 

Chl-a -0.216 -0.230 0.000 0.317 0.404 0.186 0.131 0.309 0.155 

WT 0.731 -0.278 0.129 0.298 0.099 -0.380 0.408 -0.229 -0.426 

DO -0.683 0.022 0.298 -0.217 -0.220 0.203 -0.308 -0.218 0.286 

TURB 0.423 -0.058 0.543 0.404 0.596 0.548 0.511 0.534 0.716 

DOC 0.440 0.185 0.110 0.392 0.128 0.245 0.362 -0.053 0.145 

TP 0.250 0.207 0.564 0.187 0.611 0.558 0.003 0.350 0.612 

TN 0.066 0.237 0.398 -0.248 0.336 0.432 -0.404 0.418 0.454 

pH -0.113 -0.525 0.157 0.303 -0.076 -0.421 0.371 -0.322 -0.427 

Cl- -0.269 0.020 0.358 -0.053 -0.275 0.351 -0.550 -0.419 0.059 

SO4
2- -0.636 -0.016 -0.393 -0.364 -0.360 0.023 -0.350 -0.279 0.139 

SC -0.534 0.039 -0.500 -0.222 -0.207 -0.222 -0.381 -0.122 -0.175 
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As illustrated in Tables 2-4, several water quality parameters were found to be dependent on 

flow consistently over different flow regimes at several locations. For instance, SO4
2- is 

significantly negatively correlated with flow in all three flow regimes at AB05BH0010 on the Bow 

River, and TURB is, in general, significantly positively correlated with flow in all flow regimes at 

the stations on the Athabasca and Oldman Rivers; however, the degree of the dependency appears 

to be varying under different flow regimes. In addition, significant but opposite dependency 

between some water quality parameters and flow was observed in the three flow regimes. For 

example, TP at AB07BE0010 on the Athabasca River and TN at AB05AD0010 and AB05AG0010 

on the Oldman River are significantly negatively correlated with the flow in the low flow regime; 

whereas they are significantly positively dependent on flow in both the medium and high flow 

regimes. TN at AB05BN0010 on the Bow River is significantly positively correlated with the flow 

in the low flow regime; whereas it is significantly negatively dependent on flow in the medium 

flow regimes. All these results demonstrate that the dependency and/or the degree of dependency 

of water quality on flow varies with flow regimes, and different pollution sources and/or physical 

mechanisms governing water quality in the rivers under different flow regimes (NCWQR, 2005).   

Among these investigated water quality parameters, parameters those are associated with 

particulate solids, e.g., TURB and TP, in general, show an increase with the increase of flow; 

furthermore, the dependency is stronger in the medium/high flow regimes than that in the low flow 

regime. On all the three rivers, stormwater surface runoff during the rainy season is one of the 

primary contributors to the river flow, thus it is certain that non-point source pollutants washed off 

by stormwater surface runoff can be ascribed to the primary cause of elevated TURB and TP levels 

in the medium/high flow regimes (Malan and Day, 2002). It should be noted that pollutant 

resuspension from river beds can also contribute to the elevated levels of TURB and TP (Bae, 
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2013). In contrast, dissolved pollutants (e.g., Cl- and SO4
2-) and their associated water quality 

parameters (e.g., SC) generally decrease with the increase of flow, which is the result of dilution 

of relative constant loading from either point and non-point source pollution (Bouza-Deaño et al., 

2008). TN, which often exists in both dissolved and particulate forms, appears to generally increase 

with flow under the medium/high flow regimes whereas its concentration shows a decrease with 

increasing flow in the low flow regime. These results might be explained by that the dilution effect 

of increasing flow on TN is predominant in the low flow regime; whereas the increasing flow 

mobilizes/transports more pollutants into rivers under the medium/high flow regimes (NCWQR, 

2005). Note that the responses of above-mentioned water quality parameters to flow at the stations 

on the Bow River, especially AB05BH0010 (upstream station) and AB05BM0010 (midstream 

station), appear to deviate from the general patterns observed on the Athabasca and Oldman Rivers. 

The Bow River watershed upstream of AB05BM0010 is heavily affected by anthropogenic 

activities as the most populated community center, the City of Calgary, is situated in (Figure 1). 

As for water quality parameters, such as Chl-a, DOC, DO, and pH, which would be associated 

with aquatic plants and/or their biological activities in water bodies, their consistent dependency 

on flow was not observed. The consistent association between WT and flow in the three flow 

regimes was not observed either. 

3.3.3 CATEGORIZATION OF THE WATER QUALITY RESPONSE TO FLOW  

As aforementioned, the water quality parameters, in general, respond to flow qualitatively 

and/or quantitatively differently. The CA categorized these water quality parameters into a total of 

eight groups based on their quantitative response to flow (namely Spearman correlation 

coefficient). A schematic diagram, which shows the variation patterns of the water quality with 

the flow for the eight groups, are displayed in Figure 5. Table 5, provides the list of the water 
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quality parameters falling in the groups at all water quality monitoring stations on the Athabasca, 

Bow, and Oldman Rivers.  

As illustrated in Figure 5, Group 1 shows the overall increase of water quality concentrations 

with the flow in all three flow regimes; while in contrast, Group 2 demonstrates the decreasing 

pattern with the increase of flow, in general. The water quality parameters in Groups 3-7 also 

depend on flow but they behave differently in different flow regimes. In Group 3, the parameters 

demonstrate a large variation and positively correlate with the flow in the low flow regime 

followed by an overall decrease with the increase of flow in the medium and/or high flow regimes. 

The variation pattern of Group 4 is similar to that of Group 3, however, the water quality 

concentration also increases with the increase of flow in the medium flow regime. In opposition 

to Group 4, Group 5 shows that water quality concentration decreases with the increase of flow in 

both the low and medium regimes in general; while it tends to increase with the increase of flow 

under the high flow regime. The variation pattern of water quality parameters in Group 6 is similar 

to that of Group 5 except that the increase of flow leads to the increase of water quality 

concentration in the medium flow regime. Water quality parameters in Group 7 generally decrease 

with the increase of flow in both low and high flow regimes, but they increase with the flow in 

medium flow regime. Water quality parameters whose concentration does not obviously depend 

on flow in all flow regimes are categorized into Group 8. 
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Figure 5. Schematic diagram of the eight groups (Groups 1-8) describing the different 

water quality responses to flow. Each group member for all the stations is specified in 

Table 5.  
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Table 5. Categorization of water quality response to flow at the stations on the Athabasca, 

Bow, and Oldman Rivers. 

Station Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 
Athabasca River 

AB07BE0010 
(midstream) 

TURB 
Cl- 

SO4
2- 

SC 

DO 
pH 

Chl-a 
WT 

- 
TP 

DOC 
TN 

- - 

AB07CC0030 
(downstream) 

TURB 
TP 

DOC 
TN 

Cl- 
SO4

2- 

SC 
DO 

Chl-a 
WT 
pH 

- - - - 

Bow River 

AB05BH0010 
(upstream) 

TURB 
TP 
TN 

DOC 

SO4
2- 

SC 
Chl-a 

pH 
WT DO - - Cl- 

AB05BM0010 
(midstream) 

- - - - - - - 

Chl-a        SC  
TURB       TP                  
DOC        DO 
SO4

2-         pH                    
WT           TN                     
Cl- 

AB05BN0010 
(downstream) 

TURB 
TP 

Cl- 
SC 

SO4
2- 

DO 
TN 

- - - 

Chl-a 
pH 
WT 

DOC 

- 

Oldman River 

AB05AB0070 
(upstream) 

TURB 
DOC 
TP 
TN 

SO4
2- 

SC 
WT - 

Chl-a 
pH 

Cl- 
DO 

- - 

AB05AD0010 
(midstream) 

TURB 
TP 

Chl-a 
DOC 

DO 
Cl- 

SO4
2- 

SC 

- 
pH 
WT 

- TN - - 

AB05AG0010 
(downstream) 

TURB 
Chl-a 
DOC 

DO 
Cl- 

SO4
2- 

SC 

pH 
WT 

 
- - 

TP 
TN 

- - 
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 It can be seen from Table 5 that many water quality parameters (e.g., TURB, TP, Cl-, SC, 

etc.) generally respond to flow consistently along each river (except the Bow River), while their 

quantitative dependency can be varying spatially on a river. On the other hand, the flow response 

of some water quality parameters, e.g., TN and DOC on the Athabasca River, and TN, WT, and 

pH on the Oldman River, and all water quality parameters on the Bow River demonstrates spatial 

variation on the rivers. For instance, the response of DOC to flow on the Athabasca River is 

categorized into Groups 6 and 1 at the midstream and downstream stations, respectively. The 

response of DO to flow at the water quality stations on the Bow River falls into three completely 

different groups, Groups 5, 8 and 3; and the variation pattern of pH on the Oldman River is 

categorized into Groups 5, 4, 3 at the upstream, midstream, and downstream stations, respectively.  

When comparing the three rivers, many water quality parameters, in general, show the similar 

response to flow along the rivers except the Bow River. Large changes in the water quality 

responses to flow along the Bow River might be ascribed to the impacts of various anthropogenic 

activities (including agricultural activities) concentrated in the middle and downstream 

watersheds, which could largely alter pollutant sources and consequently the behavior of water 

quality parameters (Akbar, 2013). As for the Athabasca and Oldman Rivers, water quality 

parameters including TURB, SC, Cl- and SO4
2-, in general, respond consistently to flow along the 

rivers, while other water quality parameters spread out in two or three different groups. All the 

results imply a less degree of anthropogenic influence posed on the water quality of the Athabasca 

and Oldman Rivers compared to the Bow River.   

The investigated water quality parameters can be broadly grouped into two distinct categories. 

One category of the parameters, which are directly affected by point and/or non-point pollution 

sources, include TURB, TP, TN, Cl-, SO4
2-, etc. As shown in Table 5, these parameters were 
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generally classified into either Groups 1, 2, or 6. The consistent increase of concentrations with 

flow characterized by Group 1 is mainly caused by the wash-off of non-point source pollutants by 

stormwater surface runoff and resuspension of pollutants in the river pathways (Helsel and Hirsch, 

2002). Thus, non-point sources primarily contribute to the increase of concentrations with the 

increase of flow. The water quality parameters, TURB and TP, are generally following the 

concentration-flow pattern characterized by Group 1, in addition, that TN, DOC, and Chl-a at 

several stations are also categorized into the same group. The water quality parameters classified 

into Group 2, which shows water quality concentrations decreasing with increasing flow, are 

predominantly affected by point sources (e.g., effluent from wastewater treatment plants). Point 

sources often discharge pollutants at relatively constant rates, and thus the increase of flow dilutes 

the pollutants and thus pollutant concentrations decrease (NCWQR, 2005). Dissolved inorganic 

pollutants (e.g., Cl-, SO4
2- , and SC) are often classified into Group 2 and thus point source 

contribution might be dominant (Kundzewicz and Krysanova, 2010). Note that TP and/or TN are 

also classified into Group 6 at the midstream station on the Athabasca River and the midstream 

and downstream stations on the Oldman River, and Groups 3 and 8 at the midstream and 

downstream stations on the Bow River. The concentration-flow curve of Group 6 indicates that 

the contribution of point sources is dominant in the low flow regime and the contribution of non-

point sources is more significant in the medium and high flow regimes; while Group 8 might 

suggest that both point, and non-point sources contribute approximately equally in all flow 

regimes. At the downstream station on the Bow River, the increase of TN concentration with the 

flow in the low flow regime and decreasing TN concentration with the flow in the medium and 

high flow regimes (Group 3) suggests that non-point source contributes more in the low flow 

regime and less in the medium and high flow regimes. Therefore, both point and non-point sources 
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contribute TN and TP to the rivers at the stations, and their relative contributions would determine 

their overall response to flow in different flow regimes. 

As for other water quality parameters, such as WT, which is primarily affected by 

meteorological conditions, and pH, DO, DOC, and Chl-a, which might be impacted by various 

biological activities of riverine plants (e.g., growth, photosynthesis, and respiration) as well as 

aquatic microorganism activities to a certain degree, they were classified into different groups on 

the rivers. Thus, the management of these water quality parameters to meet their requirements 

would be challenging, as more complicated processes are involved into.  

3.3.4 IMPLICATIONS FOR WATER QUALITY MANAGEMENT 

The majority of water quality parameters show prominent seasonal variations, which appear 

to be either consistent or opposite to the flow. Thus, the flow could be used as an important 

explanatory variable to describe water quality variation. In addition, opposite dependences (both 

positive and negative correlation) between some water quality parameters and flow were 

calculated in different flow regimes (Tables 2-4), which indicates that flow plays different roles in 

different flow regimes, namely, flow can either dilute pollutants or mobilize and transport 

pollutants into rivers. In different flow regimes, different pollutant sources (point and/or non-point 

sources) might primarily contribute to the elevated concentrations. Therefore, in general for water 

quality parameters affected by point and/or non-point sources, different management strategies 

should be formulated according to the behavior of pollutants to avoid elevated concentrations and 

the violation of water quality guidelines. For instance, if non-point sources primarily contribute to 

the elevated concentration, the surface runoff during high flow can be diverted and treated before 

discharging into rivers (Jarvie et al., 2006). The other option is to employ best management 

practices/low impact development technologies to treat stormwater at or in proximity to pollutant 
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sources. For parameters primarily affected by both point and non-point sources, attention needs to 

be paid in different flow regimes according to relative role of the pollutant sources in different 

flow regimes.  

The results from CA suggest that it might be rational to select several representative 

parameters, such as one parameter from a group, to be monitored to understand overall water 

quality variation in rivers. However, caution should be paid to the parameters which show spatial 

variation (along with a river) in terms of their response to flow. In addition, different water quality 

parameters might be needed for different rivers and even different locations on a river, as the 

grouping can be different from a river to a river and from a station to a station on a river. 

Recently, water quality managers have attempted to address the dependence between water 

quality and its influencing factors, e.g. flow, in their management practices (Nilsson and Renöfält, 

2008, Bowes et al., 2014, Cha et al., 2009). For instance, different management targets are 

determined based on stratified water quality data according to the seasons and/or flow conditions. 

The results obtained from this chapter strongly argue the necessity for managing water quality 

considering the flow regime, as pollution sources, as well as governing mechanisms. The use of 

same threshold values for management in different flow regimes might fail to capture changes in 

point and non-point pollutants in a watershed. Therefore, without taking flow regime into 

consideration, effective and efficient management might be not possible to achieve.     

3.4 CONCLUSION  

Many investigated water quality parameters presented seasonal variation either similar or 

opposite to the variation of flow in the studied rivers. In addition, the concentrations of water 

quality parameters generally responded to flow differently (either quantitatively and/or 

qualitatively) in three flow regimes (low, medium, and high flow regimes) according to the 
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calculated Spearman correlation coefficients between water quality parameters and flow. All these 

illustrated that flow is one of the primary driving forces of the variation of water quality in the 

riverine environment. The results from the CA, which categorized water quality parameters into 

eight distinct groups for the three rivers, confirmed the different flow response of these water 

quality parameters. The CA results also demonstrated the spatial variation of the flow response of 

some water quality parameters along a river, as the water quality parameters were classified into 

different groups. The spatial variation of the flow response of a water quality parameter could be 

ascribed to the change of pollution sources along the river. Among all the water quality pollutants, 

several of them (e.g., TURB, TP) primarily originate from non-point sources, while some (e.g., Cl-

, SO4
2-) are mainly from point sources. Several physiochemical water quality parameters (e.g., pH, 

DO), which are affected by biological activities directly or indirectly, appeared to generally 

demonstrate inconsistent flow response, as these water quality parameters showed opposite 

dependence on flow in different flow regimes. All the results implied that it is very challenging to 

manage riverine water quality due to the fact that different pollutant sources might contribute to 

elevated concentrations, and the relative contribution of different sources can be different under 

different flow conditions. Therefore, different management strategies are needed under different 

flow conditions besides at different locations. Guidelines should provide different thresholds 

specified for different flow regimes for efficient management.  

In the correlation analysis and CA, the determination of the flow cut-off values for dividing 

flow regimes was subjective to some degree in this study. Owing to the different physical nature 

of different pollutants, different cut-off values might be needed to stratify data for different water 

quality parameters. In addition, other natural stressors such as meteorological condition (e.g., 

temperature) and ambient environment could also affect water quality in the riverine environment. 
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As a result, data stratification under multiple dimensions is necessary, ideally, to establish 

management targets and strategies.  

 

  



44 

 

CHAPTER 4: WATER QUALITY RESPONSE TO THE VARIATION OF 

METEOROLOGICAL CONDITION - THE PRECIPITATION2 

4.1 INTRODUCTION 

Surface waters are one of the major sources for human and animal usage and its quality 

depends on many factors which are either natural or anthropogenic in nature. The impact of 

anthropogenic activities on water quality has been studied extensively in literature (Jarvie et al., 

2006, Bowes et al., 2011, Bowes et al., 2014)  and the previous studies have suggested the ways 

to improve water quality by mitigating pollutant loading from point source pollution, which is 

primarily produced from anthropogenic activities, such as increasing sewage treatment efficiency. 

The variations of natural factors such as meteorological and hydrological conditions, are beyond 

human control and vary seasonally in receiving water bodies including rivers and lakes. Therefore, 

the investigation on the effect of hydro-meteorological variables on water quality needs to be 

studied more in a finer scale to demonstrate their effects. As the representative variable of the 

hydrologic condition, surface runoff is the important water source fed into many rivers and carries 

a variety of pollutants into receiving water bodies (Zheng, 2002, Kalkhoff et al., 2016). The 

varying effect of flow on riverine water quality was demonstrated in different flow regimes in 

Chapter 3. The investigation of the associations of water quality with precipitation, which is the 

source of surface runoff, is required, as it is still lacking in literature especially in the finer scale 

(e.g., different magnitude of precipitation).  

                                                

2 This Chapter has been prepared for potential publication in a journal.  
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Precipitation as the main source of surface runoff generation (Dan et al., 2001), affects the 

runoff quality, quantity, and direction by its varied intensity and its spatial and temporal variation 

(Hongve et al., 2004). A number of studies in the literature have demonstrated the linkage between 

rainfall and pollutant loading. For instance, studies conducted by Rueda et al. (2007) and Chorus 

and Bartram (1999) demonstrated that heavy rainfall events can contribute to up to 80% and 400% 

of the average annual input of nitrogen and phosphorus into water bodies, respectively. Clark et 

al. (2007) also showed that from 36% to more than 50% of the annual DOC export occurs during 

high-intensity rainfall events. Many of studies have also demonstrated the increase of 

concentration of pollutants during storm events and high rainfalls (Göransson et al., 2013, 

McCarthy et al., 2012, Chen and Chang, 2014, Bae, 2013, Hamilton and Luffman, 2009). Heavy 

rainfalls especially after a long dry period, could wash-off a lot of pollutants into rivers as they 

have been accumulated in the runoff path and available for transport by runoff (Bae, 2013). 

Moreover, the negative effect of precipitation is more obvious in extreme hydro-meteorological 

conditions. For example, the flooding occurred on the Elbe River in Germany in 2002 was ascribed 

to result in elevated nutrient levels and in turn, fish kills as the surface runoff generated from the 

extreme precipitation washed-off a large amount of nutrient into the river (Kundzewicz and 

Krysanova, 2010). From the climate change perspective, many existing studies have reported the 

possible increase in the occurrence of extreme events such as floods and droughts and the 

magnitude of the extreme events in a changing climate. Hence, the variation of hydro-

meteorological conditions is expected to be enlarged and thus lead to an even larger variety of 

pollution transport (Delpla et al., 2011, St Laurent and Mazumder, 2014, Grum et al., 2006, 

Epstein, 2005).  
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The previous studies concluded the linkage between precipitation and water quality, therefore 

it is important to consider the meteorological conditions, especially precipitation when managing 

water resources. In a study conducted by Eghball et al. (2002), which investigated the effect of the 

long-term manure application on nitrogen and phosphorus in surface waters, recommended that 

no manure and fertilizer should be applied when the rainfall probability is high immediately after 

their application. Therefore, the objectives of this chapter were to: (1) investigate the relationship 

between flow and precipitation; and (2) study the water quality under different magnitudes of 

precipitation, aiming to discuss the possibility to manage riverine water quality according to 

precipitation which is easily and feasibly obtained. In this chapter, the antecedent and cumulative 

antecedent precipitation were considered when investigating the effect of precipitation on water 

quality, as they have been often used in existing studies (Göransson et al., 2013, McCarthy et al., 

2012, Chen and Chang, 2014, Bae, 2013, Hamilton and Luffman, 2009).      

4.2 MATERIALS AND METHODS 

4.2.1 STUDY AREA 

Alberta is located in western Canadian prairies and has a semi-arid climate due to its location 

in the rain shadow of the Rocky Mountains. As the climate of Alberta demonstrates a large 

variation, different precipitation patterns are observed from 6 different regions including northern 

Alberta Boreal forest occupying 48% of the province, Foothills (15%), southern Alberta grasslands 

(14%), central Aspen Parklands (12%), the Rocky Mountains (8%) and the Canadian Shield (3%). 

The oil sand industry is concentrated in the central part of the province and most of the agricultural 

activities occur in the southern area. 

The Rocky Mountains situated on the west side of the province has the highest mean annual 

precipitation of 798 mm and the grasslands primarily in the east side of the province receive the 
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least annual precipitation (average of 374 mm) (Downing and Pettapiece, 2006). Despite the 

presence of the Rocky Mountains, the large-scale climate variation such as El Niño Southern 

Oscillation and Pacific Decadal Oscillation, affects the precipitation variation in Alberta (Mwale 

et al., 2009). The major municipalities in the province are the Cities of Calgary and Edmonton, 

which are located in the central and southern part of the province, respectively. Alberta has cold 

winters with the average daytime temperature of -10°C in the south and -24°C in the north, while 

average summer temperature is +13°C in the Rocky Mountains and +18°C from the dry prairie to 

the south-east.  

Three rivers in Alberta, the Athabasca, Bow, and Oldman Rivers were chosen to study the 

relationship of riverine water quality with precipitation considering data availability. These three 

rivers were also selected to investigate the hydrological response of riverine water quality in 

Chapter 3. The Athabasca River is the second largest river in Alberta and its river basin in 95,300 

km2. The Athabasca River originates from the Rocky Mountains passing through mountainous 

areas, agricultural plains, boreal forests, wetlands, and small urban centers and reaches to the Lake 

Athabasca after a 1538 km path. Oil sand industry is highly dependent on the Athabasca River. 

The Bow and Oldman Rivers are situated in the southern part of the province and their river basins 

are 26200 and 28000 km2, respectively. Both of the Bow and Oldman Rivers flow passing through 

mountains, foothills, and prairies and join the South Saskatchewan River in the end while the Bow 

River originates from the Rocky Mountains but the Oldman River originates from a small lake 

near the mountains. Urbanization has been occurring in the midstream river basin of the Bow 

River, in which the City of Calgary, the most populated city of the province, is situated in. The 

agricultural activities occur mainly in the downstream river basin of the Bow River and the major 

part of the Oldman River basin where many filed crops including grains, oil seed, pulse, sugar 
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beets, and potatoes are cultivated. Besides, there is also developed cattle feedlot industry located 

in the north of Lethbridge in the river basin. 

4.2.2 WATER QUALITY, FLOW, AND PRECIPITATION DATA 

Monthly water quality data during the period of 1988-2014 were collected from Alberta 

Environment and Parks. Note that the introduction of water quality monitoring in Alberta can be 

found in Chapter 3. Considering the data availability, two water quality stations (AB07BE0010 

and AB07CC0030) situated in the midstream and downstream of the Athabasca River, three water 

quality stations (AB05BH0010, AB05BM0010, and AB05BN0010) in the upstream, midstream, 

and downstream of the Bow River, and three stations (AB05AB0070, AB05AD0010, and 

AB05AG0010) in the upstream, midstream, and downstream of the Oldman River were chosen. 

The eleven water quality parameters including Chl-a, WT, DO, TURB, DOC, TP, TN, pH, Cl-, 

SO4
2- and SC were studied in this chapter. The daily flow data were collected from the Water 

Survey of Canada. The flow gauge stations used are in close proximity to the water quality stations 

on the rivers. These flow gauge stations include two flow gauge stations (07BE001 and 07DA001) 

on the Athabasca River, and three gauge stations (05BH008, 05BM002 and 05BN012) on the Bow 

River, and three gauge stations (05AA024, 05AD007 and 05AG006) on the Oldman River. The 

study area and the water quality and flow gauge station are indicated in Figure 1 in Chapter 3.  

As precipitation is not uniformly distributed over the river basins, the precipitation data 

provided by Alberta Agriculture and Forestry were used to calculate the areal precipitation. The 

data source provides long-term meteorological dataset at a spatial resolution of 10 km x 10 km. At 

the center of each grid, precipitation data is derived by interpolating of nearby meteorological 

stations of Environment Canada, Alberta Environment and Parks, and Alberta Agriculture and 

Forestry using inverse distance weighted interpolation procedure. The observed field data from 
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meteorological stations within 60 km radius or a maximum of eight closest stations, all of which 

are within 60 km radius, were used in the interpolation. Note that the closest meteorological station 

is used if no stations are located within 60 km radius of a grid center. The watershed corresponding 

to each water quality stations was delineated using Esri ArcGIS 10.3 and Digital Elevation Model 

(DEM) map having a resolution of 10 m. For the watershed corresponding to each water quality 

station, the average areal precipitation (AAP) was calculated using the formula below: 

AAP = 
P"

#
"$% A"

A"
#
"$%

 

where P' and A' denote the precipitation and area of each grid, respectively. 

4.2.3 STATISTICAL METHODS 

Seasonal variation of water quality parameters, flow and precipitation data as well as the existence 

of outliers and censored data, made the datasets non-normally distributed. Thus, the non-

parametric statistical analysis was applied for all the analyses except the relationship between flow 

and precipitation which Pearson correlation analysis was used since stronger dependence between 

flow and precipitation existed using this method. To investigate the relationship between water 

quality and precipitation, Spearman correlation analysis was conducted. In addition, to study the 

variation of medians of water quality parameters in different precipitation regimes, KW test 

(Appendix 2) was applied. All the analyses were performed at a significance level of 5% using 

MATLAB. Precipitation was classified into three categories (low, medium and high magnitudes) 

using the 50th and 90th percentiles as the cut-offs.   
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4.3 RESULTS AND DISCUSSION 

4.3.1 THE DEPENDENCE OF FLOW ON PRECIPITATION 

The daily flow was correlated with antecedent AAP, which is the AAP on a designated 

antecedent day, and cumulative antecedent AAP, which is the sum of AAPs from the current day 

to a designated antecedent day, up to 60 days. Table 6 presents the optimal lagged day and 

accumulated day determined according to the calculated correlation coefficients between the 

antecedent AAP and river flow, and between the cumulative antecedent AAP and flow at all 

stations on the three rivers. Figure 6 shows the plots of the calculated correlation coefficients 

versus the day lagged and accumulated days for the AAP and the cumulative antecedent AAP, 

respectively at the midstream station of the Athabasca River as an example. The optimal 5-day 

lag, at which the highest correlation coefficient was calculated, was determined for the antecedent 

AAP; while the optimal 14 accumulated day was determined for the cumulative antecedent AAP 

as the increment at the next accumulated day (here 15 accumulated day) was less than 0.01. The 

plots of the calculated correlation coefficients versus the lagged day and the accumulated day for 

the antecedent AAP and the cumulative antecedent AAP, respectively, at all stations, can be found 

in Appendix 3.  
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Figure 6. Calculated correlation coefficient versus (a) lagged day for the antecedent AAP 

and (b) accumulated day for the cumulative antecedent AAP at the midstream station of 

the Athabasca River. 

 

 

 

 

 

 

 

 



52 

 

Table 6. Identified optimal lagged day of the antecedent AAP and optimal accumulated day 

of the cumulative antecedent AAP at all stations on the three rivers. All the calculated 

correlation coefficients are statistically significant at the significance level of 5%. 

River Flow Station 

Flow and antecedent AAP 
Flow and cumulative 

antecedent AAP 

Optimal 

lagged day  

Pearson 

correlation 

coefficient 

Optimal 

accumulated 

day 

Pearson 

correlation 

coefficient 

Athabasca River 
07BE001(midstream) 5 0.456 14 0.762 

07DA001(upstream) 6 0.441 15 0.746 

Bow River 

05BH008 (upstream) 2 0.278 28 0.692 

05BM002 (midstream) 2 0.464 13 0.681 

05BN012 (downstream) 4 0.413 15 0.639 

Oldman River 

05AA024 (upstream) 2 0.302 12 0.532 

05AD007 (midstream) 2 0.388 12 0.604 

05AG006 (downstream) 3 0.395 13 0.612 

 

The results shown in Table 6 demonstrate that the identified optimal lagged day and optimal 

accumulated day are different from station to station and from watershed to watershed. It has been 

well acknowledged that catchment physical characteristics including the physical (e.g., area, 

topography, and geometry) and hydrological (e.g., roughness) characteristics affect the lag time 

between rainfall and streamflow. In addition, as shown in Table 6, the calculated correlation 

coefficients of flow and cumulative antecedent AAP appeared to be always higher than those of 
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flow and antecedent AAP. This result supports the fact that antecedent soil moisture condition of 

a watershed can largely affect its hydrologic response, e.g. runoff volume generated from a storm 

event. The cumulative precipitation is, of course, a better indicator of the antecedent soil moisture 

condition. These results show that by considering the cumulative antecedent AAP information into 

hydrological modelling, flow prediction and forecasting would be enhanced.  

Generally, by increasing the watershed area, the lag time (here the optimal lagged day), as 

well as the time of concertation, would increase. On these three rivers, the increase of the optimal 

lagged day along the rivers was observed; although the same lagged days were calculated at the 

upstream and midstream stations on both the Bow and the Oldman Rivers. The river reach between 

05BH008 (upstream station) and 05BM002 (midstream station) on the Bow River is 292 km; while 

the river reach is 189 km long between the 05AA024 (upstream station) and 05AD007 (midstream 

station) on the Oldman River.  For example, on the Bow River, the average velocity measured in 

the Calgary reach (middle reach of the river) in October of 2010 was approximately 1 m/s; whereas 

the velocity can be up to 7 m/s during high flows (e.g., during 2013 flooding). Especially, the 

urban settings were showed to have faster and stronger response to rainfall, because of their high 

imperviousness (Chen and Chang, 2014). Therefore, the traveling time between the upstream and 

midstream stations might not lead to the obvious difference in the optimal lagged days identified 

at these two stations on the Bow and Oldman Rivers during high flows. 

4.3.2 THE DEPENDENCE OF WATER QUALITY ON PRECIPITATION  

The water quality data were correlated with two types of precipitation, namely the AAP on 

the identified optimal lagged day (called optimal antecedent AAP) and the cumulative antecedent 

AAP within the identified optimal accumulated day (called optimal cumulative antecedent AAP), 

respectively. Tables 7-9 show the calculated Spearman correlation coefficients of the water quality 
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concentrations with these two types of precipitation at all stations on the Athabasca, Bow, and 

Oldman Rivers, respectively.  

Table 7. Spearman correlation coefficients of water quality parameters with the optimal 

antecedent AAP and the optimal cumulative antecedent AAP at the stations on the 

Athabasca River. Correlation coefficients in boldface are statistically significant at the 

significance level of 5%.  

Station 

At Athabasca Town 

(AB07BE0010) 

Fort McMurray 100 m above 

the confluence with Horse River 

(AB07CC0030) 

Lagged 

precipitation 

Accumulated 

precipitation 

Lagged 

precipitation 

Accumulated 

precipitation 

Chl-a 0.220 0.325 0.238 0.454 

WT 0.257 0.597 0.367 0.589 

DO -0.164 -0.441 -0.258 -0.577 

TURB 0.285 0.526 0.272 0.528 

DOC 0.020 0.014 0.099 0.214 

TP 0.218 0.403 0.220 0.462 

TN 0.103 0.044 0.027 0.125 

pH 0.027 0.119 0.207 0.278 

Cl- -0.199 -0.511 -0.337 -0.570 

SO4
2- -0.251 -0.573 -0.302 -0.580 

SC -0.313 -0.603 -0.340 -0.586 
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Table 8. Spearman correlation coefficients of water quality parameters with the optimal 

antecedent AAP and the optimal cumulative antecedent AAP at the stations on the Bow 

River. Correlation coefficients in boldface are statistically significant at the significance 

level of 5%.  

Station 

Bow R. at Cochrane 

(AB05BH0010) 

Bow R. below Carseland 

dam 

(AB05BM0010) 

Bow R. near Ronalane 

bridge 

(AB05BN0010) 

Lagged 

precipitation 

Accumulated 

precipitation 

Lagged 

precipitation 

Accumulated 

precipitation 

Lagged 

precipitation 

Accumulated 

precipitation 

Chl-a 0.038 -0.073 0.083 0.078 0.163 0.320 

WT 0.126 0.579 0.098 0.434 0.142 0.519 

DO -0.128 -0.544 -0.093 -0.386 -0.128 -0.530 

TURB 0.224 0.389 0.231 0.316 0.151 0.402 

DOC 0.124 0.332 0.129 0.362 0.115 0.388 

TP 0.069 0.169 0.059 0.044 0.065 0.331 

TN 0.108 0.136 -0.151 -0.358 -0.095 -0.341 

pH -0.008 0.144 0.069 0.202 0.105 0.276 

Cl- 0.022 -0.027 -0.070 -0.310 -0.144 -0.370 

SO4
2- -0.122 -0.575 -0.136 -0.377 -0.012 -0.197 

SC -0.096 -0.423 -0.056 -0.307 -0.050 -0.291 
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Table 9. Spearman correlation coefficients of water quality parameters with the optimal 

antecedent AAP and the optimal cumulative antecedent AAP at the stations on the 

Oldman River. Correlation coefficients in boldface are statistically significant at the 

significance level of 5%.  

Station 

Near Brocket 

(AB05AB0070) 

Above Lethbridge at 

highway 3 

(AB05AD0010) 

At highway 36 bridge north 

of Taber 

(AB05AG0010) 

Lagged 

precipitation 

Accumulated 

precipitation 

Lagged 

precipitation 

Accumulated 

precipitation 

Lagged 

precipitation 

Accumulated 

precipitation 

Chl-a 0.032 0.077 0.100 0.338 0.164 0.302 

WT -0.098 -0.010 -0.077 0.138 0.047 0.223 

DO 0.107 0.022 0.061 -0.221 -0.097 -0.310 

TURB 0.042 0.227 0.196 0.385 0.269 0.386 

DOC 0.048 0.167 0.063 0.290 0.121 0.233 

TP 0.134 0.234 0.189 0.388 0.138 0.279 

TN 0.077 0.160 0.173 0.165 0.141 0.069 

pH 0.049 0.105 -0.111 0.019 -0.085 0.050 

Cl- 0.031 0.062 0.034 0.073 -0.160 -0.278 

SO4
2- 0.100 -0.003 -0.009 -0.054 -0.080 -0.133 

SC 0.005 -0.039 -0.021 -0.021 -0.096 -0.147 
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As illustrated in Tables 7-9, water quality parameters generally demonstrated stronger 

dependency on the optimal cumulative antecedent AAP than on the optimal antecedent AAP. This 

result might be explained by the result obtained previously that the dependency of flow on the 

cumulative antecedent AAP was found to be stronger than that on the antecedent AAP. The strong 

association between flow and water quality has often been observed in rivers (Nilsson and 

Renöfält, 2008, Interlandi and Crockett, 2003, Prathumratana et al., 2008, Bowes et al., 2014) as 

well as on the three studied rivers in Chapter 3. As discussed previously, the antecedent soil 

moisture condition of a watershed could be a function of the cumulative antecedent precipitation 

which affects the surface runoff and consequently the river flow contribution of surface runoff in 

the rivers.  

Among the eleven investigated water quality parameters, some of them such as TURB, DOC 

and TP were positively correlated with the optimal cumulative antecedent AAP. The elevated 

concentrations of the particulate solids-associated (TURB) or attached (TP) pollutants can be 

ascribed to their wash-off (mobilization and transport) of non-point source pollutants by runoff 

generated from precipitation. Same results were obtained in a study by Budai and Clement (2007). 

A study by Delpla et al. (2011) also showed that higher amount of DOC was transported from soil 

to a river during higher rainfall intensities especially when the precipitation happens immediately 

after fertilization for an agricultural environment. In these three river basins, 9.67%, 54.47% and 

68.71% of the land is used for agriculture in the Athabasca, Bow, and Oldman River basins, 

respectively.  Note that land use percentages for each watershed were calculated from Alberta land 

use raster map in Appendix 5 by knowing the land cover for each pixel and calculating the portion 

of each land use type at each watershed. Other water quality parameters including Cl-, SO4
2-, and 

SC were generally negatively correlated with both the optimal antecedent AAP and the optimal 
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cumulative antecedent AAP. In addition, the dilution of concentrations of these parameters by 

increasing flow was identified in Chapter 3, as negative dependency was detected between these 

water quality parameters and flow. All these results show that these parameters are primarily 

diluted by stormwater runoff generated from precipitation while wash-off of pollutants by 

precipitation would be secondary or minor. In another word, the loading of these pollutants is 

largely from point sources which often release pollutant at more or less constant concentrations. 

Similar results were obtained in a study by Hu and Huang (2014).  

At the stations on the three rivers, TN exhibited different behavior corresponding to 

precipitation. One of the major sources of TN is the agricultural lands. This might explain the 

absence of significant correlation of TN with both the optimal antecedent AAP and the optimal 

cumulative antecedent AAP at the stations on the Athabasca River as only 9.67% of the river basin 

is being used for agriculture. The percentages of agricultural land use corresponding to the 

upstream, midstream and downstream stations are 13.33%, 31.11%, and 52.64%, respectively and 

the stronger association between TN and these two types of precipitation was calculated at the 

midstream and downstream stations on the Bow River. However different results were obtained 

on the Oldman River as the dependency between TN and there two types of precipitation did not 

increase with the increase of the percentages of agricultural land use in the upstream, midstream, 

and downstream watersheds (29.54%, 61.62%, and 67.35%, respectively) (Appendix 5). In 

Chapter 3, the complicated response of TN to flow, namely different response of TN to flow, was 

reported. Therefore, the inconsistent finding in the relationship between TN and precipitation is 

under expectation. As discussed in Chapter 3, TN consists of several nitrogen species, which can 

be in the form of either particulate/particulate attached or dissolved, and thus response of TN to 
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precipitation can be more complex. Further investigation on the relationship between precipitation 

and different species of nitrogen is required to better understand their behavior. 

The calculated positive correlations between Chl-a and the optimal cumulative antecedent 

AAP at the stations on the three rivers implies that nutrient discharged into the water bodies 

enhances aquatic plants growth. On all stations on the three rivers, flow in cold season is more or 

less constantly low; while high flows with large variations are measured in warm and rainy season. 

Thus, it is expected to observe positive correlation between WT and the optimal cumulative 

antecedent AAP. In general, DO is negatively dependent on the optimal cumulative antecedent 

AAP. The increase of WT enhances chemical and biological reactions that consume oxygen and 

also decreases the solubility of oxygen (Kundzewicz and Krysanova, 2010). Therefore, the 

opposite dependency of WT and DO on the optimal cumulative antecedent AAP is under 

expectation.   

4.3.3 WATER QUALITY VARIATION UNDER DIFFERENT PRECIPITATION REGIME 

The optimal cumulative antecedent AAP was classified into three different groups, namely 

low, medium and high categories according to its magnitude. The 50th and 90th percentiles of the 

optimal cumulative antecedent AAP were used in the classification at each station. The box and 

whisker plots shown in Figure 7 demonstrate the variations of TURB, SC and Cl- within the three 

groups of precipitation at the upstream station of the Bow River as examples. It can be seen that 

different water quality parameters display different responses to the varying magnitude of the 

optimal cumulative antecedent AAP. As expected, TURB increases with the increase of the 

precipitation magnitude; in contrast, SC overall tends to decrease with the increase of the optimal 

cumulative antecedent AAP.	On the other hand, Cl- didn’t show significant variation among the 

three categories. The variations of all water quality parameters in the three categories at all studied 
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stations can be found in Appendix 4. In general, the concentrations of water quality parameters 

such as TURB, TP, and DOC is elevated in the high optimal cumulative antecedent AAP; the 

concentrations of several parameters such as DO, SC,	SO 4
2-, and Cl- decrease in the high optimal 

cumulative antecedent AAP; while the concentrations of other parameters do not obviously vary 

among the three categories.   

 

Figure 7. Box and whisker plots of the concentrations of selected water quality parameters 

(a) TURB, (b) SC, and (c) Cl- in the three categories of the optimal cumulative antecedent 

AAP at the upstream station on the Bow River.  
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Furthermore, KW test detected the significant statistical differences in the medians of 

concentrations of some water quality parameters among the three categories of the optimal 

cumulative antecedent AAP on all three rivers. At the midstream and downstream stations of the 

Athabasca River, significant variations of all water quality parameters were observed. On the 

Oldman River, no significant differences in the medians were found among the three categories 

for Chl-a, pH, Cl-, and SO4
2- at the upstream station, pH and Cl-  at the midstream station, and pH 

at the downstream station. On the Bow River, no significant differences in the medians among the 

three categories were detected for Chl-a and Cl- at the upstream station; Chl-a didn’t show 

significant difference in the medians among the three categories at the midstream station; while 

all water quality parameters were found to be significantly different in their medians among the 

three categories at the downstream station.  

From water quality management perspective, more attention should be paid on the parameters 

having large variations with the variation of precipitation. As the significant differences in the 

medians of many water quality parameters were observed among the three categories of the 

optimal cumulative antecedent precipitation, precipitation can be ascribed to be one of the factors 

leading to the variation of the water quality in the rivers. These results also demonstrate the spatial 

variation of the effect of precipitation on the water quality along with a river. The land use and/or 

the anthropogenic interface presents variation, which could result in the variations of point and 

non-point source contributions along with a river, might explain the spatial variation of 

precipitation response of water quality. When comparing the three rivers, in general, water quality 

in the Athabasca and Bow Rivers showed an overall large variation in water quality among the 

three categories of the optimal cumulative antecedent AAP, as significant differences in the 

medians among the three categories were found in all or many water quality parameters. However, 
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in the Athabasca River basin, more than 80% of the watershed (Appendix 5) is forested area and 

no populated community is located in the river basin but there are oil industrial activities in the 

downstream river basin. Therefore, besides the anthropogenic interferences, geophysical 

characteristics of river basins could also lead to the variation of water quality.     

All these results aid in confirming the water quality response to precipitation on the all three 

rivers. The identified strong association between the optimal cumulative antecedent AAP and flow 

also suggests that the precipitation is one of the explanatory variables leading to the flow variation 

in rivers. By knowing the river water quality level according to the cumulative antecedent AAP, 

which can be easily and feasibly obtained from the meteorological data, water resources managers 

might effectively schedule the timing to release treated wastewater effluent (the point source of 

pollution) and apply fertilizers to mitigate their impacts on riverine water quality. Moreover, the 

change of precipitation (e.g., shifting of precipitation timing and change in precipitation 

magnitude) posed by climate change would lead to the variation and change of water quality level 

in rivers. The understanding of the effects of precipitation would aid in predicting and forecasting 

water quality changes in the future. However, the results also reveal that apart from precipitation 

(and flow), other factors such as anthropogenic interferences, which can introduce both the point 

and non-point pollution, and geophysical characteristics of river basins could lead to the spatial 

variation of riverine water quality. Therefore, the investigation, which incorporates the 

quantification of point source pollution, which is primarily independent of precipitation, might 

further clarify the role of precipitation in riverine water quality.   
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4.4 CONCLUSION 

The effect of precipitation on water quality in the three rivers in Alberta was studied in this 

Chapter. The results showed that precipitation, especially the cumulative antecedent AAP, has 

similar effect on water quality as flow. Strong and positive dependence between the precipitation 

and flow was identified and similar (positive or negative) correlations were calculated for many 

water quality parameters for both flow and the cumulative antecedent AAP. In another word, 

increasing precipitation, which leads to the increase of river flow, would dilute some water quality 

parameters and promote the wash-off particles and particle-associated pollutants. Since the amount 

of surface runoff discharging into rivers is not only dependent on the precipitation event and also 

associated with the antecedent soil moisture condition, which might be described by the 

cumulative antecedent AAP, the cumulative antecedent AAP should be one of the explanatory 

variables when predicting river flow and water quality. The observed significant differences in the 

concentrations of many water quality parameters among the low, medium and high categories of 

the cumulative antecedent precipitation suggest that a better water quality management can be 

achieved by considering antecedent meteorological conditions, for example, to determine the 

timing to apply fertilizers and release treated wastewater effluent.      
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 SUMMARY OF THE THESIS 

The aim of this thesis was to investigate the effect of hydro-meteorological factors, especially 

flow and precipitation, on riverine water quality. In this thesis, three rivers including the 

Athabasca, Bow, and Oldman Rivers in Alberta, Canada was selected to conduct this research. 

Although the effects of hydro-meteorological impacts on riverine water quality have been studied 

in a large number of previous works, this research work is fundamentally different from previous 

works as it focused on investigating the hydro-meteorological response of water quality under 

different hydrological and meteorological conditions. Both hydro-meteorological variables and 

many water quality parameters generally present seasonal variations in riverine environments. 

Therefore, the study on the dependence of water quality and hydro-meteorological variables on a 

finer resolution (here different flow and precipitation magnitudes) is indispensable. A total of 

eleven water quality parameters including Chl-a, WT, DO, TURB, DOC, TP, TN, pH, Cl-, SO4
2-, 

and SC were selected considering their data availability. 

Regarding the effect of flow on water quality, this thesis (Chapter 3) investigated the seasonal 

variation of flow and water quality parameters. The associations between flow and water quality 

were assessed by grouping water quality data according to flows, which were categorized into low, 

medium, and high flow regimes based on their magnitude. In addition, CA was employed to 

classify the investigated water quality parameters into eight groups according to their responses to 

flow in three flow regimes. It is not a surprise that seasonal variations of flow and many water 

quality parameters at the water quality stations on the three rivers were confirmed.  Several water 

quality parameters (e.g., TURB and TP) generally responded to flow similarly (qualitatively 
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similar but quantitatively different) in different flow regimes, whereas several other water quality 

parameters (e.g., Cl-, SO4
2-, and SC) presented opposite response to flow in different flow regimes. 

These results suggest that the contribution of pollution sources and physical governing processes 

are different in different flow regimes. Furthermore, the classification using cluster analysis 

divided the water quality parameters into different groups according to water quality response to 

flow in three flow regimes. All these suggest that to formulate more effective water quality 

management plans, the differences in the hydrological response of water quality under different 

flow regimes and the spatial variation of their responses should be taken into consideration. 

Different management strategies are needed for different water quality parameters and at different 

locations.  

This thesis also explored the linkage between water quality and meteorological condition in 

Chapter 4. The investigation on the association of precipitation with the flow on the three rivers 

demonstrates that precipitation especially cumulative precipitation can explain/predict flows in the 

rivers. The variation of water quality was ascribed to the variation of precipitation. Qualitative 

and/quantitative different association between the different magnitude of precipitation (low, 

medium, and high) appeared to be similar to the findings on the association between flow and 

water quality. Moreover, the levels of many water quality parameters were statistically different 

at three different precipitation regimes. The strong dependence between flow and precipitation and 

the link between water quality and precipitation can lead to a conclusion of the meteorology-driven 

(primary) variation of water quality in the rivers.  

In conclusion, the evidence that hydro-meteorological conditions drive the water quality 

variation in rivers was shown in this thesis. Especially, riverine water quality could respond to 

these driving forces qualitatively and/or quantitatively differently. Overall the results promote the 
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necessity to manage riverine water quality considering different hydrological and meteorological 

conditions.  

5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

This thesis used the available data collected from the long-term water quality monitoring 

stations of Alberta Environment and Parks, the flow gauge stations (close by the water quality 

stations) of Water Survey of Canada, and precipitation data from Alberta Agriculture and Forestry 

to investigate the hydro-meteorological (especially flow and precipitation) responses of water 

quality in three selected rivers in Alberta using statistical analysis approaches. According to the 

findings and some limitations on the results, several further investigations are recommended as 

below:  

(1)  According to the analysis results on the hydro-meteorological (namely flow and precipitation) 

responses of water quality in the three selected rivers including the Athabasca, Bow, and 

Oldman Rivers, different responses of some water quality parameters among the three rivers 

were identified. Land use, anthropogenic interference, hydrological and geological 

characteristics of the three river basins, or their combination possibly contribute to the 

differences. Thus, quantitative metrics characterizing the above factors should be further 

linked to the results to address the causes of the differences among the rivers.  

(2) On each studied river, the spatial variation of the hydro-meteorological responses of some 

water quality parameters (both qualitatively and quantitatively) was observed. The geological 

and anthropogenic interference, which alter the distribution and quantity of both point and 

non-point sources, are suspected to primarily contribute to the spatial variation. From the 

water quality management perspective, managers and practicing engineers need to know 

which pollution source (either point or non-point source pollution) should be more focused on 
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for better managing a specific reach of the river. Knowing that the quantification of non-point 

sources and their changes along a river is very challenging, if not impossible, the 

quantification of point sources is able to be conducted. If the quantification of the point source 

pollution is linked to the water quality variation, it is possible to identify which pollution 

source should be controlled more effectively to enhance water quality. Thus, the quantification 

of point source and their contribution to the spatial variation of responses are recommended 

for future study.  

(3) The precipitation data collected from Alberta Agriculture and Forestry was used to calculate 

AAP to investigate the water quality response to precipitation.  The precipitation data are 

derived by interpolating of nearby meteorological stations and have a spatial resolution of 10 

km x 10 km. As remote sensing technologies have advantages to provide observations over a 

large geographic scale, an exploration of the use of remote sensing data to estimate the areal 

precipitation is also recommended.  

(4) In reality, it is not feasible to monitor both water quality and quantity on all rivers. The 

hydrological dynamics, as well as the major water sources contributing to river flow, are 

largely different between small and large rivers. As a result, the sensitivity to changes in 

hydro-meteorology is different between small and large rivers. Thus, further study is 

recommended to investigate the differences in the hydro-meteorological responses of water 

quality between small and large rivers.  

(5) This thesis argued the need to consider the hydro-meteorological condition to more effectively 

manage riverine water quality, as the different responses of water quality to different flow 

regimes and precipitation magnitudes were found in some water quality parameters. Future 

research on how to incorporate the findings to formulate more effective management 
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strategies is required. The use of management thresholds/targets conditioned on hydro-

meteorological conditions could be one of the options. 
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APPENDIX 1: CLUSTER ANALYSIS  

Cluster Analysis (CA) is an unsupervised method to group the observations based on their 

similarities. The clustering algorithm and parameter settings including the distance function and 

the number of expected clusters selection depend on the dataset and the intended use of the analysis 

results. Among various distance metrics for hierarchical clustering, Euclidean distance, which is 

the most common distance measurement, was applied to evaluate the distance among the groups 

in this thesis. Having p variables )*, )+, …, ), measured from n subjects, the distance between 

two subjects, subject i and subject j, is calculated using the following equation.   

-'. = (0'* − 0.*)
+ 	+ (0'+ − 0.+)

+ 	+	…	+	(0', − 0.,)
+ 

where 0'*, 0'+, … 0',	are the observed data from subject i; while 0.*, 0.+, … 0., are the observed 

data for subject j.  

In the hierarchical cluster analysis, the agglomerative approach (also called bottom-up 

approach) was used. In this approach, each subject starts as a cluster, and pairs of clusters are 

merged as one moves up the hierarchy. There are many linkage criteria, which determine the 

distance between groups of observations, to select clusters to join together or separate from.  These 

linkage criteria include single-linkage clustering, completer-linkage clustering, Ward’s method 

etc. Among these different linkage criteria, Ward’s method, which is a general agglomerative 

hierarchical clustering procedure, was adopted in the thesis. In this method, the distance between 

all possible pair of clusters is squared for each cluster and the sum of all clusters is calculated. The 

lowest value of the calculated sum defines the best clustering result.  
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APPENDIX 2: KRUSKAL-WALLIS (KW) TEST  

The KW test is a nonparametric statistical method for testing the hypothesis of equal medians 

among samples against the alternative that at least the median of one sample is different from the 

medians of all other samples. Since it is the nonparametric test, the test does not require that the 

samples are normally distributed, and it uses the data ranks. In this test, the null and alternate 

hypotheses are: 

56 = All of the k groups have the same median.  

5* = At least one group has the significantly different median value.  

In this test, the chi-square test is used to decide whether reject or fail to reject the null 

hypothesis. The test is conducted following three steps below.  

Step 1: Calculate the average rank of all samples. The data points from all samples are ranked 

from the smallest observation to the largest observation, and ranks from 1 to N (the 

total data points of all samples) are assigned to the data points. The average rank for 

each sample (here j sample) is computed using the equation below. Note that the 

average rank of the tied data points is assigned to each of the tied data points. 

78= 
9":

#
"$%

;:
 

where nj is the sample size of sample group j.   

Step 2: Calculate the test statistic, which is given by: 

K= *+

<(<=*)
>. 78 −	

<=*

+

+
?
.@*  

Step 3: Accept or reject the null hypothesis through comparing the test statistic, K, to the 

critical value of chi-squared A*BC,(EB*)+ , which is derived from the chi-squared 

distribution at the K-1 degree of freedom and the significance level of F. 
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If K ≥ A*BC,(EB*)
+ , the null hypothesis, 56, is rejected; whereas, there is no significant 

evidence to reject the 56.   
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APPENDIX 3: CALCULATED CORRELATION COEFFICIENTS VERSUS TIME LAG 

FOR (A) AAP AND (B) CUMULATIVE ANTECEDENT AAP FOR ALL THE RIVERS 

STATIONS. 

ATHABASCA RIVER 
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APPENDIX 4: WATER QUALITY PARAMETERS VARIATION UNDER DIFFERENT PRECIPITATION REGIME. 

ATHABASCA RIVER 

• Midstream 
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• Downstream 
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BOW RIVER 

• Upstream 
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OLDMAN RIVER 

• Upstream 
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APPENDIX 5: LAND USE/COVER MAP FOR ALBERTA (AKBAR ET AL., 2013). 

 


