
56 

 

  

ISEIS 
Journal of 

Environmental 

Informatics 

 

 

 

Journal of Environmental Informatics 35(1) 56-80 (2020) 

www.iseis.org/jei          

 

Water Quality Management of a Cold Climate Region Watershed in Changing Climate 
 

N. K. Shrestha and J. Wang* 
 

Athabasca River Basin Research Institute (ARBRI), Athabasca University, 1 University Drive, Athabasca, Alberta, Canada T9S 3A3 

 

 

Received 21 June 2017; revised 07 March 2018; accepted 19 April 2018; published online 15 Feburary 2018 

 
ABSTRACT. Cold climate regions provide a multitude of ecosystem services. However, cold regions under a changing climate could 

be more vulnerable than others because their glaciers, freezing soils and peatlands are sensitive to the slightest of changes in climate. 

This has posed serious threats to the water resources, sustainable goods production and ecosystem services that depend on regional 

water quality. Therefore, proper watershed management is imperative. In this paper, we investigate this issue in a cold climate water- 

shed in central Alberta, Canada with the main objective of quantifying the impacts of climate change on water quality status. We 

modified specific water quality related processes of a process-based model – Soil and Water Assessment Tool (SWAT) with a view of 

better representing the reality of cold climate regions. A SWAT model is then built-up, followed up by a multi-site and multi-objective 

(streamflow, sediment and water quality) calibration, validation and uncertainty analysis in a baseline period (1983 - 2013). The cali- 

brated and validated model is then fed with a high spatial resolution (25 km) daily future climate data – the CanRCM4. Improvements 

on stream water temperature (Ts) and dissolved oxygen (DO) simulations justified the modifications. This model is able to simulate the 

dynamics of other water quality variables (carbonaceous biochemical oxygen demand – cBOD, total nitrogen – TN and phosphorus – 

TP) with a wide range of accuracy (very good to satisfactory) in the base period. Agriculture areas account for the highest amount of 

annual TN (11.16 kgN/ha) and TP (2.88 kgP/ha) yield rate in the base period leading to poor water quality status in the immediate 

downstream reaches. The situation would be further exacerbated (16.52 kgN/ha and 4.89 kgP/ha) in future. Finally, we tested different 

alternative management options to compare the water quality status of the Athabasca River Basin (ARB) under a changing climate. 

Significant reduction in future nutrient concentrations (~ 20% on TN and 60% on TP) can be achieved using a certain combination of 

management practices and the ecological status of the basin can be improved. This demonstrates that the modified SWAT model can be 

applied to other cold climate regions, and that the results can be translated to help in managing the ARB in a more holistic way. 
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1. Introduction 

Recent observations show ample evidence of climate 

change impacts on the environment and ecosystems (IPCC, 

2007; IPCC, 2014) of cold climate regions. For example, in 

Canada, increases in annual air temperature, annual preci- 

pitation and permafrost temperature, shifts in precipitation 

types (decreasing snowfall and increasing rainfall), a decrease 

in snow cover, and shrinking glaciers (ECCC, 2016) are testi- 

monials to this, and the trend is likely to further exacerbate in 

the future. As a result, economic, natural ecosystems, and hu- 

man health could be impacted (GoC, 2014). There is growing 

realization that adaptation is necessary and focus is being 

drawn on improving the resilience of individuals and societies 

to climate extremes, and on enhancing their ability to thrive in 

such adverse conditions (Eyzaguirre and Warren, 2014). 

Specific to the Athabasca River Basin (ARB) in Alberta, 
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Canada, climate change may cause serious issues for eco- 

system services and sustainability such as terrestrial carbon 

storage, climate regulation, water retention and infiltration, 

and biodiversity (ETCW, 2010; GoC, 2014; Lemmen et al., 

2014; Eum et al., 2017; Shrestha et al., 2017a). Studies have 

indeed shown that rising annual air temperatures in the basin 

have led to several undesirable changes such as earlier spring 

freshet (Eum et al., 2017), glacier retreat and reduced snow 

cover (ETCW, 2010; Warren and Lemmen, 2014), increased 

permafrost temperatures (Bush et al., 2014), and increased 

green water flow and decreased green water storage (Shrestha 

et al., 2017a). Similarly, increased precipitation and changes 

in patterns (from snowfall to rainfall) have brought higher 

incidence of flooding in the basin (Toth et al., 2006; Eum et 

al., 2017; Shrestha et al., 2017a;). Consequently, higher rates 

of erosion and increased sediment transport through the basin’s 

river reaches are expected (Walling, 2009). These alterations 

would cause substantial changes to physical and chemical 

properties of river water, which could be detrimental to the 

aquatic ecosystems’ biodiversity (ETCW, 2010). For example, 

increasing air temperature would lead to decreased oxygen 

level concentrations in rivers (Pietroniro et al., 1998). Sim- 
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ilarly, elevated temperatures would create disturbances on fish 

spawning and distribution (Campbell et al., 2014). Further, 

higher incidence of flooding would lead to natural water 

contaminations (Andrey et al., 2014). Moreover, extreme rain- 

fall events could lead to increased erosion and would carry 

high amounts of organic material, nutrients (Neitsch et al., 

2011) and faecal bacteria (Shrestha et al., 2014) into the re- 

ceiving waters, thereby reducing its use for some purposes. 

Furthermore, a higher load of phosphorus would lead to eu- 

trophication (Carlson, 1977) and higher nitrogen loads might 

cause hypoxia (Goolsby, 2000). Hence, there exist complex 

interactions and interplay between physical, chemical, and 

biological characteristics of water quality as they are influ- 

enced by “exogenous factors” such as hydrology and meteo- 

rology (He, 2017), and this issue need to be explored in 

changing climate as their impacts would, in general, exacer- 

bate (Tong et al., 2007) and vary in different regions and 

water bodies (Xia et al., 2015). 

Based on the recent observations (AEP, 2016), the water 

quality status of the ARB has been reported to vary from 

“fair” to “good” at different locations (AEP, 2017). However, 

these measurements might have missed extreme events and, it 

is impossible to measure the results of future events, such as a 

changing climate. Therefore, it is necessary to develop a mo- 

del capable of continuous, long-term simulation of various 

basin processes including water quality. This model can be 

then used for the water quality assessment and management of 

the basin in present and future cases. Further, alternative man- 

agement scenarios can be tested in view of restoring or 

improving the water quality status of the basin. As for the 

ARB, there have been some model-based assessments of cli- 

mate induced alterations done recently, such as changes in 

streamflow (Toth et al., 2006; Kerkhoven and Gan, 2011; Leong 

and Donner, 2015;), shifts in seasonal streamflow pa- tterns 

(Eum et al., 2017), and changes in green and blue water 

resources (Shrestha et al., 2017a). However, to the best of our 

knowledge, no studies have been reported on climate induced 

changes in the water quality status of the basin. Thus, the 

primary objective of this study is to quantify the impacts of 

climate change on the ecological status of the basin and eval- 

uate the effectiveness of alternative management options in 

view of restoring or improving the water quality status of the 

 

Figure 1. The location of Athabasca River Basin (ARB) in the Alberta province of Canada. Also shown are the major urban 

centers within the basin and the digital elevation model (DEM) of the basin. 
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basin. The secondary objective is to build up a process-based 

hydrologic and water quality model−the Soil and Water As- 

sessment Tool (SWAT) for this cold climate region watershed.  

2. Materials and Methods 

2.1. Study Area 

The Athabasca River (Figure 1) flows through the heart 

of Northern Alberta in Canada. The river, originating from the 

Columbia Icefields in the Rocky Mountains, flows northeast 

for a distance of about 1500 km, eventually draining into Lake 

Athabasca. It is drained by an area of about 160,000 km2, 

including several various urban centers (AWC, 2011).The ele- 

vation range of the basin is about 200 ~ 3700 m (Figure 1). 

Forest is the dominant land-use type with a coverage of more 

than 80% of the basin. The major activities in the basin in- 

clude forestry, agriculture, coal, traditional oil and gas ex- 

traction, oil-sands mining and pulp mills (AWC, 2013). The 

annual average precipitation in the basin is about 510 mm, of 

which about 75% is lost as evapotranspiration (Faramarzi et 

al., 2017; Shrestha et al., 2017a). The average monthly flows 

of the Athabasca river below Fort McMurray is about 575 

m3/s (WSC, 2016). The low flows typically occur in February 

(monthly average of about 150 m3/s at Athabasca river below 

Fort McMurray) and peak flows in July (monthly average of 

about 1330 m3/s at Athabasca river below Fort McMurray). 

While croplands are the main source of diffused pollution, the 

river is also receives effluents of several waste water treat- 

ment plants and industries (AWC, 2014). 

 

2.2. The Simulator – Soil and Water Assessment Tool (SWAT) 

The SWAT, developed originally by the US Department 

of Agriculture (USDA), is a semi-distributed hydrological 

model typically used for long term simulation of various pro- 

cesses such as hydrology, erosion and sediment yield, water 

quality, pesticides, and bacterial activities (Arnold et al., 

1998). It is one of the most widely used models in river basin 

planning and management, including water quality issues 

(Arnold et al., 2012). The SWAT model requires a spatial data- 

set of elevation, soil and land-use, and various meteorological 

datasets (precipitation, temperature, etc), which are often inte- 

grated using the Geographic Information System (GIS). Typ- 

ically, SWAT divides a watershed into sub-basins. The sub- 

basins are further divided into Hydrological Response Units 

(HRUs), having unique combinations of soil, slope and land- 

use (Arnold et al., 2011). We refer to Arnold et al. (2011) for 

further details of the model. We endeavor to present relevant 

SWAT theories in the next sections.  

 

2.2.1. Water Quality Related Processes in SWAT  

2.2.1.1. Pollution and Nutrients Runoff from Upland Catchments 

The Carbon-Nitrogen-Phosphorus (C-N-P) cycling in SWAT 

is simulated using one-pool soil organic matter submodel, 

adapted from Kemanian and Stöckle (2010) at the HRU level. 

SWAT maintains separate pools for residue and manure C-N-P. 

The C-N-P in the pools can undergo decomposition, miner- 

alization and immobilization. The SWAT traces two forms of 

inorganic nitrogen (NO3 and NH4, Figure S1), and three pools 

of organic nitrogen (fresh, active and stable, Figure S1). 

Similarly, three pools of inorganic phosphorus (active, stable 

and solution, Figure S2) and three organic pools (active, 

stable and solution, Figure S2) are also traced (Neitsch et al., 

2011). The fresh pool of organic nutrients are associated with 

crop residues and microbial biomass, while the active and 

stable pools of organic nutrients are associated with soil hu- 

mus. The NO3 transport with surface, lateral and percolation 

is formulized to Eqn. S1 as a function of average nitrate 

concentration in the top soil layer, volume of the mobile water 

and other physical properties of soil (e.g., water content and 

porosity). The organic nitrogen and phosphorus (and mineral 

phosphorus attached to sediments) loading from HRUs is 

estimated using a formulation of McElroy et al. (1976) as 

adapted by Williams and Hann (1978), and is a function of 

respective nutrient concentrations in the top soil layer, 

enrichment ratio and sediment yield (Equations S2 and S4). 

The enrichment ratio can be dynamically calculated as a func- 

tion of sediment yield and surface runoff using the for- 

mulation of Menzel (1980) or kept fixed. The soluble form of 

phosphorus transported in surface runoff is a function of phos- 

phorus-soil partitioning coefficient, a concentration of soluble 

phosphorus in the top soil layer and surface runoff volume 

(Equation S3). The carbonaceous biochemical oxygen demand 

(cBOD) loading in the surface runoff is formulated as per 

Thomann and Mueller (1987), to a function of organic carbon 

concentration in the top soil surface, sediment yield, enrich- 

ment ratio, and amount of runoff (Equation S5). This organic 

loading can deplete the oxygen concentration in surface runoff, 

which is initially considered to be saturated. The depletion is 

calculated using the first order kinetic rate (Equation S6) and 

the saturated oxygen level is calculated solely based on the 

runoff temperature (Eqn. S7), as per APHA (1985). 

2.2.1.2. In-stream Water Quality Conversion  

Once all the water quality constituents are transported 

into the river reaches, they undergo an in-stream conversion 

process. The SWAT uses the widely used QUAL2E principles 

(Brown and Barnwell, 1987) to describe the in-stream water 

quality conversion processes. Table S8 shows the stoichio- 

metric matrix of the QUAL2E, which considers fifteen pro- 

cesses in nine components. It should however be noted that 

the shortcomings of the QUAL2E formulation, such as not 

considering the pelagic bacteria, not respective the mass 

balance of constituents, etc., have widely been reported (Rei- 

chert et al., 2001). To overcome these shortcomings, Reichert 

et al. (2001) proposed a new conversion process principle, 

known as the RWQM1 formulation, which has addressed all 

the shortcomings of the QUAL2E formulation and thus con- 

sidered to have a solid theoretical background. However, as 

the formulation has introduced several extra state variables, 

and most of these variables are not generally considered in re- 

gular river water quality monitoring programs, the formu- 

lation’s application is rather difficult (Broekhuizen et al., 2012; 

Shrestha et al., 2017b).  
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2.2.2. Modification of SWAT Model for Cold Climate Regions 

It is well-known that the stream water temperature (Ts) is 

an important factor controlling in-stream water quality con- 

version process in river waters. Therefore, accurate estimation 

of stream water temperature (Ts) is essential as it can affect 

water quality dynamics profoundly (Marzadri et al., 2013). 

Although the stream water temperature is dependent on many 

factors or processes, such as atmospheric conditions, topo- 

graphy, stream discharge and streambed conditions, the heat 

exchange process at the air-water interface would be one of 

the most important factors (Caissie, 2006). Hence, it is 

evident that the stream water temperature (Ts) is linearly re- 

gressed as a function of air temperature (Ta) as an approxi- 

mation of the heat exchange process, such as using the linear 

relationship: 

*s aT a b T= +  (1) 

 

where Ts and Ta are the stream water and air temperatures, re- 

spectively (oC), and a and b are constants. 

Such a simple regression is somewhat successful in 

catching the heat transfer physics, and is used in the original 

SWAT model. Because of its simplicity, the simple regression 

is increasingly being used (Mohseni and Stefan, 1999; Webb 

et al., 2008). However, Mohseni et al. (1998) observed their 

inability to determine the stream water temperatures all year 

round. They also found that the linear regression predicted the 

Ts better when the Ta is above 0oC. When the Ta is higher (> 

25oC) and lower (< 0oC), the linear relationship may cause 

significant errors. This is because the heat exchange process at  

 

Figure 2. The Athabasca River Basin (ARB) with generated sub-basins boundaries and river network. Also shown are the 

point pollution sources (Industrial and Waste Water Treatment Plant-WWTP), streamflow and water quality monitoring 

stations across the basin. 
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the air-water interface is non-linear due to other influences, 

such as the presence of hysteresis in the stream-air temperature 

relationship (Webb et al., 2003), and wind speed, among others. 

In cold climate regions like the ARB, it is common that the Ta 

is below freezing for most of the year. A non-linear equation 

is thus more suitable for such regions. We adopted a non- 

linear relationship between Ts and Ta (Equation 2), as 

suggested by Mohseni et al. (1998). Many studies have shown 

that this is more accurate in cold climate regions (Mohseni et 

al., 1998; Shrestha et al., 2013b; Laanaya et al., 2017): 

)(
1 aTs

e
T

−
+

−
+=






 (2) 

where µ is the minimum observed stream water temperature 

(oC), α the maximum observed stream water temperature (oC), 

the slope of inflection point (-) and β the stream water tem- 

perature at the inflection point (oC). 

In cold climate regions, seasonal ice coverages are also 

an important factor for the river water quality dynamics 

(Prowse, 2001; Shakibaeinia et al., 2016). For example, ice 

coverage can limit oxygen exchange at the air-water interface. 

In the ARB, the study by HydroQual-Consultants (1989) 

indicated that the air-water oxygen exchange could be close to 

zero in winter months. Therefore, it is often necessary to ro- 

bustly quantify the ice formation and melt at the river surface. 

Table 1. Water Quality Related Parameters Considered for Sensitivity Analysis with Default, Maximum and Minimum 

Parameters Values 

Name Description Unit Max. 

value 

Min. 

value 

Default 

value 

v__BIOMAX.mgt Biological mixing efficiency - 0 1 0.2 

v__CMN.bsn Rate factor for humus mineralization of active organic nutrients - 0.001 0.003 0.003 

v__RSDCO.bsn Residue decomposition coefficient - 0.02 0.1 0.05 

v__CDN.bsn Denitrification exponential rate coefficient - 0 3 1.4 

v__N_UPDIS.bsn Nitrogen uptake distribution parameter - 0 100 20 

v__P_UPDIS.bsn Phosphorus uptake distribution parameter - 0 100 20 

v__NPERCO.bsn Nitrate percolation coefficient - 0.01 1 0.2 

v__PPERCO.bsn Phosphorus percolation coefficient 10 m3/Mg 10 17.5 10 

v__PHOSKD.bsn Phosphorus soil partitioning coefficient m3/Mg 100 200 175 

v__PSP.bsn Phosphorus availability index - 0.01 0.7 0.4 

v__ERORGN.hru Organic N enrichment ratio - 0 5 0 

v__ERORGP.hru Organic P enrichment ratio - 0 5 0 

v__RS2.swq Benthic (sediment) source rate for dissolved phosphorus in the 

reach at 20 oC 
mgDisP/m2∙ 

day 

0.001 0.1 0.05 

v__RS3.swq Benthic source rate for NH4-N in the reach at 20 oC mgNH4-N/ 

m2∙day 

0 1 0.5 

v__RS4.swq Rate coefficient for organic N settling in the reach at 20 oC 1/day 0.001 0.1 0.05 

v__RS5.swq Organic phosphorus settling rate in the reach at 20 oC 1/day 0.001 0.1 0.05 

v__RK1.swq Carbonaceous biochemical oxygen demand deoxygenation rate 

coefficient in the reach at 20 oC 

1/day 0.02 3.4 1.71 

v__RK2.swq Oxygen reaeration rate in accordance with Fickian diffusion in the 

reach at 20 oC 

1/day 0.01 100 50 

v__RK3.swq Rate of loss of carbonaceous biochemical oxygen demand 

due to settling in the reach at 20 oC 

1/day -0.36 0.36 0.36 

v__RK4.swq Benthic oxygen demand rate in the reach at 20 oC mgO2/m2∙day 0 100 2 

v__BC1.swq Rate constant for biological oxidation of NH4 to NO2 in the reach 

at 20 oC 

1/day 0.1 1 0.55 

v__BC2.swq Rate constant for biological oxidation of NO2 to NO3 in the reach 

at 20 oC 

1/day 0.2 2 1.1 

v__BC3.swq Rate constant for hydrolysis of organic N to NH4 in the reach at 

20 oC 

1/day 0.2 0.4 0.21 

v__BC4.swq Rate constant for mineralization of organic P to dissolved P in the 

reach at 20 oC 

1/day 0.01 0.7 0.35 

v__µ.gw Minimum observed stream water temperature oC -1 1 0 

v__α.gw Maximum observed stream water temperature oC 20 30 25 

v__γ.gw Slope of inflection point - 0.15 0.25 0.2 

v__β.gw Stream water temperature at inflection point oC 10 15 12 

v__ψ.gw Reaeration coefficient adjustment factor - 0 1 0 

v = parameter value is replaced by given value 

r = parameter value is multiplied by 1 ± a given value 
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In this study, we introduced a seasonality factor to correct the 

air-water oxygen exchange using Equation 3, which in the 

original SWAT has been kept constant (to a value of zero) ir- 

respective of the time of the year. By introducing the factor, ψ, 

we are able to limit/inhibit the air-water oxygen exchange – 

the re-aeration process (RK2, process 1, Table S8) during the 

ice-covered season. Such an approach has been used by other 

researchers, (e.g., Shakibaeinia et al., 2016): 

 

( )'
2 2 1RK RK = −   (3) 

 

where '
2RK  is the modified reaeration coefficient (1/day), 

RK2 the original reaeration coefficient (1/day), and ψ the sea- 

sonality adjustment factor (-). Obviously, value of the factor 

would oscillate between 0 (full re-aeration) and 1 (complete 

inhibition). Furthermore, the factor, being a physically based 

parameter, should be assigned as per field conditions. For in- 

stance, if the entire river width is totally covered with snow, 

there would be no exchange of oxygen between water column 

and atmosphere, hence, should be assigned as 1.0. Similarly, 

if there are no traces of snow in river’s entire width, the factor 

should be assigned a value of 0.0, thereby allowing a com- 

plete exchange of oxygen. In other conditions, values can be 

varied from 0 to 1, subjected to calibration based on dissolved 

oxygen concentrations/load. 

 

2.3. Model Inputs and Built-up 

2.3.1. General Databases 

Three sets of spatial data were pre-processed as required 

by the SWAT model. They included: (a) Digital Elevation 

Model (DEM), for which we used hole-filled SRTM DEM 

(Jarvis et al., 2008); (b) land use, which was adopted from 

Global Land Cover Characterization (Loveland et al., 2000) 

with spatial scale of 1 × 1 km; and (c) soil map, which was 

based on Agriculture and Agri-Food Canada (SLCWG, 2010) 

with spatial scale of 1:1 million. Sub-basins and stream net- 

work based on the DEM with a threshold area of 200 km2 

were delineated. Further, sub-basin outlets were also defined 

at 10 gauging stations of water quantity and quality, as re- 

quired at the major river confluences (Figure 2). This process 

resulted in a total of 131 sub-basins. Next, a slope map was 

derived from the DEM and divided into 4 classes with breaks 

at 5, 10, 15 and 20%. A threshold of 10, 5 and 10% for land 

use, soil and slope were used, as suggested by Strauch et al. 

(2015). These processes resulted in a total of 1370 HRUs.  

Then, daily meteorological data; precipitation, maximum 

and minimum temperatures data at 73 stations (Figure S8), re- 

corded by GoC (2016), and relative humidity, solar radiation, 

and wind speed data at 230 stations (Figure S8), recoded by 

CFSR (2016) were supplied to the model. Finally, the Pen- 

man-Monteith method was selected to estimate the potential 

evapotranspiration. Similarly, several natural and man-made 

impoundments were considered in the model as ponds or re- 

servoirs, depending on whether data of their operations was 

available. Finally, as the basin lies in a cold climate region, 

and the hydrology of the basin is snow dominated, we opted 

to use ten elevation bands in order to account for variations of 

the snow-related parameters, and to allow adjustments on pre- 

cipitation and temperature at higher elevations. 

 

2.3.2. Point and Non-point Pollution Sources 

As depicted, the basin is drained by several city centers, 

and hosts several industries (Figure 1). The river receives 

effluents from industries and the urban centers’ Waste Water 

Treatment Plants (WWTPs). As such, seven industrial and 

four WWTPs effluents were incorporated in the model. They 

were implemented as annual constant point sources. The ef- 

fluxent discharge and water quality concentration data were 

taken from Alberta Environment & Parks (AEP, 2016). While 

the observations at these point sources showed fluctuations 

(Figure S3), we had to impose annual constant values due to a 

lack of high-resolution data (e.g., daily).  

Spring Wheat and Barley are the major crops of the 

agriculture areas of the basin, and pasture, grassland and 

rangeland are the main livestock grazing areas. Therefore, 

they were regarded as non-point sources of pollution. There- 

fore, we assigned appropriate management operations for each 

crop type using a 30 × 30 m crop inventory map (AAFC, 2013). 

Normal management operations data for Spring Wheat and 

Barley included seeding date (May 1) and harvesting date 

(September 15), as per AGRI-FACTS (2013). Regarding the 

fertilizer application dose for these crops, while the AGRI- 

FACTS (2004) reported a wide range of values (0 ~ 80 pounds/ 

acre of Nitrogen in unirrigated land, 40 ~ 130 pounds/ acre in 

irrigated land and 20 ~ 50 pounds/acre of Phosphate (P2O5), 

depending on previous crop and soil type), we imposed a Ni- 

trogen application rate of 100 pounds/acre, which AGRI- 

FACTS (2013) calculated to be economically optimal, and a 

Phosphate application rate of 35 pounds/acre, the latter being 

the average of the reported range of Phosphate application 

rates in the Alberta province. For pasture, one seeding date 

(March 15) and two harvesting dates (one in July 15 and other 

in October 15) were taken as per AGRI-FACTS (2005b). 

Fertilizer doses of four Nitrogen applications of 60 pounds/ 

acre on March 15, 50 pounds/acre on June 15, 50 pounds/acre 

on July 15 and 40 pounds/acre on August 15, and a single 

Phosphate application of 60 pounds/acre on March 15, were 

taken as per AGRI-FACTS (2005a). For grassland and range- 

land, grazing operations needed to be defined. Here, we as- 

sumed that a mature cow would consume 6 kg of dry grass/ 

hectares/day, and dispose 5.5 kg of fresh manure/ hectares/day, 

as per AGRI-FACTS (1998).  

 

2.4. Model Evaluation in Base Period 

2.4.1. Calibration, Validation, and Sensitivity and Uncertainty 

Analysis 

We used the sequential uncertainty fitting algorithm 

(SUFI-2) (Abbaspour et al., 2004) in the SWAT Calibration 

and Uncertainty Programs (SWAT-CUP) (Abbaspour et al., 
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2007) for the model sensitivity, model calibration and vali- 

dation, and uncertainty analysis. A global sensitivity analysis 

method of the SWAT-CUP was used for which the Nash- 

Sutcliffe efficiency (NSE) was chosen as the objective func- 

tion. As the water quality dynamics of a river basin are 

influenced by the flow as well as sediment dynamics, all the 

related (e.g., streamflow, sediment and water quality) para- 

meters were considered for the sensitivity analysis. Table 1 

shows the water quality related parameters considered for this 

purpose, while Tables S1 and S2, list the flow and (erosion 

and) sediment related parameters.  

Once the sensitive parameters were identified, a multi- 

site and multi-variable (streamflow, sediment and water quali- 

ty) approach was adopted for the calibration and validation of 

the model in the base period. Two years (1980 ~ 1981) of total 

time span (1980 ~ 2013) were used as the warm-up period, 16 

years (1990 ~ 2005) as the calibration period, and the remain- 

ing years as the validation period. Unlike streamflow, water 

quality data are often not available for a long period (refer 

illustration in Figure S4). Therefore, selection of calibration 

and validation periods might be limited due to various factors 

such as availability and quality (e.g., long missing series) of 

data, and climatic condition (e.g., need to include both dry 

and wet years for model calibration). The SWAT-CUP with its 

SUFI-2 algorithm was run several times (300 ~ 500 model runs 

each time) and, at each time, a narrower parameter range was 

defined as per the “new parameter range” suggestion of the 

SWAT-CUP until reasonable values of goodness of fit statis- 

tics are obtained. Furthermore, two widely used statistical 

factors, the p-and r-factor, were optimized to quantify the 

uncertainty of the model results. The p-factor reflects the 

numbers of observations bracketed by the 95% predictive 

uncertainty band and the r-factor encapsulates the thickness of 

the band (Abbaspour et al., 2007). Ideal value of the p-and 

r-factor is 1 and 0, respectively. A higher p-factor can be 

obtained with the expense of higher r-factor. Hence, in this 

study, we aimed to get an r-factor of less than 1.5 as much as 

possible. For this, we used streamflow observations recorded 

at 35 gauging stations (Figure 2) by WSC (2016), and sedi- 

ment and water quality variables at a maximum of 10 stations 

(Figure 2) recoded by AEP (2016). 

 

2.4.2. Model Performance Evaluation 

There exist various statistical indicators to evaluate the 

model performance evaluations in environmental modelling 

Table 2. Goodness of fit statistics Considered for Model Evaluation of Different Variables and Range of Values of These 

Statistics for a Particular Qualitative Rating of Different Variables (Streamflow, Sediment and Water Quality) 

Variables  Performance Ratings 

Very Good Good Satisfactory Unsatisfactory 

Streamflow  PBIAS ≤ ±10 ±10 ≤ PBIAS ≤ ±15 ±15 ≤ PBIAS ≤ ±25 PBIAS ≥ ±25 

0.75 < NSE ≤ 1.00 0.65 < NSE ≤ 0.75 0.50 < NSE ≤ 0.65 NSE ≤ 0.50 

0.00 < RSR ≤ 0.50 0.50 < RSR ≤ 0.60 0.60 < RSR ≤ 0.70 RSR > 0.70 

Sediment  PBIAS ≤ ±15 ±15 ≤ PBIAS ≤ ±30 ±30 ≤ PBIAS ≤ ±55 PBIAS ≥ ±55 

0.70 < NSE ≤ 1.00 0.60 < NSE ≤ 0.70 0.45 < NSE ≤ 0.60 NSE ≤ 0.45 

0.00 < RSR ≤ 0.55 0.55 < RSR ≤ 0.63 0.63 < RSR ≤ 0.71 RSR > 0.71 

Water Quality 

Components 

PBIAS ≤ ±25 ±25 ≤ PBIAS ≤ ±40 ±40 ≤ PBIAS ≤ ±70 PBIAS ≥ ±70 

0.65 < NSE ≤ 1.00 0.50 < NSE ≤ 0.65 0.35 < NSE ≤ 0.50 NSE ≤ 0.35 

0.00 < RSR ≤ 0.60 0.59 < RSR ≤ 0.71 0.71 < RSR ≤ 0.81 RSR > 0.81 

 

Table 3. Alberta River Water Quality Index (ARWQI), European Union (EU) based Objectives Values of Different Water 

Quality Variables, and the Ecological Status Categorization based on River Water Quality Index (WQI) 

Variable Symbol Unit ARWQI: Objectives1 EU2 EU3 

Water Temperature Ts oC   < 21.5 < 28 

Carbonaceous Biological Oxygen Demand  CBOD mg O2/L > 6.5 > 9 > 7 

Dissolved Oxygen  DO mg O2/L < 1.0     

Total Nitrogen  TN mg N/L < 0.05     

Total Phosphorus  TP mg P/L       
1Alberta River Water Quality Index Objective Level, monthly frequency (AEP, 2017) 
2EU Fish Water Quality Directive: 2006/44/EC (EU, 2006) - Salmonid Waters Mandatory Level 
3EU Fish Water Quality Directive: 2006/44/EC (EU, 2006) - Cyprinid Waters Fish Mandatory Level 

Alberta River Water Quality Rating System (AEP, 2016) 

Index Value Rating Description 

96-100 Excellent The objectives are always met 

81-95 Good The threshold values are occasionally exceeded 

66-80 Fair The threshold values are exceeded by moderate amount 

46-65 Marginal The threshold values are often exceeded 
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(Bennett et al., 2013). It should be noted that some high fre- 

quency water quality data might not be available, particularly 

at extreme events mainly due to the practical difficulty of 

sampling such events (Shrestha et al., 2013a), which would 

hinder a robust model evaluation. We experienced a similar 

problem as nutrient (TN and TP) samples at the Athabasca 

River u/s of Fort McMurray during extreme wet events are 

scarce (Figure S4). As a result, an average statistics is often 

used. Furthermore, several graphical plots (e.g. time series, frequen- 

cy plots, etc.) are widely used to complement this limitation.  

In recent years, different qualitative ratings (very good, 

good, satisfactory and unsatisfactory, Table 2) have been em- 

ployed based on the range of chosen statistical indicators, to 

qualify the model results. Here, we used three widely used 

statistical indicators – the percentage of bias (PBIAS), the Nash- 

Sutcliffe efficiency (NSE) and the root mean squared error 

normalized by standard deviation of observed variable (RSR). 

A range of values of these statistics as suggested by Moriasi et 

al. (2007); Moriasi et al. (2015) was used to assign a 

qualitative rating to the model results (Table 2). In the case of 

different qualitative ratings from three different statistical 

indicators, an average qualitative rating was calculated as- 

signing numeric values of 1 to 4 to unsatisfactory to very good 

ratings. 

 

2.4.3. Water Quality Index (WQI) Calculation 

In order to quantify the ecological status of river water, 

we calculated the water quality index (WQI), as per the for- 

mulation suggested by AEP (2017). The WQI considers three 

water quality aspects, namely the scope (represented by F1), 

frequency (represented by F2) and amplitude (represented by 

F3), referencing Equation 4, relative to the water quality ob- 

jectives set (Table 3) by Alberta Environment & Parks (AEP, 

2016). Due to a lack of data, some of the objective values are 

adopted from EU Fish Water Quality Directive (EU, 2006). 

The WQI value ranges from 0 (bad quality) to 100 (best qual- 

ity), and based on the ranges of the WQI, a qualitative rating 

(excellent to poor, Table 3) was assigned to the river water in 

a river reach: 
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where F1 is a factor representing the number of water quality 

variables not meeting the objectives (-), F2 is a factor re- 

presenting the number of individual concentrations that don’t 

meet the objectives (-), F3 is a factor representing the amount 

by which these individual concentrations depart from the ob- 

jectives (-), and nse is a factor representing the amount by 

which the water quality depart from the compliance (-). 

 

2.5. Model Application in Future Period 

2.5.1. Climate Change Data 

There exists a wide variety of future climate datasets for 

climate impact studies. Generally, outputs from a General Cir- 

culation Models (GCMs) are statistically or dynamically 

downscaled to smaller regions of interests using various tech- 

niques (Wilby et al., 1998) and used for impact studies often 

after bias correction (Teutschbein and Seibert, 2012). For 

Canada, ECCC (2016) has a repository of tailored climate 

data and scenarios to be used for climate impact studies. In 

this study we opted to use the future climate projections from 

Canadian Center for Climate Modelling and Analysis (CCCMA), 

Regional Climate Model (RCM), the CanRCM4 (Scinocca et 

al., 2015). The temporal and spatial resolution of data is daily 

and 0.44 × 0.44o (~ 50 km) or 0.22 × 0.22o (~ 25 km), 

respectively. The higher (spatial) resolution data set (~ 25 km) 

of several variables of interests were pre-processed for the 

period of 2006 ~ 2100 at a total of 272 CanRCM4 grid points 

that fall within the ARB (Figure S7). They included precip- 

itation, maximum and minimum temperature, and specific 

humidity (converted to relative humidity), solar radiation and 

wind speed. Although some researchers adopted a multimodel 

ensemble approach for climate change impact assessment, e.g., 

(Christensen and Lettenmaier, 2007), it can be argued that the 

projections of the CanRCM4 is tailor-made for Canadian con- 

ditions. Furthermore, in a study by Cheng et al. (2017c) in- 

volving 6 CMIP5 GCMs in the ARB, they found that “the 

ensemble can not outperform any GCMs”. Moreover, the 

quality of the latest CanRCM4 dataset has been improved 

from its parent GCM (CanESM2) (Scinocca et al., 2015). 

Additionally, for Western North America region, the parent 

GCM (CanESM2) was found to be one of the top 3 models in 

terms of representing different climatic indices of the region 

(Murdock et al., 2013). However, we have not systematically 

evaluated the accuracy of different GCMs for the ARB, as 

done by Cheng et al. (2017b), which is indeed one of the 

limitations of the work. For the CanRCM4 dataset, two IPCC 

AR5 emission scenarios−the RCP 4.5 and the RCP 8.5 (IPCC, 

2014) were considered. Similarly, two periods, a mid-century 

period (2040’s) with a period of 2021 ~ 2060, and a late- cen- 
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tury period (2080’s) with a period of 2061 ~ 2100, were con- 

sidered. Owing to the size of the basin and different landuse 

(Figure S5) soil and slope (Figure S6), the ARB was divided 

into five regions: headwaters, foothills, prairie, Lesser Slave 

and boreal, for the assessment of climate change impacts at 

different regional scales (Figure S7). We believe that consid- 

eration of different emission scenarios, different future periods 

and regional analysis would be helpful to reduce some of the 

uncertainties inherent in the climate change data and cor- 

responding impact assessment (Hawkins and Sutton, 2009). 

 

2.5.2. Tested Management Scenarios 

It has been reported that the catchments in this region 

were expected to receive more intense precipitation leading to 

an increase in streamflow (Eum et al., 2017; Shrestha et al., 

2017a). While a positive effect from dilution of pollutant is 

expected, a higher surface runoff and erosion would lead to 

higher pollutant and nutrients runoff to the stream. In this re- 

gard, we formulated two management scenarios in view of 

improving water quality status of the basin under changing 

climate. The first scenario (Scenario A) aimed at controlling 

the point pollution sources and the second (Scenario B) aimed 

at controlling the non-point pollution sources.  

The point sources of pollution in the basin are industrial 

and waste water treatment plant effluents. The imposed yearly 

constant values of pollutants based the observations showed 

that they tend to cross the effluent quality limits (Figure S3), 

such as that imposed by the EU (1991). Here, we reduced the 

effluent concentrations at the maximum allowable limits (TN 

= 10 mgN/l, TP = 1 mgP/l and cBOD = 25 mgO2/l). 

As for the non-point pollution sources, we aimed at: (a) 

reducing fertilizer application in agricultural areas and pasture 

land-use, (b) managing manure at grasslands and rangelands, 

and (c) adopting terrace farming in agricultural areas. As 

stated earlier, we imposed economically optimal levels of 

Nitrogen application rate in agricultural areas (100 pounds of 

Nitrogen per acre, as suggested by AGRI-FACTS, 2013) in 

the baseline period. This rate was reduced to the lower limit of 

the range of recommended nitrogen dose (40 pounds of Ni- 

trogen per acre) (AGRI-FACTS, 2013). Similarly, the Phos- 

phate application rate in the base period was also reduced to 

the lower limit of the recommended dose (20 pounds of 

phosphate per acre). Next, the manure production rate of a 

grown cow while grazing (5.5 kg of fresh manure/hectares/ 

day) was reduced to zero representing a situation where the 

manure would be properly collected and disposed. Finally, we 

tested the terrace farming practice in agricultural areas, as it is 

one of the most commonly used cropland practices in Canada 

(AAFC, 2002). Adopting this practice required changes in 

various parameters of the SWAT model. As such, we adopted 

different values of the universal soil loss equation crop pra- 

ctice factor (P) as a function of slope, suggested by Haan et al. 

(1994). Similarly, the initial SCS runoff curve number for 

moisture condition II (TERR_CN) was set at 58 as per sug- 

gestion of Arnold et al. (2011) and the average slope length 

(TERR_SL) was varied with the slope (200 m for slope < 5% 

to 20 m for slope > 20%). Effectiveness of both individual 

and combined scenarios (A&B) in improving the water qua- 

lity status in future periods, was evaluated. 

3. Results and Discussion 

For clarity purposes, we have presented water quality 

results in this paper. As streamflow and sediment results affect 

water quality results (He, 2017), we refer Shrestha et al. 

(2017a) for details on streamflow results, and Shrestha and 

Wang (2018) for details on sediment yield and transport re- 

sults. The goodness-of-fit statistics of the streamflow and se- 

diment results can be found on Table S3 and S4 respectively.  

While the accuracy of streamflow results varied across 

the basin, the model, in general, simulated streamflow dy- 

namics of the main river in higher accuracy than small 

tributaries. The lower accuracy of small tributaries in the Bo- 

real plain region is particularly concerning as the model seem 

to underperform in this region of the watershed (Table S3). It 

should be noted that SWAT is better suited to model agri- 

cultural watersheds. The Boreal plain region, which has > 

90% forest coverage might have different hydrological re- 

sponse than agricultural watersheds. In the Boreal forests, 

Watson et al. (2008) incorporated “effects of slope and aspect 

on solar radiation”, added “a litter layer storage model” and 

developed “a simple wetland model to represent the bogs and 

fens”, and found better results. Similarly, in such low-lying area, 

the infiltration excess runoff that the SWAT model employs 

has been generally criticized. It is argued that the saturation 

excess runoff is the primary runoff generation process in such 

areas, leading to the so-called variable source area (VSA) 

phenomena (Dunne and Black, 1970). Some researchers, e.g., 

Easton et al. (2008) tested the VSA approach in SWAT, and 

found slightly better results. Similarly, use of a single (con- 

stant) spatial data set of the land use can be questioned as 

especially researchers, e.g., Boluwade and Madramootoo (2015) 

found noticeable discrepancies on streamflow when using 

variable land use maps. While these issues definitely need fur- 

ther investigation, accuracy of our results might be thus a 

compromise between simplification, feasibility and reality. 

Besides these, presence of a lower number of precipitation 

measuring stations at North-East part of the Boreal plain 

region, and significant missing data (Figure S8) might be the 

main reason for the model underperformance. While SWAT 

employs statistical weather generator to fill the missing gaps 

in meteorological data (Neitsch et al., 2011), generated data 

are always an approximation of the reality.  

Similarly, accuracy of the sediment results at a particular 

station (Athabasca River at Windfall) is lower than that at 

other stations (Table S4). Note that model simulated stream- 

flow at that station with a “very good” accuracy (Table S3). 

We can thus relate this particular problem to the sediment 

related parameters (Table S2), specifically parameter SPEXP 

which would be constant at all river reaches. This particular 

station is the only station located outside of the main 

Athabasca river reach. Hence, a different value of the SPEXP 

might have resulted in better goodness-of-fit statistics. Such 
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discrepancy would be important in a large continental river 

basin such as the ARB, in which researchers e.g., Cheng et al., 

(2017a) showed presence of different climatic zones. Further- 

more, a lower number of observations as compared to down- 

stream stations also might have played a role for this. The 

interested readers can refer to Shrestha and Wang (2018) for 

further details. 

 

3.1. Improvement on Stream Water Temperature and 

Dissolved Oxygen Results 

The ability of the modified SWAT model in improving 

the stream water temperatures (Ts, Figure 3) and dissolved 

oxygen (DO, Figure 4) results at selected stations was quite 

evident. As depicted in Section 2.4.1, we used the SWAT-CUP 

for parameter optimization. The optimized values of four tem- 

perature related parameters−µ, α, γ, and β (refer Equation 2), 

for this particular station (Figure 3) were−0.25, 15.54, 0.2 

and 9.3 oC, respectively. Similarly, the seasonality factors (ψ, 

refer Equation 3) for this particular station (Figure 4) were 1.0 

for the months of December to April and 0.0 for other months.  

The original SWAT model could not simulate the extreme 

high and extreme low Ts while the modified SWAT model 

tended to represent the dynamics quite well. The im- 

provements have been reflected in the goodness of fit 

statistics values. The overall quality of Ts results improved 

from “satisfactory” to “very good” after the modification. The 

original SWAT model tended to over- and under-estimate the 

high and low Ts, respectively. In the original SWAT model, 

the values of coefficients of the linear relationship (a and b, 

Equation 1), are fixed at 5.0 and 0.75, respectively. Hence, 

during the winter months, as the air temperatures drop below 

freezing, it is evident that Ts would be as low as -15 oC. How- 

ever, the observations indicated that the Ts would still be 

around zero, indicating non-linear relationship between Ta 

and Ts. The non-linearity at low temperatures could be due to 

the release of latent heat with ice formation, which would 

prevent Ts from going below freezing (Mohseni et al., 1998; 

Webb et al., 2003). Similarly, for higher air temperatures (> 

25 oC), the non-linearity between the air and stream water 
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Figure 3. Stream water temperature (Ts) simulation results using original and modified SWAT model at an upstream station 
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temperatures could be due to the so-called “evaporative cool- 

ing” effect (Mohseni et al., 1998; Mohseni and Stefan, 1999). 

As the air temperatures increase, an increased vapor pressure 

deficit promotes higher evaporation from water surface and 

increases the evaporative cooling. Using the logistic type 

non-linear equation (Equation 2) in the modified SWAT 

model, the simulated Ts tend to follow the trend of obser- 

vations quite well.  

Similarly, for the DO simulations, the positive effect of 

the modification was quite evident partly because of the im- 

provements on the Ts simulation results, as the saturation DO 

level is solely based on the Ts (Equation S7). As expected, 

allowing seasonality (Equation 3) in air-water oxygen ex- 

change (reaeration−process 1 of Table S8), the DO level 

dropped quite significantly during the snow-covered winter 

months. The pattern of the observed DO has been better re- 

presented by the simulation results of the modified SWAT. 

While the goodness of fit statistics indicated the satisfactory 

quality of model results for both cases, significant improve- 

ments on the individual statistics has been achieved (e.g., NSE 

= 0.18 from -0.48). 

From the results, it can therefore be stated that such sim- 

ple yet robust cold climate specific changes could improve re- 

lated water quality results significantly, and that these changes 

could be useful to other cold climate regions of the world. 

 

3.2. Model Validation for Water Quality Results in the 

Base Period 

Out of several parameters that control nutrients yield (also 

termed as export coefficient as it represents the nutrient gen- 

erated per unit area per unit time (McFarland and Hauck, 

2001) from sub-basins, the organic nitrogen and phosphorus 

enrichment ratios (ERORGN and ERORGP, Table 1) are found 

to be the most sensitive ones. Similarly, phosphorus up- take 

distribution parameters (P_UPDIS), phosphorus avail- able 

index (PSP) and biological mixing efficiency (BIOMIX) have 

been found to be the top five sensitive parameters. This is 

similar to the findings of other studies (e.g., Tiruneh, 2004). 

As expected, both the (total) nitrogen (TN) and phos- 

phorus (TP) yield from the agricultural areas are the highest. 

The average annual TN yield (11.16 kgN/ha) from agricultural 

areas is comparable to literature values reported in similar 

cold climate watersheds. For instance, a value Nicholaichuk 

and Read (1978) reported yield rate of 10.00 kgN/ha/yr in the 

Swift Current Watershed of Saskatchewan, Canada. Similarly, 

Dodd et al. (1992) reported a value of 9.80 kgN/ha/yr in North 

Carolina, USA while MDEQ (2001) calculated the rate being 

14.90 in Montana, USA. Similarly, the annual average TP 

yield from agricultural areas is 2.88 kgP/ha/yr, which is also 

comparable to the reported values in literature, such as 2.9 

kgP/ha/yr reported by Nicholaichuk and Read (1978). As 

Spring Wheat and Barley are the major crops in the ARB, the 

TP yield is also comparable to the reported value of 2.96 

kgP/ha/yr from the wheat fields in Oklahoma, USA (Olness et 

al., 1975). However, the average annual TN yield rate of 0.94 

kgN/ha/yr from the dominating land-use (forest) of the basin 

is found to be slightly lower than most of the reported values, 

e.g., 2.33 kgN/ha/yr by Dodd et al. (1992) in North Carolina, 

USA, and 2.50 kgN/ha/yr by MDEQ (2001) in Montana, USA. 

This could be due to a rather mild slope (Figure S6) in parts of 

the basin where the coverage forest land-use is the highest 

(Figure S5). As erosion potential in such flat areas is rather 

low, the organic nitrogen yield found in the sediments would 

be low. However, the annual TP yield rate of 0.17 kgP/ha 

from the forest land-use is fairly comparable to the estimates 

in nearby watersheds−Baptiste Lake (0.14 kgP/ha/yr,) and 

Two Creek (0.12 kgP/ha/yr) (Alberta-Environment, 1982) of 

Alberta, Canada. The nutrients yield from other land-use types 

(pasture, rangeland, etc.) are also found to be consistent with 

literature values. 

With reasonable estimates of nutrient runoff from the 

sub-basins, concentrations of five water quality components 

(stream water temperature – Ts, dissolved oxygen – DO, carbon- 

aceous biochemical oxygen demand – cBOD, total ni- trogen 

– TN and phosphorus – TP) at 10 different stations (Figure 2) 

are calibrated.  

Out of several parameters that affect in-stream water qua- 

lity conversion (Table S8), two parameters that are directly 

related to the cBOD dynamics (cBOD settling rate−RK3, and 

cBOD deoxygenation coefficient- RK1, Table S8) are found to 

be most sensitive ones. This could be due to the fact that these 

parameters not only affect the cBOD dynamics but also the 

DO dynamics. Other sensitive parameters include sediment 

oxygen demand (RK4), re-aeration coefficient (RK2) and re- 

aeration seasonality coefficient (ψ). Out of four tem- perature 

related parameters (Table S8), the slope of inflection point (γ) 

is found to be most sensitive, which is similar to the finding of 

Shrestha et al. (2013b). 

Figure 5 shows the time series plot of simulated and 

observed Ts, cBOD, DO, TN and TP, with 95% predictive 

uncertainty bands at the Athabasca river u/s of Fort McMurray 

during the calibration period. Table 4 summarizes the good- 

ness of fit statistics and related qualitative rating of simulation 

results of each of the water quality variables at other stations. 

In general, the model is able to reproduce the trend of obser- 

vations quite well, although some disparities also are evident. 

As for Ts, model results are consistent with qualitative 

ratings varying from “good” to “very good” at all stations 

(Table 4). The calculated p- and r-factors also reflect low 

uncertainty in model results (r-factor < 0.36). However, the 

uncertainty band could not encapsulate the majority of ob- 

servations (p-factor < 0.56). At the Athabasca river u/s of Fort 

McMurray, the trend of observations has been represented 

quite well at both temperature extremes. From a management 

point of view, it is clear from the plot (Figure 5) that, at the 

Athabasca river u/s of Fort McMurray, the Ts levels have 

never crossed the upper limit set for the Cyprinid waters 

(Table 3) but the upper limit set for the Salmonid waters has 

been crossed quite frequently in the summer months. 

Similarly, for the cBOD simulations, the goodness-of-fit 

statistics show only “satisfactory” accuracy of model simula- 

tions at all stations (Table 4). While the PBIAS indicated a 
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tions at all stations (Table 4). While the PBIAS indicated a 

 

Table 4. Goodness-of-fit Statistics of Water Quality Simulation Results with p- and r-statistics at 10 Selected Water Quality 

Monitoring Stations across the Athabasca River Basin (ARB) 

Variable Monitoring Station Name and ID Region No. of 

Obs. 

p- 

factor 

r- 

factor 

PBIAS NSE RSR 

Water 

Temperature 

(Ts) 

 (AB07DD0010) Boreal 102 0.45 0.25 2.1(v) 0.83(v) 0.41(v) 

 (AB07DA0610) Boreal 102 0.38 0.18 1.9(v) 0.79(v) 0.46(v) 

 (AB07CC0030) Boreal 102 0.34 0.27 0.2(v) 0.7(v) 0.55(v) 

 (AB07BK0130) Lesser Slave 46 0.48 0.34 2(v) 0.85(v) 0.38(v) 

 (AB07BD0050) Lesser Slave 31 0.42 0.27 0.7(v) 0.85(v) 0.39(v) 

 (AB07BE0010) Lesser Slave 184 0.39 0.25 2.1(v) 0.77(v) 0.48(v) 

 (AB07AH0370) Lesser Slave 30 0.40 0.27 1.1(v) 0.78(v) 0.47(v) 

 (AB07AE0160) Foothills 57 0.35 0.31 1.9(v) 0.73(v) 0.52(v) 

 (AB07AD0160) Foothills 51 0.43 0.36 -2.5(v) 0.71(v) 0.54(v) 

 (AB07AD0360) Headwater 43 0.56 0.26 2.7(v) 0.91(v) 0.31(v) 

Dissolved 

Oxygen (DO) 

 (AB07DD0010) Boreal 111 0.63 0.42 6(v) 0.28(u) 0.85(u) 

 (AB07DA0610) Boreal 101 0.42 0.32 25.8(g) -1.1(u) 1.44(u) 

 (AB07CC0030) Boreal 111 0.76 0.67 8.5(v) 0.34(u) 0.81(u) 

 (AB07BK0130) Lesser Slave 38 0.82 0.53 4.2(v) 0.17(u) 0.91(u) 

 (AB07BD0050) Lesser Slave 28 0.21 0.44 -4.2(v) 0.18(u) 0.9(u) 

 (AB07BE0010) Lesser Slave 189 0.66 0.84 12.4(v) -0.6(u) 1.26(u) 

 (AB07AH0370) Lesser Slave 26 0.38 0.91 8.8(v) -2.4(u) 1.84(u) 

 (AB07AE0160) Foothills 52 0.47 0.95 11.8(v) -3(u) 1.99(u) 

 (AB07AD0160) Foothills 53 0.74 0.96 7.2(v) -0.9(u) 1.38(u) 

 (AB07AD0360) Headwater 45 0.80 0.78 5.4(v) 0(u) 0.99(u) 

Total Nitrogen 

(TN) 

 (AB07DD0010) Boreal 103 0.42 1.05 -18.7(v) -1(u) 1.4(u) 

 (AB07DA0610) Boreal 60 0.32 1.22 4.4(v) -8.5(u) 3.09(u) 

 (AB07CC0030) Boreal 103 0.35 0.82 -11.9(v) -1.6(u) 1.62(u) 

 (AB07BK0130) Lesser Slave 45 0.60 0.69 1.7(v) -0.2(u) 1.09(u) 

 (AB07BD0050) Lesser Slave 34 0.58 0.55 -7.7(v) 0.04(u) 0.98(u) 

 (AB07BE0010) Lesser Slave 190 0.38 0.56 -3(v) -0.5(u) 1.22(u) 

 (AB07AH0370) Lesser Slave 32 0.25 0.28 4.1(v) -0.2(u) 1.08(u) 

 (AB07AE0160) Foothills 58 0.52 0.75 -5.6(v) 0.23(u) 0.88(u) 

 (AB07AD0160) Foothills 50 0.27 0.36 -33.1(g) -0.1(u) 1.07(u) 

 (AB07AD0360) Headwater 46 0.37 0.63 -7.5(v) -0.6(u) 1.25(u) 

Total 

Phosphorus 

(TP) 

 (AB07DD0010) Boreal 103 0.36 0.46 -24.3(v) -0.3(u) 1.15(u) 

 (AB07DA0610) Boreal 61 0.16 0.56 -17.8(v) -2.2(u) 1.79(u) 

 (AB07CC0030) Boreal 103 0.21 0.55 -0.8(v) -1.3(u) 1.52(u) 

 (AB07BK0130) Lesser Slave 45 0.78 1.23 3.9(v) 0.21(u) 0.89(u) 

 (AB07BD0050) Lesser Slave 34 0.12 0.40 65(s) -2.1(u) 1.75(u) 

 (AB07BE0010) Lesser Slave 190 0.22 0.30 -10.8(v) -0.4(u) 1.19(u) 

(AB07AH0370) Lesser Slave 31 0.16 0.17 27.7(g) -0.3(u) 1.15(u) 

 (AB07AE0160) Foothills 58 0.36 0.23 -4.1(v) -0.1(u) 1.03(u) 

 (AB07AD0160) Foothills 50 0.48 0.26 -31.5(g) -0.1(u) 1.06(u) 

 (AB07AD0360) Headwater 46 0.27 0.49 -13.7(v) -0.1(u) 1.04(u) 

Carbonaceous 

Biological 

Oxygen 

Demand 

(cBOD) 

 (AB07DD0010) Boreal 17 0.47 1.70 -9.5(v) -1.5(u) 1.57(u) 

 (AB07DA0610) Boreal 39 0.26 0.91 9(v) -1.6(u) 1.61(u) 

 (AB07CC0030) Boreal 29 0.52 1.61 6.8(v) -1(u) 1.41(u) 

 (AB07BK0130) Lesser Slave 39 0.19 0.62 -9.5(v) -0.1(u) 1.05(u) 

 (AB07BD0050) Lesser Slave 21 0.45 1.16 -16.4(v) 0.22(u) 0.88(u) 

 (AB07BE0010) Lesser Slave 20 0.49 0.93 -24.9(v) -0.2(u) 1.08(u) 

 (AB07AH0370) Lesser Slave 19 0.32 0.90 0(v) -0.3(u) 1.13(u) 

 (AB07AE0160) Foothills 23 0.17 0.68 1.6(v) -0.2(u) 1.09(u) 

Qualitative Ratings as per Moriasi et al. (2007, 2015), see Table 3. 

v = very good; g = good; s = satisfactory; u = unsatisfactory. 
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“very good” accuracy, negative NSE and a high value of RSR 

indicated “unsatisfactory” accuracy of model simulations. This 

indicates that the model tends to reproduce the long-term 

average cBOD dynamics quite well but it fails to reproduce 

cBOD dynamics in a shorter time (daily) basis. However, the 

fact that very limited numbers of cBOD observations (< 40 at 
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Figure 5. Time series plots of observed and simulated daily water quality variables (stream water temperature - Ts, carbona- 

ceous biochemical oxygen demand-cBOD, dissolved oxygen-DO, total nitrogen-TN, and total phosphorus-TP) at Athabasca 

river u/s Fort McMurray (#AB07CC0030). Also shown is the 95% total predictive uncertainty bands on the model results. 
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all stations in the calibration period, Table 4) are available, 

indicates that these statistics should be used with caution. The 

fact that there are no cBOD measurements that are greater than 

3 mgO2/L (Figure 5) at the Athabasca river u/s of Fort Mc- 

Murray also shows our inability to validate the model results 

in more extreme events. High cBOD (up to 15 mgO2/L, Figure 

5) concentrations are indeed expected during spring freshet 

and storm events. From a management point of view, it is 

clear from the plot (Figure 5) that at the Athabasca river u/s of 

Fort McMurray, the ecological status of the river is good 

during low flow conditions as the cBOD concentrations are 

well below the limits set for both Cyprinid and Salmonid 

waters. However, both limits have been frequently crossed 

during storm events and in the spring freshet. 

Concerning the DO simulations, a slightly improved ac- 

curacy has been observed across all the stations than that 

calculated for the cBOD simulations, albeit due to a higher 

number of observations (Table 4). Slightly better values of good- 

ness-of-fit statistics have been observed at stations located in 

the downstream section of the basin. For all stations, rea- 

sonable values of r-factor (< 1), and p-factor (up to 0.82) 

indicate higher levels of confidence on the DO simulations. At 

the Athabasca river u/s of Fort McMurray, the model has 

reproduced the dynamics of DO in both extremes (summer 

and winter), but there is a general tendency of overestimation 

during winter months (Figure 5) in low flows periods and ex- 

tensive ice cover even after these improvements due to the 

introduction of seasonality in air-water oxygen transfer (Equa- 

tion 3). This can be related to the conceptual deficiency of the 

QUAL2E principles that the SWAT adopts for in-stream water 

quality conversion. As highlighted by Reichert et al. (2001), 

the QUAL2E formulation has not considered various oxygen 

consuming processes such as the growth and respiration of 

first and second stage nitrifiers, consumers and heterotrophs. 

In relation to the cold climate regions, perhaps one of the 

more important factors could be the presence of seasonality in 

the sediment oxygen demand (Table S8, process 4) as con- 

firmed by several field studies, e.g. (Northern River Basins 

and Monenco, 1993). In contrast, the QUAL2E formulation 

adopts a constant rate (RK4, Table S8, process 4). In reality, a 

gradual build-up in sediment oxyge demand is expected in 

rivers with extensive ice cover in winter months due to a 

continuous release of biodegradable biomass and nutrients 

into the river, resulting in an increase of benthic biomass and 

activities of nitrifiers, consumers and heterotrophs. During the 

spring freshet period, increasing streamflow would erode the 

accumulated benthic biomass and the sediment oxygen de- 

mand would drop, further indicating the presence of season- 

ality in sediment oxygen demand. A study of Casey (1990) 

indeed confirmed this phenomena using several in-situ mea- 

surements at several locations of the Athabasca river. Accord- 

ingly, some studies have considered the seasonality in the 

sediment oxygen demand and are able to get slightly better 

results in simulating the DO dynamics (Pietroniro et al., 1998; 

Akomeah and Lindenschmidt, 2017; Terry et al., 2017). This 

issue needs further investigation. From a management point of 

view, the DO levels at the Athabasca river u/s of Fort 

McMurray have, for the majority of periods, remained above 

6.5 mgO2/l, the objective level set by AEP (2017). The DO 

levels have occasionally dropped below the objective level at 

storm conditions or during spring freshet, which are often 

associated with high cBOD loadings from upland sub-basins. 

As for the TN and TP simulations, the overall accuracy of 

the simulation results at all stations is just ‘satisfactory’ (Table 

4). Low or negative NSE values indicate that the model failed 

to capture the diurnal nutrients dynamics. It should, however, 

be noted that the observations are instantaneous measure- 

ments but samples have been collected from a point in the 

water column. Owing to the width and depth of the river, 

especially in the downstream sections, notable variations in 

the nutrient concentrations across the river width and depth 

are expected. Hence, such direct comparison (instantaneous 

observations versus daily simulations) are expected to result 

in low NSE values as the statistics are sensitive to the squared 

of residuals of individual pairs. However, the qualitative 

rating corresponding the PBIAS, which compares long term 

averaged values for the most of the cases, is ‘very good’. 

Similarly, reasonable p- and r-stat indicate higher confidence 

in model results with a low uncertainty (Table 4). At the 

Athabasca river u/s of Fort McMurray, the model results tend 

to capture the trend of observed TN and TP quite well, albeit 

with some discrepancies. As nutrient concentrations in the 

river reaches are primarily determined by the nutrients loading 

from surface runoff (Equation S1-S4), frequent peaks are evi- 

dent during spring freshet periods and in storm events. From a 

management point of view, both the TN and TP concen- 

trations exceed the objectives level set by AEP (2017) quite 

frequently. In general, the concentrations remained below the 

level only during low flow periods. 

 

3.3. Climate Change Impacts 

The future climate data clearly shows that the ARB will 

be warmer and wetter, relative to the base period. The trend is 

especially more severe in the late-century period and for the 

higher emission scenario. Basin wide annual average values 

suggest that the ARB is projected to be warmer by 2 ~ 3 oC 

and 2.5 ~ 5.4 oC in the mid- and late-century periods, re- 

spectively, relative to the base period. Similarly, the ARB is 

projected to receive higher precipitation by 27 and 37%, re- 

spectively for mid- and late-century periods, relative to the 

base period. While the projected increases in temperature are 

consistent with the reported values in the literature (Toth et al., 

2006; Golder-Associates, 2009; Kerkhoven and Gan, 2011; 

Leong and Donner, 2015; Eum et al., 2017), the increases in 

precipitation are slightly higher than that reported in these 

studies. While analyzing the changes in seasonal and regional 

scales, it is clear that there exists a marked variability within 

the basin (Table S5).  

 

3.3.1. Nutrients Runoff from Sub-basins 

The marked spatial variability in the annual average 

nutrients yield (total nitrogen - TN, Figure 6 and phosphorus - 

TP, Figure 7) during the base period have reflected variability 
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in the land-use pattern of the basin. Regional average seasonal 

and annual yields (Table 5) have also confirmed this hetero- 

geneity. In general, the regions having higher proportions of 

agriculture area have resulted in a higher nutrients yield 

(Table 6) mainly due to fertilizer applications associated with 

the agricultural activities. Further, due to nutrients’ association 

with sediment, some sub-basins of the headwater region have 

also contributed substantially as they are the source areas of 

sediments (Table S5).  

In future, despite a significant projected increase in sum- 

mer sediment yield from the headwater and foothill regions 

(Table S5), the nutrients yield in the summer season, on average, 

are projected to decrease (up to 60% on TN and up to 73% on 

TP in the headwater region). The expected increment in 

nutrients yield due to their association with sediments might 

have been over-compensated by the projected increase in 

water yield (Table S5). It implies that the dilution effect might 

exert greater control in TN and TP yield in these regions of 

 Table 5. Percentage Change in Seasonal and Annual Total Nitrogen (kgN/ha) and Total Phosphorus (kgP/ha) Yield from  

 Different Regions of the Athabasca River Basin (ARB) in Mid- (2021-2060) and Late-century (2061-2100) Periods, and for 

 Two Emission Scenarios (RCP 4.5 and 8.5), Relative to Base Period (1983-2013) 

Variable Region/Season Headwaters Foothills 

Period DJF MAM JJA SON Annual DJF MAM JJA SON 

Total  

Nitrogen Yield  

(kgN/ha) 

Base Period 

(1983-2013) 

0.015 0.177 0.215 0.073 0.479 0.018 0.109 0.225 0.059 

RCP 4.5 

(2021-2061) 

-99% -76% 54% -44% -14% 3% 50% -10% 8% 

RCP 4.5 

(2061-2100) 

-98% -85% -53% -72% -69% 38% 51% -2% 35% 

RCP 8.5 

(2021-2061) 

-99% -76% 0% -49% -39% 5% 42% -9% 8% 

RCP 8.5 

(2061-2100) 

-97% -65% -54% -59% -60% 62% 84% -22% 44% 

Total 

Phosphorus Yield  

(kgP/ha) 

Base Period 

(1983-2013) 

0.004 0.187 0.402 0.027 0.620 0.003 0.018 0.013 0.002 

RCP 4.5 

(2021-2061) 

-100% -77% 15% -13% -15% -44% -28% -18% -6% 

RCP 4.5 

(2061-2100) 

-100% -86% -67% -62% -73% 40% -23% 8% 44% 

RCP 8.5 

(2021-2061) 

-99% -74% 13% -23% -16% -16% -27% -2% 4% 

RCP 8.5 

(2061-2100) 

-99% -79% -72% -45% -73% 91% -9% -13% 67% 

Variable Region/Season Foothills Prairie Lesser Slave 

Period Annual DJF MAM JJA SON Annual DJF MAM 

Total  

Nitrogen Yield  

(kgN/ha) 

Base Period 

(1983-2013) 

0.412 0.006 0.325 0.097 0.032 0.460 0.090 0.982 

RCP 4.5 

(2021-2061) 

9% 133% -5% 129% 11% 26% -52% 70% 

RCP 4.5 

(2061-2100) 

19% 289% 1% 84% 48% 26% -28% 80% 

RCP 8.5 

(2021-2061) 

8% 57% -7% 107% 20% 20% -44% 97% 

RCP 8.5 

(2061-2100) 

19% 609% 16% 15% 121% 32% 52% 106% 

Total  

Phosphorus Yield  

(kgP/ha) 

Base Period 

(1983-2013) 

0.035 0.038 0.514 0.136 0.043 0.731 0.022 0.136 

RCP 4.5 

(2021-2061) 

-24% 15% 6% 263% -6% 54% -34% 91% 

RCP 4.5 

(2061-2100) 

-3% 84% 15% 198% 92% 58% 5% 138% 

RCP 8.5 

(2021-2061) 

-15% -12% 2% 198% 20% 39% -29% 130% 

RCP 8.5 

(2061-2100) 

1% 341% 33% 77% 196% 67% 210% 166% 
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the basin. It is also supported by the fact that there are limited 

fluctuations in the projected biomass yield in these regions 

(Table S5), thus limiting the addition of plant residue on fresh 

pools of organic nutrients. Even the significant changes in 

biomass yield due to favorable or non-favorable water and 

temperature stress (Table S5) would have little ef- fect on the 

dynamics of the nutrient yield as the parameters, such as the 

residue decomposition coefficient (RSDCO, Table 1) rate 

factor for humus mineralization of active organic nutrients 

(CMN, Table 1) are not very sensitive. 

At the prairie region, where the majority of agricultural 

activities exist (Figure S3), significant projected increases in 

summer sediment yield have been reflected in the increases in 

TN (up to 129%) and TP (up to 263%) yield despite projected 

increases in water yield (Table S5) in the summer season. 

Higher sediment associated organic nutrients runoff could be 

the main cause of this increment. At the same time, due to 

projected increases in plant biomass as a result of decreased 

temperature stress (Table S5), a higher amount of plant res- 

idue would contribute to the fresh pool of organic nutrients. 

Further, a higher rate of residual decay as a result of projected 

increases (up to 8.9 oC, Table S5) in summer temperature 

would add more organic nutrients in to the active pool.  

A similar pattern is also observed in the Lesser Slave 

region. However, the changes in this region are not as sig- 

nificant as those observed in the prairie region. At the boreal 

plain region, which has the forest as the major land-use 

(Figure S5) and has rather flat topography (Figure S6), sig- 

nificant increases in TN and TP yield during all seasons have 

been observed (Table 5). During summer and spring seasons, 

the increments can be mainly associated with the significant 

increases in sediment yield. However, an increment of the 

same magnitude during the winter and autumn seasons, in 

which there are no sediment yield from sub-basins (Table S5), 

could be attributed to an increased proportion of soluble forms 

of nutrients as the water yield (surface, lateral and ground- 

water) is projected to increase significantly (> 100% during 

these seasons, Table S5). Further, an increased proportion of 

organic nutrients in the fresh and active pools due to expected 

increases in plant biomass might also have contributed. More- 

over, the mineralization process (conversion of organic nu- 

trient from fresh and active pools to mineral forms) would be 

enhanced due to projected increases in temperature as all the 

processes that take place in the top soil layer (mineralization, 

decomposition and immobilization) can’t occur if soil tem- 

perature is less than 0oC (Neitsch et al., 2011). 

The changes in TN and TP yield in different land-use 

types (Table 6) of the ARB shows that the mean annual yield 

would increase in all land-use types. In the agricultural areas – 

the highest TN and TP contributor in the base period, the 

increments are projected to be up by 48 and 69%, respectively. 

The higher increments are found to be more for the mid- 

century period of both scenarios than for the end-century 

period. It should be noted that greater increases in the sedi- 

ment yield (Table S6) as a result of more intense rainfall 

events in the end-century period, are projected in the end- 

century period from the agricultural areas. This implies that 

expected increases in the sediment associated nutrients got 

diluted due to higher water yield, consequently leading to 

lower nutrients yield in the end-century period. However, in 

the forest, the dominating land-use type in the basin, the pro- 

jected increases in TN yield (Table 6) have closely followed 

the trend of the sediment yield changes (Table S6) but for the 

TP, the case is just the opposite. In a wetter and warmer future 

 Continued 

Variable Region/Season Lesser Slave Boreal 

Period JJA SON Annual DJF MAM JJA SON Annual 

Total  

Nitrogen Yield  

(kgN/ha) 

Base Period 

(1983-2013) 

1.573 0.220 2.866 0.028 0.344 0.581 0.103 1.055 

RCP 4.5 

(2021-2061) 

10% -13% 27% 110% 103% 159% 174% 141% 

RCP 4.5 

(2061-2100) 

-29% 14% 12% 147% 211% 154% 212% 178% 

RCP 8.5 

(2021-2061) 

9% -4% 37% 109% 142% 160% 146% 151% 

RCP 8.5 

(2061-2100) 

-34% 34% 22% 213% 211% 115% 168% 154% 

Total  

Phosphorus 

Yield  

(kgP/ha) 

Base Period 

(1983-2013) 

0.241 0.058 0.458 0.004 0.038 0.052 0.009 0.102 

RCP 4.5 

(2021-2061) 

30% -16% 39% 65% 163% 212% 177% 185% 

RCP 4.5 

(2061-2100) 

-6% 19% 41% 150% 224% 173% 225% 195% 

RCP 8.5 

(2021-2061) 

26% -2% 51% 111% 251% 183% 110% 199% 

RCP 8.5 

(2061-2100) 

-22% 45% 54% 281% 317% 183% 263% 243% 

 



N.K. Shrestha et al. / Journal of Environmental Informatics 35(1) 56-80 (2020) 

 

72 

 

 

climate, plant growth would be more rapid, which might lower 

 

Figure 6. (a) Annual average total nitrogen (TN) yield from sub-basins of Athabasca River Basin (ARB) in base period; (b) 

absolute changes in the TN yield in two emission scenarios in Mid- and Late-century periods, relative to base period (1983 ~ 

2013). 

 

Figure 7. (a) Annual average total phosphorus (TP) yield from sub-basins of Athabasca River Basin (ARB) in base period; (b) 

absolute changes in the TP yield in two emission scenarios in Mid- and Late-century periods, relative to base period (1983 ~ 

2013). 
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climate, plant growth would be more rapid, which might lower 

the runoff coefficient (Kerkhoven and Gan, 2011) allowing for 

higher infiltration and consequently reducing surface runoff. 

While decreased surface runoff decreases sediment yield, 

thereby decreasing nutrients enriched with the sediments, a 

higher nitrate contribution from lateral and ground water 

flows might be responsible for the projected increases in TN 

yield. However, reduced surface runoff would lead to decreased 

phosphorus diffusion (Equation S4) which might be respon- 

sible for the decreases in TP yield. 

 

3.3.2. Water Quality Concentrations at River Reaches  

Marked spatial variability in future nutrients yield from 

sub-basins (Figures 6 and 7) and significant spatial and tem- 

poral variability of temperature, water and sediment yield 

(Table S5) have been reflected in the future concentrations of 

different water quality variables. Table S7 shows the future 

changes of the concentrations of these variables at 10 selected 

stations across the basin. In general, Ts tend to increase (up to 

6.3 oC) in future, thereby reducing DO concentrations (up to 

-13%) albeit driven by higher degradation of cBOD due to 

elevated temperatures. Consequently, cBOD concentrations tend 

to decrease but marked spatial and temporal variability (+39 

to -68%) is evident. Similarly, TN and TP concentrations showed 

even higher variability (94 to -52% for TN and 47 to -57% for 

TP). For clarity, we endeavored to present the projected changes 

for a specific station (Athabasca River u/s Fort McMurray, 

Figure 8) in detail. 

At the Athabasca River u/s Fort McMurray, the Ts, on 

average tend to increase for both emission scenarios and for 

both future periods (Figure 8a). The increments are more 

severe (> 6 oC) in the end-century period and for the higher 

emission scenario. From a management point of view, even at 

the worst conditions, the limit set for Cyprinid waters (28 oC, 

Table 3) has never been crossed, however, the limit of the 

Salmonid waters (21.5 oC, Table 3) has been crossed in the 

summer months. It should be noted that these limits have not 

been crossed in the base period. Moreover, the increases on Ts, 

a physical change, can force changes in other chemical proper- 

ties of water (e.g., reduced DO). Further, the associated bio- 

logical changes might include forced migration of coldwater 

species due to stress caused by higher Ts (ETCW, 2010).  

The cBOD dynamics (Figure 8b) at the Athabasca River 

u/s Fort McMurray have showed that the monthly averaged 

concentrations generally tend to decrease even though the 

sediment yield is projected to increase (Table S5). While 

increased sediment yield would increase cBOD in surface 

runoff due to higher organic carbon enrichment with the sedi- 

ments, the decreased cBOD concentrations for both periods 

and for both emission scenarios might be due to the dilution 

effect. The dilution effect is more prominent in the higher emis- 

sion scenarios and for the end-century period. Further, in- 

creased Ts would lead to a higher biodegradation rate (RK1, 

Table S8), thereby reducing the resulting cBOD concentra- 

tions. At temporal scales, the decreases are more significant in 

mid-spring (e.g., April). However, due to earlier snow freshet, 

a lowered water yield in late-spring (e.g., May) has led to 

increased cBOD concentrations. From a management point of 

view, the future cBOD concentrations would never cross the 

limits set for both Salmonid and Cyprinid waters. 

Considering the low future cBOD concentrations (Figure 

8b) and a significant increment in Ts (Figure 8a), the changes 

in DO (Figure 8b) are as expected. The DO concentrations 

would decrease, at the most extreme case (higher emission 

scenario and end-century period) by 10%. However, even 

with the reductions in DO concentrations, the net DO levels at 

this reach of the river would remain slightly higher than the 

objective level set by the Alberta Environment (6.5 mgO2/l, 

Table 3). 

Similarly, concerning the TN and TP concentrations (TN: 

Figure 8d and TP: Figure 8e) while significant increases (> 

150%) in TN concentrations at almost all months are observed, 

the case for the TP concentrations, however, is projected to be 

heterogeneous. In the case of TN, the increases are higher in 

late-spring (e.g., May) due to the lower water yield as a result 

of earlier spring freshet, and in earlier summer months (e.g. 

June, July) due to increased sediment associated organic 

nitrogen loading from sub-basins. A similar situation for the 

TP has also been observed in the month of May. However, in 

the summer months, increased sediment associated organic 

phosphorus loadings from sub-basins seems to be diluted by 

the projected increases in water yield, thereby decreasing the 

Table 6. Percentage Changes in Annual Total Nitrogen (kgN/ha) and Total Phosphorus (kgP/ha) Yield from Different Land- 

use Types of the Athabasca River Basin (ARB) in Mid- (2021-2060) and Late-century (2061-2100) Periods, and for Two 

Emission Scenarios (RCP 4.5 and 8.5), Relative to Base Period (1983-2013). 

Nutrients Land-use Base Period 

(1983 ~ 2013) 

RCP 4.5  

(2021 ~ 2060) 

RCP 4.5 

(2061 ~ 2100) 

RCP 8.5  

(2021 ~ 2060) 

RCP 8.5  

(2061 ~ 2100) 

Total 

Nitrogen  

(kgN/ha) 

Forest 0.94 1.62 (+73%) 1.77 (+90%) 1.67 (+78%) 1.68 (+80%) 

Agriculture 11.16 15.2 (+36%) 12.75 (+14%) 16.52 (+48%) 13.69 (+23%) 

Rangeland 1.35 2.10 (+56% 2.15 (+60%) 2.15 (+60%) 2.65 (+96%) 

Pasture 0.70 1.02 (+47%) 1.25 (+80%) 1.06 (+52%) 1.62 (+132%) 

Total 

Phosphorus 

kgP/ha) 

Forest 0.17 0.22 (+30%) 0.15 (-10%) 0.23 (+32%) 0.16 (-6%) 

Agriculture 2.88 4.58 (+59%) 4.02 (+39%) 4.89 (+69%) 4.41 (+53%) 

Rangeland 1.74 3.01 (+75%) 2.93 (+69%) 3.26 (+88%) 3.00 (+73%) 

Pasture 0.48 1.53 (+219%) 1.06 (+121%) 1.29 (+169%) 1.74 (+263%) 
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resulting TP concentrations. From a management point of 
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Figure 8. Comparison of monthly averaged absolute (stream water temperature-Ts) or percentage (cBOD, DO, TN and TP) 

change in the concentrations of several water quality variables at Athabasca river u/s Fort McMurray (#AB07CC0030) in base 

period (1983-2013) and future (2040’s and 2080’s) periods, and in two emission scenarios (RCP 4.5 and 8.5). 
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resulting TP concentrations. From a management point of 

view, it is clear that the limit set for TN by Alberta Envi- 

ronment & Parks (1.0 mgN/L, Table 3) would be only ex- 

ceeded in late spring and in the summer months. As for TP, 

the situation is severe only in the spring months of the mid- 

century period. However, the monthly averaged TP concentra- 

tions tend to exceed the limit (0.05 mgP/L, Table 3) quite fre- 

quently, especially during the winter, spring and autumn 

months. It is only during the summer months that the dilution 

effect would result in concentrations, which are lower than the 

objective level. 

 

3.3.3. Water Quality Index Calculation 

The water quality index (WQI) calculated using different 

water quality aspects (Equation 4), and scores (Table 3) shows 

that the river reaches in the headwater regions, in the base 

period, have generally a good to excellent water quality index. 

At the foothill region, the reaches receiving runoff from 

agricultural areas have a fair to marginal water quality index. 

However, the rest of the reaches have a good to excellent 

water quality index. A similar situation has been observed in 

the prairie and Lesser Slave regions, highlighting the role of 

agricultural runoff in impairing the water quality status of the 

river. The impairments tend to propagate in the downstream 

reaches of the river. The WQI tends to improve in further 

downstream reaches after they receive rather good to ex- 

cellent quality of water from the northeast tributary (the 

Clearwater river) reaches. The water quality index tends to 

further degrade in future periods, especially in the higher 

emission scenario and in the end-century period, by scores 

greater than10. Such degradation is more prominent in the 

prairie region where the agricultural activities are the highest. 

This is primarily due to decreases in the DO levels as a result 

of increases in Ts (driven by marked increases in temperature, 

Table S5), and increases in TN and TP loadings from agri- 

cultural areas (Table 6). However, in some reaches, especially 

those in the headwater and boreal plain regions, slight im- 

provements (by a score of 2 or more) are evident in the future, 

driven mainly by the dilution effect of higher water yields in 

these regions (Table S5).  

 

3.4. Effectiveness of Management Scenarios 

As expected, agricultural areas are the main source of 

pollutants and nutrients impairing the water quality status of 

the river in future. As a result, several management scenarios 

have been formulated, as outlined in Section 2.5.2. They in- 

clude controlling point (scenario A) and diffused (scenario B) 

pollution sources. Figure 10 shows the improvements on the 

concentrations of different water quality variables at the 

Athabasca river u/s Fort McMurray.  

From the plots, it is clear that controlling diffused pol- 

lution sources (scenario B) is more effective by far than 

imposing limits on the point sources (scenario A). This is 

expected, as effluents from point sources contribute only a 

small fraction to the total streamflow at this section of the 

river. By imposing limits on point source effluents, slight im- 

provements (about 5%) have been achieved in cBOD concen- 

trations, while improvements on the DO concentrations are 

 

Figure 9. (a) Water Quality Index (WQI) of river reaches of Athabasca River Basin (ARB) in base period; (b) absolute 

changes in the WQI in two emission scenarios and in mid- and late-century periods, relative to base period (1983-2013). 
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virtually zero. However, the scenario would have significant 

improvements (~ 20%) on TP concentrations. This indicates 

that the point source effluents are laden with higher phos- 

phorus levels than the limits imposed in EU (1991). Evidently, 

such small improvements resulting from scenario A, are not 

enough to increase the water quality index of the river reaches 

significantly (Figure 11). However, controlling various forms 

of diffused pollution sources (reducing fertilizer application in 

agricultural areas and pasture land-use; managing manure at 

rangelands, and adopting terrace farming) has led to signifi- 

cant improvements in the concentrations of all water quality 

variables except the DO (Figure 10). The improvements have 

duly been reflected in the water quality index. In general, the 

significant improvements (cBOD reduction by > 40%, TN 

reduction by ~ 20%, and TP reduction by > 60%) are observed 

in the higher emission scenarios and in the late-century periods. 

While we did not present the individual effects of each of the 

sub-scenarios taken within the scenario B, it is found that 

adopting terrace farming would be the most effective. 

Practicing terrace farming has not only reduced the surface 

runoff, but has also reduced sediment yield significantly, 

thereby decreasing the sediment associated pollutant (cBOD) 

and nutrients (TP and TN) loadings. However, limiting fer- 

tilizer application rates to the lower end of the recommended 

ranges (AGRI-FACTS, 2013) has also led to significant 

reduction in the loadings of soluble forms of nutrients. As 

observed for scenario A, the improvements in DO concentra- 

tions are rather low, indicating that the DO dynamics in the 

ARB are less influenced by pollution and nutrients levels. 

Significant improvements on WQI score due to the combined 

effect of both scenarios, at prairie and Lesser Slave regions 

where the agricultural activities are the highest, could be 

achieved. The improvements seem to be propagated in the 

downstream reaches of the main river. At other tributaries, 

which do not receive runoff from agricultural areas, the WQI 

score, as expected, remained unchanged. 

4. Conclusions 

Cold climate regions serve a multitude of ecosystem ser- 

vices such as terrestrial carbon storage, climate regulation, 

water retention and infiltration, and biodiversity. Under a 

changing climate, these regions could be more vulnerable than 

others because some special geographic features of the re- 

gions, such as glaciers, freezing soils and peatland, are more 

sensitive to changes in temperature and precipitation. This can 

impose serious threats on the water resources, sustainable 

goods production and ecosystem services that depend on re- 

gional water quality. However, it is still unknown how the 

changing climate would affect water resources, ecosystems 

and biodiversity because of the complex hydrological and bio- 

geochemical processes involved. Particularly, in cold climate 

region watersheds, glaciers and freezing land lead to further 

complexity. In order to manage these watersheds properly, it 

is imperative that the complex hydrological and biogeo- 

chemical processes of these regions are well understood. As 

such, in this study, we focused on quantifying the impacts of 

climate change on the water quality status of a cold climate 
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Figure 10. Percentage improvements (decrease in concentration of (a) carbonaceous biochemical oxygen demand (cBOD), (c) 

total nitrogen (TN) and (d) total phosphorus (TP), and increase in concentration of (b) dissolved oxygen (DO)) in annual 

averaged concentration of different water quality components against tested management scenarios at Athabasca river u/s of 

Fort McMurray (#AB07CC0030). 
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region watershed−the Athabasca River Basin (ARB) in Canada, 

and testing alternative management options in improving water 

quality status. As such, we modified specific water quality 

related processes of a process-based model−Soil and Water 

Assessment Tool (SWAT) with a view of better representing 

the reality of cold climate regions. A SWAT model of the 

basin was built-up followed up by a multi-site and multi- 

objective (streamflow, sediment and water quality) calibration, 

validation and uncertainty analysis in a base period (1983 ~ 

2013). The calibrated and validated model was then fed with 

high spatial resolution (25 × 25 km) daily future climate data 

− the CanRCM, which is tailor-made for applications in 

Canada. We considered two IPCC emission scenarios (RCP 

4.5 and 8.5) and two future periods (mid-century: 2021 ~ 

2060 and end-century: 2061 ~ 2100).  

 Results indicated that the modified SWAT model im- 

proved the stream water temperature (Ts) and dissolved ox- 

ygen (DO) simulations significantly, justifying the modifi- 

cations. The modified SWAT model is also able to simulate 

the dynamics of other water quality variables (carbonaceous 

biochemical oxygen demand−cBOD, total nitrogen−TN and 

phosphorus−TP) with a wide range of accuracy (very good to 

satisfactory) at selected stations across the basin in the base 

period. With an annual average TN and TP yield rate of 11.16 

kgN/ha and 2.88 kgP/ha, respectively, the agriculture areas are 

the main source of nutrients in the base period, and as a con- 

sequence, the river reaches downstream of these areas have 

poor water quality status. The situation would be further exac- 

erbated in the future with yields reaching up to 16.52 kgN/ha 

and 4.89 kgP/ha, leading to further impairment in the water 

quality status of the downstream reaches. In general, the fu- 

ture climate of the ARB is projected to be warmer and wetter, 

relative to the base period. These changes have led to de- 

creased cBOD concentrations, mainly due to dilution and in- 

creased degradation. Further, a warmer future climate increased 

the Ts which in turn reduced the DO concentrations. Moreover, 

while a wetter future climate increased TN concentrations 

mainly due to increased sediment associated nitrogen, the TP 

concentrations, on average, decreased due to a dominating 

dilution effect. On testing alternative management scenarios, 

it is found that controlling diffused pollution sources espe- 

cially by adopting terrace farming, is the most effective. The 

combined measures (controlling both point and diffused 

sources of pollution) have resulted in a significant reduction 

in future pollutant and nutrients concentrations (~ 50% on 

cBOD, 20% on TN and 60% on TP). This has led to the partial 

restoration of the ecological status of some reaches of the 

basin, especially those immediately downstream of agricultural 

areas. Generally, it can be concluded that the modified SWAT 

model can be applied to other cold climate regions and the 

results of the tested management options can be translated in 

to a holistic watershed management of the ARB so that the 

goods and services that depend on a regular supply of good 

quality water would not be impacted in future.  
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