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Abstract: Surface waters are prone to the influences from both natural condition and anthropogenic
activities. The aim of this paper was to study the impacts of one natural variable, precipitation, and its
change posed by a changing climate on water quality of three rivers in Alberta, Canada. Eleven water
quality parameters monitored during the time period of 1988-2014 were used to investigate the impact
of precipitation. The results showed the significant dependence of most water quality parameters as
well as river flow on the cumulative antecedent precipitation. Water quality parameters however had
different associations with precipitation; and thus they would respond to climate change qualitatively
and quantitatively differently in the rivers and at the stations of each river. In general, some water
quality parameters such as turbidity and total phosphorus would increase; whereas other parameters
would decrease or show no appreciable change under the projected increase of precipitation under
the median climate change scenario for the river basins. On all three rivers, the maximum increase
(17.20%) and decrease (—1.53%) were projected for turbidity and chloride, respectively, in the 2050s;
while the maximum increase (29.68%) and decrease (—2.45%) were calculated for turbidity and
chloride, respectively, in the 2080s. The results imply the need to manage riverine water quality
considering precipitation and its change under a changing climate.
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1. Introduction

Surface waters are one of the major sources for human and animal usage and their 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 the literature [1-3]. Many previous studies
have suggested the ways to improve water quality by mitigating pollutant loading from point
sources, which are primarily produced from anthropogenic activities. One example of the effective
ways is to enhance sewage treatment efficiency. However, the temporal variations and changes of
natural factors such as meteorological and hydrological conditions, which are usually beyond human
control, also induce variations and changes in water quality of receiving water bodies such as rivers.
Several studies have investigated the potential impact of climate change on water quality in rivers
under projected climate scenarios [4-6]. These works concluded that climate change has both a direct
and indirect effect on the quality of surface waters. For instance, the increase of temperature that is
the direct consequence of climate change would affect chemical reactions [7]. Many studies [8,9] have
focused on the impact of increasing temperature on water quality.

Surface runoff, which is one of the important components of the hydrologic cycle, is the important
water source of many rivers, the primary driver of river hydrodynamics as well as the carrier of
a variety of pollutants into receiving water bodies [10,11]. Precipitation, which produces surface runoff,
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undoubtedly affects water quantity and consequently water quality indirectly. Many studies have
demonstrated the increase of concentrations and/or loadings of various pollutants including total
suspended solids (TSS), nutrients, and microorganisms (e.g., E. coli and pathogens) during storm
events and extensive rainfalls [12-16]. The linkage between water quality and precipitation is more
prominent in heavy rainfalls. For instance, the studies conducted by Rueda et al. [17] and Chorus and
Bartram [18] demonstrated that heavy rainfall events can contribute to up to 80% and 400% of the
average annual input of nitrogen and phosphorus, respectively, into water bodies. Clark et al. [19]
showed that from 36% to more than 50% of annual dissolved organic carbon (DOC) export occurs
during high-intensity rainfall events. Heavy rainfalls, especially after a long dry period which allows
more pollutants accumulated in runoff pathways and available for transport by runoff, could wash-off
a lot of pollutants into rivers [15]. The detrimental effects of elevated water quality concentrations
resulted from extreme precipitation have also been well documented in the literature. The flooding
caused by the extreme precipitation was blamed to lead to fish kills for example in the Elbe River,
Germany, in 2002 as surface runoff generated from the extreme precipitation washed off a large
amount of nutrients into the river [20]. To avoid or reduce the elevation of water quality concentrations,
Eghball et al. [21], who investigated the effect of the long-term manure application on nitrogen and
phosphorus in surface waters, recommended that the application of manure and fertilizer should be
avoided if the chance of rainfall event immediately after their application is high.

Under a changing climate, changes in precipitation magnitude and pattern are and will be
continuously occurring. Many existing studies have examined climate change impact on water quality
through using the future precipitation scenarios, which often demonstrate the increase in precipitation
magnitude as well as the occurrence of extreme events such as floods and droughts in a changing
climate [6,7,22]. The existing studies have used the future climate scenarios projected by different
general circulation models (GCMs) under different emission scenarios to study the potential impacts
of climate change on water quantity and quality [6,7,22-26] and the results have emphasized the
possible consequences of a changing climate in water resources. Changes in surface runoff and thus
river hydrodynamics under a changing climate have also demonstrated to result in the changes in
the transport of a variety of pollutants into water bodies and consequently water quality [7,27-29].
Furthermore a study by Fan and Shibata [6] stated that the impact of climate change on water quality
is more prominent than that of land-use change.

In the view above, the observed and projected linkage between precipitation and water quality
prompts the need and also argues the importance to consider meteorological conditions especially
precipitation when managing riverine water quality. Although these have been investigated in the
literature, due to the fact of the geography and site-specific nature of water quality and its management
the objectives of this paper were therefore to: (1) investigate the relationship between flow and
precipitation; (2) examine water quality under different magnitudes of precipitation aiming to shed
light on the possibility to manage riverine water quality based upon precipitation information which
is easily and feasibly obtained; (3) project the potential changes in water quality under projected future
climate scenarios, in three major rivers situated in Alberta, Canada.

2. Materials and Methods

2.1. Study Area

Three rivers including the Athabasca, Bow, and Oldman Rivers situated in Alberta, Canada were
chosen for this paper. 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
(83%). The Rocky Mountains situated on the west side of the province has the highest mean annual
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precipitation of 798 mm and the grasslands primarily in the east side of the province receive the least
annual precipitation (average of 374 mm) [30]. 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 major
municipalities in the province are the Cities of Calgary and Edmonton, which are located in the
southern and central parts of the province, respectively. 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 Athabasca River with a basin area of 95,300 km? in the central and northern Alberta (Figure 1)
is the second largest river in the province. 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 concentrated
in the watershed of Athabasca River. The Bow and Oldman Rivers are situated in the southern part
of the province (Figure 1) and their river basins are 26,200 and 28,000 km?, 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 and 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 field crops including grains,
oil seed, pulse, sugar beets, and potatoes are cultivated. Besides, there is also developed cattle feedlot
industry located in the north of Lethbridge in the river basin of the Oldman River.
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Figure 1. The study area, water quality and flow monitoring stations on the three studied rivers
in Alberta.

2.2. Water Quality, Flow, and Precipitation Data

Monthly water quality data during the time period of 1988-2014 were collected from Alberta
Environment and Parks. Considering the data availability, two water quality stations (AB07BE0010 and
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AB07CC0030) situated in the midstream and downstream of the Athabasca River, three water quality
stations (ABO5BH0010, AB0SBM0010, and ABO5BN0010) in the upstream, midstream, and downstream
of the Bow River, and three stations (ABO5AB0070, ABO5AD0010, and ABO5AG0010) in the upstream,
midstream, and downstream of the Oldman River were chosen. This paper did not intend to target
specific water quality parameters, thus a total of eleven water quality parameters including chlorophyll-a
(Chl-a), water temperature (WT), dissolved oxygen (DO), turbidity (TURB), DOC, total phosphorus (TP),
total nitrogen (TN), pH, chloride (C17), sulphate (SOi*) and specific conductance (SC), whose data are
available, were studied. 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 (05AA(024,
05AD007 and 05AG006) on the Oldman River. The locations of the water quality monitoring stations and
flow gauge stations are also indicated in Figure 1.

Due to the fact that precipitation is not uniformly distributed over a river basin, the average areal
precipitation (AAP), which takes into account of the spatial distribution of precipitation, was used.
In this paper, two forms of AAP, namely the antecedent AAP and the cumulative antecedent AAP,
were considered when investigating the associations of flow and water quality with precipitation,
as these two precipitation metrics have been often used in the literature [12-16]. The antecedent
AAP is the AAP on a designated antecedent day, while the cumulative antecedent AAP is the sum
of AAPs from the current day to a designated antecedent day. The precipitation data provided by
Alberta Agriculture and Forestry were used to calculate the AAP for the watershed corresponding
to each studied water quality station using the formula below. The data source provides long-term
meteorological data 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 meteorological stations within 60 km radius or
a maximum of eight closest stations, all of which are within 60 km radius, are 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 station was delineated using the
Digital Elevation Model map having a resolution of 10 m.

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

It has been well acknowledged that there is a significant amount of uncertainty in the projected
future climate scenarios. A variety of GCMs have produced different climate projections especially
for precipitation given the same greenhouse gases emission scenario. The precipitation projections
used in a previous work by Barrow and Yu [31], who studied the future climate scenarios for Alberta,
were applied. This work quantified the variations of the projected future precipitation scenarios for the
2020s (2010-2039), 2050s (2040-2069) and 2080s (2070-2099) in the range from —10% to +15% relative
to the baseline time period of 1961-1990 in Alberta; while it also suggested that the HadCM3 climate
model under the B2 emission scenario yielded the median future climate scenario. The quantification
of the uncertainty in the projected future precipitation and thus the uncertainty in the projected
water quality for the three rivers is beyond the scope of this paper. Therefore, the median future
precipitation scenarios in the 2050s and 2080s produced by the HadCM3 under the B2 emission
scenario were used herein. The future precipitation projection by the HadCM3, which has a resolution
of 200 x 200 km?, was downloaded from the grids overlapping the watersheds. The average annual
precipitation projected was calculated using the projections of the grids and then used to quantify
the changes relative to the baseline time period. In this paper, water quality data collected during
the time period of 1988-2014 were used, thus this time period was used as the baseline time period.
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The change percentages of average annual precipitation relative to the baseline time periods of
1961-1990 and 1988-2014 are presented in Table 1 for the Athabasca, Bow, and Oldman River basins,
respectively. The change percentages relative to the time period of 1988-2014 were calculated using
linear interpolation.

Table 1. Change percentages of precipitation relative to the baseline time periods (1961-1990 and
1988-2014) obtained from the future climate scenario projected by the HadCM3 model under the B2
emission scenario.

Baseline (1961-1990) Baseline (1988-2014)
Watershed
2050s 2080s 2050s 2080s
Athabasca River +7.2% +10.2% +4.7% +7.6%
Bow River +3.3% +9.8% +2.2% +7.3%
Oldman River +4.7% +15.7% +3.1% +11.7%

2.3. Analysis Methods

The conventional correlation analysis was adopted to investigate the associations between
flow and precipitation and between water quality and precipitation at each water quality station.
The exploration of their associations in historical observations would help in identifying whether
precipitation is an appropriate explanatory variable to predict riverine water quality and subsequently
to project it under a changing climate. There is baseflow on the three study rivers. The baseflow is
considered insignificant at all downstream flow gauge stations according to hydrographs at these
stations (not shown). Although the baseflow at the upstream and midstream flow gauge stations
is more significant compared to that at the downstream stations, the inclusion of baseflow does not
largely affect the correlation between flow and precipitation as baseflow at all stations appears to be
more or less constant. Furthermore, precipitation data were classified into three categories, each of
which corresponds to low, medium and high magnitudes of precipitation, respectively. The 50th and
90th percentiles of precipitation were used as the cut-offs. To demonstrate the potential climate change
impact on riverine water quality, the Kruskal-Wallis (KW) test was also employed to statistically
analyze whether the level of riverine water quality in terms of the median is different among the
above three precipitation magnitudes in historical observations. The KW test is a non-parametric
method, which is preferable when the requirement on the normal distribution of datasets is violated
for using parametric statistical analysis. Riverine water quality datasets often do not follow the normal
distribution. The statistical analyses were performed at a significance level of 5%.

To investigate climate change impact on water quality, quantitative models describing the
dependence of water quality concentrations on precipitation were developed using regression analysis.
In the regression analysis, the best candidate model was selected from various functions of precipitation
including linear, exponential, polynomial, and logarithmic functions. The model, which produced
the highest coefficient of determination (R?), was selected and applied to project water quality
concentrations under a changing climate. The use of R? to determine the optimal models for conducting
projection was mainly due to the facts that water quality data are in different magnitudes, some of them
present large variation, and many model performance evaluation metrics (e.g., root mean square error
and mean absolute error) are dependent on the magnitudes of data. The estimation of climate change
impact on water quality was made using the regression models developed based upon historical data
assuming the dependence of water quality on precipitation obtained in the historical time period is
still valid in the future, which is the common assumption adopted when studying climate change
impact on water resources. In the literature, two approaches (the statistical downscaling and the delta
change or the climate change factor) have been commonly used to generate future climate scenarios to
study climate change impact. Comparing these two approaches, the statistical downscaling is more
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complex but not superior to the intuitive delta change method [32,33]. Therefore, the delta change
method was adopted to estimate the future precipitation used in the models.

3. Results and Discussions

3.1. The Dependence of Flow on Precipitation

The daily flow was correlated with the antecedent AAP and the cumulative antecedent AAP up
to 60 days. Table 2 presents the optimal lagged day and cumulative day determined according to the
calculated correlation coefficients between the antecedent AAP and flow and between the cumulative
antecedent AAP and flow at all stations on the three rivers. Figure 2 shows the plots of the calculated
correlation coefficients versus the lagged day and the cumulative day for the antecedent AAP and the
cumulative antecedent AAP, respectively, at the midstream station (07BE001) of the Athabasca River
as an example. The optimal 5 lagged day, at which the highest correlation coefficient was calculated,
was determined for the antecedent AAP; while the optimal 14 cumulative day was determined for the
cumulative antecedent AAP as the increment at the next accumulated day (here 15 cumulative day)
was less than 0.01.

Table 2. Identified the optimal lagged day of the antecedent AAP and the optimal cumulative 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%.

Flow and Antecedent AAP Flow and Cumulative Antecedent AAP
River Flow Station Optimal Lagged Correlation Optimal Cumulative Correlation Coefficient
Day (Day) Coefficient (r) Day (Day) (r)
Athabasca 07BE001 (midstream) 5 0.456 14 0.762
River 07DA001 (downstream) 6 0.441 15 0.746
05BHO008 (upstream) 2 0.278 28 0.692
Bow River 05BMO002 (midstream) 2 0.464 13 0.681
05BN012 (downstream) 4 0.413 15 0.639
05AA024 (upstream) 2 0.302 12 0.532
Oldman River 05AD007 (midstream) 2 0.388 12 0.604
05AG006 (downstream) 3 0.395 13 0.612
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Figure 2. Correlation coefficients between daily flow and (a) lagged day of the antecedent AAP and
(b) cumulative day of the cumulative antecedent AAP at the midstream station (07BE001) of the
Athabasca River. The red line in the left plot indicates the identified optimal cumulative day for the
cumulative antecedent AAP.

The results shown in Table 2 demonstrate that the identified optimal lagged day and optimal
cumulative day are different from station to station and from watershed to watershed. It has been
well acknowledged that catchment 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, the correlation of flow and the cumulative antecedent AAP appeared to
be always stronger than those of flow and the antecedent AAP. This result aligns with the fact that
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the antecedent soil moisture condition of a catchment can largely affect its hydrologic response, e.g.,
runoff volume generated from a storm event. The cumulative antecedent precipitation is, of course,
a better indicator of the antecedent soil moisture condition. These results show that the inclusion of
the cumulative antecedent precipitation as one explanatory variable in hydrological modeling can
enhance the prediction and forecasting of river flow.

In general, the increase of the watershed area leads to the increases of the lag time (here the
optimal lagged day) as well as the time of concertation. 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
05BHO08 (upstream station) and 05BM002 (midstream station) on the Bow River is 292 km; while the
river reach is 189 km long between the 05A A024 (upstream station) and 05AD007 (midstream station)
on the Oldman River. For example, the average velocity measured in the Calgary reach (middle reach
of the Bow River) in October of 2010 is approximately 1 m/s; whereas the velocity can be up to 7 m/s
during high flows (e.g., during 2013 flooding) on the Bow River. 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 especially during high flows.
Similar results were also obtained for the optimal cumulative day in general, namely the optimal
cumulative day increased along the rivers except the Bow River. The longest optimal cumulative day
was identified at the upstream station (056BH008) on the Bow River. Note that the correlation coefficient
of the daily flow and the cumulative antecedent APP continuously increased with the increase of the
cumulative day (up to 60 days) at this station (result not shown), which is different from all other
stations on the three rivers. Besides watershed size, the optimal cumulative day is also expected to
be associated with the land use and cover, soil characteristics, and hydraulic connection of the river
basin. According to the hydrographs at the three flow gauge stations on the Bow River (not shown),
significant increases in flows during most baseflow period at these three stations and non-baseflow
period between the upstream and downstream stations were not observed. It is speculated that the
complex hydraulic connections between the upper and lower parts of the river basin might result in
the observed hydrologic behavior at these three stations. However, further investigation is required to
confirm this explanation.

3.2. The Dependence of Water Quality on Precipitation

It has been shown that flow is one of the primary variables contributing to the variation of
water quality in water bodies in the literature [7,34,35]. In addition, as shown above significant
and strong correlation (correlation coefficient > 0.50) was observed between the daily flow and the
cumulative antecedent AAP within the optimal cumulative day (called optimal cumulative AAP) (Table 2).
The dependence of river flow on precipitation varies among rivers as well as locations on a river. Different
ranges of correlation coefficient have been reported in the literature but several studies [36,37] have
reported and argued strong dependence between precipitation and river flow when the correlation
coefficient is approximately above 0.50. The calculated correlation coefficient (>0.50) on the three rivers
was considered to indicate strong dependence between flow and precipitation. Therefore, the optimal
cumulative AAP was used to investigate the dependence of water quality and precipitation in this
paper. Water quality and precipitation are often measured at different frequencies. Water quality of the
three rivers has been monitored at an approximately monthly frequency; whereas daily precipitation data
are available. The calculated correlation coefficients between water quality and the optimal cumulative
AAP, which is the sum of precipitation from water quality sampling dates to the designated antecedent
day (namely the identified optimal cumulative day), are presented in Tables 3-5 at all stations on the
Athabasca, Bow, and Oldman Rivers, respectively. In addition, the calculated correlation coefficients
between the water quality concentrations and the antecedent AAP on the optimal lagged day (called
optimal antecedent AAP) were also illustrated in Tables 3-5.
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Table 3. Correlation coefficients (r) of water quality concentrations with the optimal antecedent AAP
and the optimal cumulative AAP at the stations on the Athabasca River. Correlation coefficients in
boldface are statistically significant at the significance level of 5%.

Midstream Station (AB07BE0010) Downstream Station (AB07CC0030)
Station Optimal Optimal Optimal Optimal
Antecedent AAP Cumulative AAP Antecedent AAP Cumulative AAP

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
5027 —0.251 —0.573 —0.302 —0.580

SC —0.313 —0.603 —0.340 —0.586

Table 4. Correlation coefficients (r) of water quality concentrations with the optimal antecedent AAP
and the optimal cumulative AAP at the stations on the Bow River. Correlation coefficients in boldface
are statistically significant at the significance level of 5%.

Upstream Station Midstream Station Downstream Station
(AB05BH0010) (AB05BM0010) (AB05BN0010)
Station Optimal Optimal Optimal Optimal Optimal Optimal
Antecedent  Cumulative  Antecedent  Cumulative  Antecedent  Cumulative
AAP AAP AAP AAP AAP AAP
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
P 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
SOZ“ —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

Table 5. Correlation coefficients (r) of water quality concentrations with the optimal antecedent AAP
and the optimal cumulative AAP at the stations on the Oldman River. Correlation coefficients in
boldface are statistically significant at the significance level of 5%.

Upstream Station Midstream Station Downstream Station
(AB05AB0070) (AB05AD0010) (AB05AG0010)
Station Optimal Optimal Optimal Optimal Optimal Optimal
Antecedent  Cumulative  Antecedent Cumulative Antecedent  Cumulative
AAP AAP AAP AAP AAP AAP
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
SOZ* 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

As illustrated in Tables 3-5, concentrations of most water quality parameters generally
demonstrated a stronger dependence on the optimal cumulative AAP than on the optimal antecedent
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AAP. This result might be explained by the result obtained previously that the dependence of the
daily flow on the cumulative antecedent AAP, which might also reflect the antecedent soil moisture
condition, 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 [3,34,36,38]; thus the detected stronger
dependence of water quality concentration on the optimal cumulative AAP is under expectation.

Among the eleven investigated water quality parameters, some of them such as TURB, DOC and
TP were positively correlated with the optimal cumulative AAP. The elevated concentrations of the
pollutant constituents associated with particulate solids (e.g., TURB) or attached to particulate solids
(e.g., TP) in water bodies can be ascribed to their wash-off (mobilization and transport) from non-point
source pollutants accumulated on land surface by surface runoff generated from precipitation. Same
results were obtained in studies by Budai and Clement [39] and by Akbar et al. [40] in Alberta rivers.
A study by Delpla et al. [27] also showed that DOC is also transported from soil to rivers during
rainfall events from watersheds consisting of agricultural land. 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 the land use percentages of agricultural land in the river basins were
calculated using the land use raster map of Alberta (Appendix A, Figure A1l). Other water quality
parameters such as C1™, SOi_, and SC were generally negatively correlated with both the optimal
antecedent AAP and the optimal cumulative AAP. All these results show that the concentrations
of these parameters are primarily diluted by surface runoff generated from precipitation while the
wash-off of these pollutant constituents by surface runoff/precipitation would be minor or secondary.
In another word, the loading of these pollutant constituents is largely from point sources which often
release pollutants at more or less constant rates.

At the stations on the three rivers, TN exhibited different behavior corresponding to precipitation.
One of the major sources of TN is the agricultural land. This might explain the absence of significant
correlation of TN with both the optimal antecedent AAP and the optimal cumulative AAP at the
stations on the Athabasca River as only 9.67% of the river basin is used for agriculture. The percentages
of agricultural land in the catchments corresponding to the upstream, midstream and downstream
stations of the Bow River are 13.33%, 31.11%, and 52.64%, respectively; while the stronger association
between TN and the optimal cumulative AAP was also calculated at the midstream and downstream
stations on the river. However different results were obtained on the Oldman River as the dependence
between TN and the optimal cumulative AAP did not increase with the increase of the percentages
of agriculture land in the upstream, midstream, and downstream catchments (29.54%, 61.62%,
and 67.35%, respectively). TN consists of several nitrogen species, which exist in the form of either
particulate/particulate attached or dissolved, and thus the response of TN to precipitation can be more
complex than many other pollutant constituents. Further investigation on the relationship between
precipitation and different species of nitrogen is required to better understand TN behavior and to
explain the inconsistent findings between the Oldman River and other two rivers (the Athabasca and
Bow Rivers).

The calculated positive correlations between Chl-a and the optimal cumulative AAP at many
stations on the three rivers implies that nutrient discharged into the water bodies enhances aquatic
plants growth. At all stations on the three rivers, flow in cold season is more or less constantly low;
while high flow and large variation in flow are measured in warm and rainy season. Thus, it is expected
to observe the positive correlation between WT and the optimal cumulative AAP. In general, DO is
negatively dependent on the optimal cumulative AAP. The increase of WT enhances chemical and
biological reactions that consume oxygen and also decreases the solubility of oxygen [20]. Therefore,
the opposite dependence of WT and DO on the optimal cumulative AAP is under expectation.

3.3. Water Quality Variation under Different Precipitation Magnitudes

As illustrated and discussed above, the concentrations of water quality parameters appeared to be
more dependent on the optimal cumulative AAP than the optimal antecedent AAP in general, as larger
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correlation coefficients were often calculated between water quality concentrations and the optimal
cumulative AAP. In addition, river flow was also found to be more associated with the cumulative
antecedent AAP than with the antecedent AAP. Therefore, the optimal cumulative AAP was used to
investigate the variation in water quality among different precipitation magnitudes in this section and
to estimate the climate change impact on water quality in next section.

The optimal cumulative 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. Note that due to the spatial nature of
precipitation and thus the optimal cumulative AAP, the 50th and 90th percentiles are different from
station to station. The box and whisker plots shown in Figure 3 demonstrate the variations of TURB,
SC, and C1~ within the three groups of precipitation at the upstream station (AB05BH0010) on 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 AAP. As expected, the median of TURB increases
with the increase of the precipitation magnitude; in contrast, the median of SC overall tends to decrease
with the increase of the optimal cumulative AAP among the three categories of precipitation. On the
other hand, the median of C1~ didn’t show significant variation among the three categories. In general
in the three rivers, the medians of the concentrations of water quality parameters such as TURB, TP,
and DOC were elevated in high optimal cumulative AAP; the medians of the concentrations of several
water quality parameters such as SC, SO?[, and CI” (at many stations) decreased in high optimal
cumulative AAP; while the medians of the concentrations of other water quality parameters did not
obviously vary among the three categories.
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Figure 3. Box and whisker plots of the concentrations of selected water quality parameters: (a) TUBR;
(b) SC; and (c) Cl7, in the three categories of the optimal cumulative AAP at the upstream station
(AB05BHO0010) on the Bow River.

In addition, the KW test detected the significant statistical differences in the medians of the
concentrations of all or many water quality parameters among the three categories of the optimal
cumulative AAP on all three rivers. At the midstream and downstream stations of the Athabasca
River, significant differences in the medians of the concentrations of all water quality parameters
were observed. On the Oldman River, significant differences in the medians were not found in the
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concentrations of Chl-a, pH, CI™, and SOﬁ* at the upstream station, pH and Cl™ at the midstream
station, and pH at the downstream station among the three categories of precipitation. On the
Bow River, no significant differences in the medians among the three categories were detected
in the concentrations of Chl-a and Cl™ at the upstream station; Chl-a didn’t show significant
differences in the medians among the three categories of precipitation at the midstream station;
while all water quality parameters were found to be significantly different in the medians of
their concentrations among the three categories of precipitation at the downstream station. As the
results shown, different levels of water quality were observed in different precipitation magnitudes
in general although several water quality parameters did not present statistical variation among
the three categories of precipitation. The information is helpful when scheduling such as the
release of treated wastewater effluents and application of fertilizers through considering antecedent
metrological conditions, especially precipitation to avoid the detrimental effects of elevated water
quality concentrations. Moreover, these results also demonstrate the spatial variation of the effect of
precipitation on the water quality along a river. For instance using C1~ on the Bow River as an example,
the median of C1™ at the upstream station (ABO5BHO0010) appeared not to respond to the increase
of precipitation magnitude obviously (Figure 3c); whereas the median of CI™ showed appreciable
decrease with the increase of the precipitation magnitude at both the midstream and downstream
stations on the river (results not shown). The land use and/or the anthropogenic interference present
variation, which could result in the variations of point and non-point source contributions along a river,
might explain the spatial variation of precipitation response of water quality. The impact of land
use/cover on water quality of Alberta’s rivers have been confirmed in the most recent studies [40,41].

3.4. Changes in Water Quality under a Changing Climate

The projected potential climate change impacts on the water quality parameters that were
significantly correlated with the optimal cumulative AAP shown in Tables 3-5 were conducted.
The regression models, which are the best candidate models selected from various functions of
the optimal cumulative AAP, used to project the changes in water quality are displayed in Table 6.
When using the delta change method to assess the climate change impact on water quality, the historical
observed precipitation series (1988-2014) was multiplied by the change percentages (Table 1) to
generate the precipitation series sets that are representative of the future climate. The estimated
changes in the means of the water quality concentrations in terms of percentages relative to the
means of the water quality concentrations modeled for the time period of 1988-2014 are presented
in Tables 7-9. As illustrated in Tables 7-9, the projected changes in percentage of the water quality
parameters are in the ranges of —1.53% to 17.20% in the 2050s and —2.45% to 29.68% in the 2080s
on the Athabasca River; large increases in percentage wise (>5%) were estimated in several water
quality parameters including TUBR and TP in both the 2050s and 2080s on this river. On the Bow
River, above 5% changes were projected for TUBR at all stations in the 2080s and TP at the downstream
station in the 2080s; while on the Oldman River, above 5% changes were projected for both TUBR and
TP in the 2080s. In general on all three rivers, both TURB and TP were found to be more prone to
the change of precipitation under a changing climate, therefore their management needs to take the
climate change impact into consideration to avoid the further degradation of water quality in future.
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Table 6. The selected best candidate models used to project the changes in water quality on the

Athabasca, Bow, and Oldman Rivers, respectively. The variables y and x denote water quality

concentrations and the optimal cumulative AAP, respectively.

Quality Upstream Station Midstream Station Downstream Station
Athabasca River
Chl-a - y = 0.68x033 y =0.35x0%7
WT - y = —0.0041x2 + 0.55x — 0.41 y=—0.003x% + 0.51x — 1.44
DO - y = 0.0005x2 — 0.076x + 11.48 y = 12.84e—0-006x
TURB _ y= 3_54e0.054x y= 3.5680‘054x
DOC - - y = 0.0007x2 + 0.0061x + 7.60
TP - y = 0.017¢0-031x y = 0.00002x2 + 0.0011x + 0.024
N - - -
pH - y = —0.0001x2 + 0.01x + 7.77 y = —0.0002x2 + 0.016x + 7.69
Cl- - y=4.97x"030 y = 5.4679¢~002¢
SO3~ - y =42.70e 0016 y = 49.78e 0016
sC - ¥ =0.039x2 — 5.53x + 393.25 y =0.035x2 — 5.57x + 430.83
Bow River
Chl-a - - Y= 1.34x024
WT y = —0.0004x2 + 0.15x + 0.60 y=—0.0011x2 + 0.22x + 3.20 y=—0.0028x2 + 0.41x + 2.36
DO y =0.001x2 — 0.038x + 13.11 y = 0.0002x2 — 0.046x + 12.09 y = 0.0006x2 — 0.099x + 13.01
TURB y = 0.74e0.014x y = 0.0217x2 — 0.66x + 10.28 ¥ =0.024x% — 0.58x + 15.45
DOC y = 0.61e0-0054 y = 0.00004x2 + 0.019x + 1.59 y = 1.96¢00083x
TP y = 0.0037¢0-0051 - y = 0.00002x? — 0.0003x + 0.032
TN y = 0.16e-0031% ¥ =0.00008x? — 0.014x + 1.56 y=1.44x"016
pH y=—0.00001x% + 0.003x + 8.03  y=—0.00003x> + 0.0056x +7.85  y = —0.0002x2 + 0.017x + 7.90
Cl- - y = 11.06e~0:008% y =11.68e 001
SO~ y = 0.0004x2 — 0.16x + 43.09 y = 48.71e 0004 Y = 64.09¢~0-003x
sC y=0.0019x% — 0.68x + 326.88 y = 386.62¢0-002¢ y = 420.93¢0-002¢
Oldman River
Chl-a - y = 1.00e0-011% y = 1.76e0011x
WT - y = —0.0005x2 + 0.11x + 7.02 y = —0.0009x2 + 0.19x + 6.54
DO - y =0.0001x — 0.033x + 11.57 y = 0.0002x2 — 0.053x + 12.20
TURB ¥ =0.0022x2 + 0.11x + 2.96 y =0.048x% — 1.26x + 28.24 y =0.036x% + 0.18x + 7.97
DOC y = 1.830:0024x y = 0.00005x2 + 0.019x + 2.05 ¥ =0.00008x2 + 0.011x + 2.56
TP y = 0.000001x2 + 0.0001x + 0.0048  y = 0.00005x2 — 0.0002x + 0.017  y = 0.00006x> — 0.0012x + 0.054
TN y = 0.19¢0-0041x ¥ =0.0001x2 — 0.0039x + 0.42 -
pH - - -
Cl- - - y =4.77e 0008
SO;~ - - y =51.88¢ 0008
sC - - y = 0.0013x2 — 0.85x + 398.74

Table 7. Projected changes of the means of water quality concentrations in percentages relative to the
baseline time period of 1988-2014 under a changing climate on the Athabasca River.

Midstream Station (AB07BE0010) Downstream Station (AB07CC0030)

Station
2050s 2080s 2050s 2080s
Chl-a 1.51% 2.42% 2.65% 4.26%
WT 3.03% 4.81% 3.98% 6.35%
DO —0.32% —0.52% —0.56% —0.90%
TURB 17.20% 29.68% 16.51% 28.42%
DOC - - 0.73% 1.20%
TP 5.55% 9.23% 4.19% 6.84%
TN - - - -
pH 0.04% 0.07% 0.01% 0.02%
Cl~ —1.37% —2.17% —1.53% —2.45%
SOi_ —1.11% —1.78% —1.23% —2.07%
SC —0.74% —1.17% —0.87% —1.39%
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Table 8. Projected changes of the means of water quality concentrations in percentages relative to the
baseline time period of 1988-2014 under a changing climate on the Bow River.

Upstream Station

Midstream Station

Downstream Station

Station (ABO5BH0010) (ABO5BM0010) (ABO5BN0010)
20505 2080s 2050s 2080s 20505 2080s
Chl-a - - - - 0.53% 1.71%
WT 1.41% 4.57% 0.83% 2.71% 0.95% 3.06%
DO ~0.19% —0.63% —0.12% —0.39% —0.20% —0.65%
TURB 3.99% 14.40% 3.81% 13.10% 2.73% 9.40%
DOC 0.74% 2.51% 0.55% 1.84% 0.47% 1.57%
TP 0.69% 2.33% - - 1.49% 5.11%
N 0.38% 1.28% —0.25% —0.82% —0.34% ~1.10%
pH 0.02% 0.06% 0.02% 0.06% 0.00% 0.01%
I - - —0.34% ~1.11% —0.39% ~1.28%
SO% —0.28% —0.93% —0.18% —0.61% —0.13% —0.44%
sC —0.13% —0.42% —0.10% —0.32% —0.09% —0.30%

Table 9. Projected changes of the means of water quality concentrations in percentages relative to the
baseline time period of 1988-2014 under a changing climate on the Oldman River.

Upstream Station Midstream Station Downstream Station

Station (AB05AB0070) (AB05AD0010) (AB05AG0010)
2050s 2080s 2050s 2080s 2050s 2080s
Chl-a - - 1.19% 4.71% 0.96% 3.74%
WT - - 0.42% 1.51% 0.68% 2.50%
DO - - —0.13% —0.49% —0.19% 0.70%
TURB 3.15% 12.24% 4.51% 17.98% 4.93% 19.37%
DOC 0.20% 0.77% 0.62% 2.38% 0.40% 1.53%
TP 1.89% 7.29% 4.83% 19.03% 3.25% 12.93%
™N 0.37% 1.41% 0.92% 3.70% - -
pH - - - - - -
- - - - - —0.42% —1.55%
SO;~ - - - - —0.17% —0.65%
sC - - - - —0.09% —0.32%

Under the median projected precipitation scenarios for the three river basins, the increase of
precipitation would lead to the decreases of the concentrations of some water quality parameters
(e.g., Cl7, SOﬁf, and SC); while it would result in the increases of several other water quality parameters
(e.g., TUBR and TP). These results suggest that a changing climate does not always lead to the
deterioration of riverine water quality as it also can result in the decrease in levels of some water
quality parameters in the absence of other changes, for instance, in land use and anthropogenic
activities. The pollutant constituents, such as C1~, SOZ_, and SC, all which are primarily contributed
from point sources according to their negative dependence on flow and precipitation, would not be the
concern under a changing climate. Therefore more attention on the impact of climate change should
be paid to the pollutant constituents that originate or primarily originate from non-point sources.
For pollutants originated from non-point sources, surface stormwater runoff is their major carrier.
Therefore the results imply that more efficient management of stormwater surface runoff is required to
attenuate the negative impact of climate change on riverine water quality. When compared with the
Bow River, it is not a surprise that overall, relatively large changes in water quality were projected on
both the Athabasca and Oldman Rivers. The results might be ascribed to the reasons: projected large
changes in precipitation and the relative dominant role of natural factors (e.g., precipitation) on the
Athabasca and Oldman Rivers. Whereas on the Bow River, the anthropogenic interference could be
more dominant due to the urbanization occurring in the middle reach of the river.
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Note that precipitation (here the optimal cumulative AAP) is not the only one explanatory
variable when predicting riverine water quality as many other factors (e.g., change in land use and
anthropogenic activities) have been well acknowledged to play roles as well. Although the models,
which were developed only using precipitation as the explanatory variable, did not capture the
variations of water quality very well, they generally predicted the means of the concentration of the
water quality parameters fairly well (results not shown). Therefore, the results obtained indicate the
potential changes in the means of the water quality parameters under a changing climate.

4. Conclusions

The effect of precipitation on water quality in three rivers including the Athabasca, Bow,
and Oldman Rivers in Alberta, Canada was studied in this paper. Compared to the antecedent
precipitation, a stronger positive dependence between the cumulative antecedent AAP and flow was
identified at all stations on the rivers. This result is consistent with the existing knowledge that the
cumulative antecedent precipitation would be a better predictor of river flow, as it is also reflecting the
antecedent soil moisture condition, which largely affects the hydrological response of a watershed.
Similarly, significant correlations (positive or negative) with precipitation (both the optimal antecedent
AAP and cumulative AAP) were calculated from many water quality parameters. Furthermore,
significant differences in the concentrations of many water quality parameters were found among
three precipitation magnitudes (low, medium and high). All these results confirmed the strong linkage
between precipitation and riverine water quality and suggested the significant role of precipitation
on the water quality in the three rivers. Therefore the change in precipitation under climate change,
which is occurring and will continue to occur, would affect riverine water quality. The results obtained
in the paper demonstrated appreciable increases in some water quality parameters (such as TUBR
and TP) under a changing climate. More efficient management therefore should be developed to aim
these pollutant constituents in order to mitigate the impact of a changing climate. Furthermore, the
results obtained suggested the importance of managing stormwater runoff as it was demonstrated to
be the primary carrier of these pollutant constituents due to their positive dependence on precipitation
and flow.

The uncertainty in water quality projection originated from the uncertainty in the projected
precipitation by GCMs, which is often not negligible, was not assessed in this paper. The uncertainty
in water quality under a changing climate can be quantified through using the ensemble modeling
approach. In the ensemble modeling approach, the projected precipitation can be resampled from its
range and then used to calculate water quality under a changing climate. The quantification of the
uncertainty in water quality can then be quantified from a number of model outputs. Future work to
quantify the uncertainty in water quality originated from the uncertainty in projected precipitation
under a changing climate, which is important for water resources management, is commended.
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