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Abstract In this study, we built a two-dimensional sediment
transport model of Lake Diefenbaker, Saskatchewan, Canada.
It was calibrated by using measured turbidity data from sta-
tions along the reservoir and satellite images based on a flood
event in 2013. In June 2013, there was heavy rainfall for two
consecutive days on the frozen and snow-covered ground in
the higher elevations of western Alberta, Canada. The runoff
from the rainfall and the melted snow caused one of the largest
recorded inflows to the headwaters of the South Saskatchewan
River and Lake Diefenbaker downstream. An estimated dis-
charge peak of over 5200 m3/s arrived at the reservoir inlet
with a thick sediment front within a few days. The sediment
plume moved quickly through the entire reservoir and
remained visible from satellite images for over 2 weeks along
most of the reservoir, leading to concerns regarding water
quality. The aims of this study are to compare, quantitatively
and qualitatively, the efficacy of using turbidity data and sat-
ellite images for sediment transport model calibration and to
determine how accurately a sediment transport model can
simulate sediment transport based on each of them. Both tur-
bidity data and satellite images were very useful for calibrat-
ing the sediment transport model quantitatively and qualita-
tively. Model predictions and turbidity measurements show
that the flood water and suspended sediments entered

upstream fairly well mixed and moved downstream as over-
flow with a sharp gradient at the plume front. The model
results suggest that the settling and resuspension rates of sed-
iment are directly proportional to flow characteristics and that
the use of constant coefficients leads to model underestima-
tion or overestimation unlessmore data on sediment formation
become available. Hence, this study reiterates the significance
of the availability of data on sediment distribution and char-
acteristics for building a robust and reliable sediment transport
model.
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Introduction

We are facing more demands and competition for the use of
water resources every day and, at the same time, are
confronted with greater uncertainties when attempting to pre-
dict future conditions (Wheater and Gober 2013).
Uncertainties can be especially numerous when trying to ac-
curately predict floods (Horritt 2006; Pappenberger et al.
2006), while they are becoming more frequent due to climate
change (Bolstad 2016;Wheater and Evans 2009). Flood peaks
lead to high erosion rates and, consequently, high suspended
sediments and turbidity in surface waters (Grove et al. 2013).
Suspended sediments (SS) contribute to the turbidity of the
water and change density and nutrient availability, as well as
attenuating the effects of sunlight which protects pathogens
from UV radiation (Ji 2008). Suspended solids are also an
important carrier of pollutants to lakes and reservoirs (Kroon
et al. 2012). Contaminants adsorb to SS surfaces and can be
transported hundreds of kilometers with the water flow
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(Surbeck et al. 2006). Phosphorous, which is the main limiting
nutrient for eutrophication in freshwaters, also bonds strongly
with SS and is transported when there are high erosion rates
which can cause water quality problems. Extensive sediment
deposition and siltation lead to expensive maintenance costs
and may impede or hinder navigation (Liu et al. 2011).
Extensive siltation in a reservoir can decrease the operational
lifespan of the waterbody and become an ecological problem
itself (Valero-Garces et al. 1999). Also, accumulated loads of
sediment behind the dams can increase dam instability be-
cause of the excessive forces applied to the dam walls by the
sediment loads (Mama and Okafor 2011). Hence, more mon-
ey and resources are expended to mitigate the impacts of cli-
mate change and research new approaches for adaptation
(Derworiz 2016).

Floods can bring significant amounts of suspended solids
to lakes and at the same time change the mixing patterns in
lakes by turbulence currents. The effects of vertical mixing are
dependent on the direction of water exchange in lakes.
Depending on the inflow water density gradient (a function
of water temperature and dissolved and suspended solids), the
incoming flow could enter the reservoir in three different ways
(Romero and Imberger 2003). Warmer river waters usually
have a lower density than the lake’s water and enter along
the top of the lake’s surface as overflow (Ji 2008). The heavier
river waters, which are mainly due to cold and sediment-laden
flood waters, enter along the lakebed as underflow or density
currents (Fink et al. 2016). At the point where the density of
the underflow becomes lower than the density of the water at
the lakebed, the flow spreads into the upper layers as interflow
until the mixing balances the density gradient (Alavian et al.
1992).

The intrusion of the nutrient-rich hypolimnion water with
the oxygen-rich epilimnion water can increase the productiv-
ity, while the reverse would reduce the oxygen deficiency and
even lead to hypolimnetic oxygen saturation (Wüest
et al. 1988). Large quantities of suspended solids can influ-
ence the water quality by changing the sediment-water inter-
actions and the ecological balance (Walling 1977). In an inci-
dent in August 2002, the channel walls in the Mulde River,
Germany, broke during a severe flood and the nutrient-rich
water drained into nearby stratified pit lakes (Klemm et al.
2005). The flood caused oxygen depletion in the epilimnion
and the occurrence of algal blooms in these oligotrophic to
mesotrophic lakes, which was of concern regarding the water
supply (Boehrer et al. 2005).

The floods are also essential for renewal of water in deep
layers of lakes and reservoir and can even reduce eutrophica-
tion (Fink et al. 2016). Springtime flood water has a higher
density than lake surface water because of lower water tem-
peratures and higher concentrations of suspended solids,
hence transporting the oxygen-rich water along lake’s bottom
(Fink et al. 2016). In a study of the Rhine River/Lake

Constance, Germany, it was found that the spring-time
underflow floods renew about 27% of the hypolimnion water
with oxygen-rich water every year, which is essential to main-
tain higher quality of the water in deep areas (Fink et al. 2016).
In Lake Burragorang, Australia, winter flood completely re-
places the anoxic hypolimnion with the underflow (Romero
and Imberger 2003). A study on Lake Rotoiti, New Zealand,
found that, depending on the timing and flow characteristics,
the density-driven underflow has both positive and adverse
effects on the ecological dynamics, nutrient loading, dissolved
oxygen concentration, and eutrophication on this lake
(Vincent et al. 1991).

Even the best-controlled floods can be subject to the
abovementioned potential environmental and ecological im-
pacts by transported suspended solids. At such time, key ques-
tions and concerns require accurate and quick answers, such
as the amount of sediment and pollutants transported through
flooding, the effect of the sediment plume (e.g., contamina-
tion), bacterial counts, safety of recreational beaches, and the
need for drinking water advisories.

Answering these questions is not easy and becomes even
more complicated as we go forward in an uncertain future.
Water quality models are useful tools for studying the physi-
cal, chemical, and biological processes and mechanisms in
rivers and lakes (Sadeghian et al. 2014). Modeling SS trans-
port can provide valuable information on contaminant trans-
port characteristics and rates (Langeveld et al. 2005). In this
study, we built and calibrated a sediment transport model
based on the largest recorded flood for Lake Diefenbaker
(LD), since its impoundment in 1967, in the prairie province
of Saskatchewan, Canada.

The primary factors affecting the characteristics of a reser-
voir include climate, soil mineralogical composition, vegeta-
tion, land use, and management practices in the watershed
(Wetzel 2001). Also, the topography of the region regarding
the solar radiation shading and the wind speed sheltering are
important (Huber et al. 2008). The heat exchange at the sur-
face by solar radiation and the wind forces on the surface
provide a significant proportion of energy for mixing in the
lakes (Wüest et al. 1988). In Lake Diefenbaker, the energy
from the inflow also has considerable effects on the mixing
and horizontal water movements (Sadeghian et al. 2015).

In June 2013, there was heavy rainfall for two consecutive
days on the frozen and snow-covered ground in the higher
elevations of western Alberta, Canada (Sutherland 2016).
The runoff from the rainfall and melted snow caused one of
the largest recorded inflows to the headwaters of the South
Saskatchewan River (SSR) and caused heavy damage to pop-
ulation centers, particularly High River and Calgary, and dev-
astation in the surrounding areas (De Vynck and Polson 2013;
Welsch and De Vynck 2013). The gauges recorded discharge
with peaks of 4500m3/s at theMedicine Hat station (SSR) and
950 m3/s at the Bindloss station (Red Deer River (RDR)),
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which merge at the Alberta-Saskatchewan border, 171 km
from the Lake Diefenbaker inlet. Lake Diefenbaker, located
downstream, was formed by the construction of the Gardiner
Dam and the Qu’Appelle River Dam in the 1960s (Fig. 1).
Similar to many reservoirs, Lake Diefenbaker also functions
as a flood mitigation reservoir. The 2013 Alberta flood
brought highly turbid water into the reservoir (Hudson and
Vandergucht 2015), where the sediment settling and resuspen-
sion rates were unknown, leading to concerns regarding water
quality.

We used measured turbidity data collected from stations
along the reservoir over the course of 2 months (June and
July 2013) to validate the sediment model quantitatively. In
a sediment transport model, the use of suspended solid (SS)
concentrations is preferred over turbidity because it is a state
variable in the model, while the turbidity needs to be convert-
ed to SS for comparisons. However, a fundamental limitation
with SS is maintaining a consistent sampling program of sed-
iment with a temporal frequency that is adequate to capture the
variations between seasons and events such as floods (Stroud
et al. 2009). The acquisition of data, from which decisions are
often based, is frequently inadequate, and this may lead to
underestimation or overestimation and, ultimately, to poor
management and policy decisions (Littlewood 1992).
Therefore, a practical alternative is using turbidity measure-
ments (Gippel 1995). Sonde-based turbidity measurements
correlate the light scattering in water with SS concentrations,
and are easier, faster, and less expensive to operate compared
with suspended solid sampling. Hence, sondes provide SS
readings at finer temporal and spatial scales. The results will
be very close to the direct measurements when the sensors are
calibrated properly, according to particle size variations
(Gippel 1995).

In addition, we usedMODIS satellite images to qualitative-
ly calibrate the model based on near-surface suspended solids

and to track the sediment plume front. Use of satellite images
is not a new technique in studying near surface conditions in
waterbodies. They are being used in two primary fields:
phytoplankton-dominated systems, which are based on ab-
sorption of light at the water surface, and inorganic sediment
systems, which are based on scattering of light at the water
surface (Budd andWarrington 2004;Myint andWalker 2002).
The focus of this study is the second category. Turbid waters
exhibit strong relationships between sediment concentrations
and reflected bands because the SS properties, such as particle
size distribution, exert considerable control over the reflec-
tance and scattering (Binding et al. 2005). One of the most
comprehensive studies on freshwater, in this context, is the
study of sediment transport and resuspension in Lake
Michigan, which was accompanied by an extensive data col-
lection project entitled BEpisodic Events Great Lakes
Experiment (EEGLE)^ (Cardenas et al. 2005; Eadie et al.
2002; Lee et al. 2005, 2007; Stroud et al. 2009). Sakmont
Engineering (1987) was one of the first groups who looked
at satellite images of the SSR Basin and suggested incorpora-
tion of NOAA-VHRR and LANDSAT images for consistent
data with reasonable resolutions. For Lake Diefenbaker, the
first use of satellite images was in estimating chlorophyll a
concentrations using MODIS and LANDSAT data (Giesy
et al. 2009), with further work completed by Hecker et al.
(2012) and Yip (2015).

Lake Diefenbaker is a long (180 km) and narrow reservoir
where the width increases from about 800 m upstream to
about 4000 m downstream. MODIS data with the finest reso-
lution (i.e., 250 m) would have 3 pixels for the upstream part
and about 16 pixels downstream. The chlorophyll a concen-
trations are generally higher downstream, and the upstream
area is more light limited because of higher SS concentrations
(Dubourg et al. 2015). Therefore, studies based on the use of
satellite images were mainly concentrated on estimating

Fig. 1 Lake Diefenbaker (LD),
Saskatchewan, Canada. The
reservoir is divided into four
sections (waterbodies) which
allow use of four different
meteorological stations along the
reservoir. Solid red lines show
locations of waterbodies in the
model. The dotted red line at the
Elbow shows the location at
which the Qu’Appelle River Dam
branch merges to the main
lchannel in the model. Red circles
show locations of stations with
turbidity data
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chlorophyll a concentrations downstream. We could not find
any study that correlates SS or turbidity data with reflectance
bands from satellite images for Lake Diefenbaker.

A recent research study by Akomeah et al. (2015) conduct-
ed a modeling study of the nutrient-algal dynamics of the
upper SSR; due to the high importance of this waterbody to
the province of Saskatchewan, we are presenting an extension
to that study by looking at the sediment transport characteris-
tics using recorded satellite images, onsite turbidity measure-
ments, and numerical modeling. In this paper, we successfully
demonstrate a sediment transport modeling for the largest re-
corded discharge to Lake Diefenbaker, an important drinking
water source, with the objective of reproducing the measured
turbidity data quantitatively and reproducing the movement of
the sediment plume front qualitatively. A novelty of this work
is incorporating space-borne remote sensing data to calibrate
the sediment plume progression through the reservoir. The
model itself has a sensitivity analysis component for finding
the most important parameters that influence the accuracy of
the results.

Methods

Study site

The study covers the 2-month period of June and July 2013,
and the study area is Lake Diefenbaker (LD). Lake
Diefenbaker is one of the most strategic sources of water in
the prairie province of Saskatchewan, Canada. The reservoir is
182 km long, with about 98% of its inflow coming from the
headwaters of the Rocky Mountains in Alberta. The average
annual inflow to the reservoir is 170 m3/s of which 95% is
released from the dams to downstream rivers. The South
Saskatchewan River (SSR) and Red Deer River (RDR) merge
about 171 km from the Lake Diefenbaker inlet. The closest
stations to the reservoir that measure the discharge and
suspended solids are the Medicine Hat station, 203 km up-
stream of the confluence for the SSR, and the Bindloss station,
47 km upstream of the confluence for the RDR. The SSR has a
50-year average flow of 550 m3/s for June and 271 m3/s for
July, with a minimum flow of 8.5 m3/s in November 1984 and
a maximum of 4440 m3/s in June 2013. The RDR has a 50-
year average flow of 135 and 122 m3/s for June and July
respectively, with a minimum flow of 2.2 m3/s in November
1982 and a maximum of 984 m3/s in June 2005. The second
and third largest recorded flows for the RDR are 932 and
928 m3/s in June 2013. Figure 2 shows the inflow and outflow
to and from Lake Diefenbaker based on the routed discharges
of the SSR and RDR, according to the methodology described
in Hudson and Vandergucht (2015).

The air temperature ranged between 5 and 35 °C with
mostly clear skies in June and July 2013 (Fig. 3). The wind

had a maximum velocity of about 11 m/s and was faster than
6 m/s for 10% of the time during this period, which could
cause fairly strong mixing up to several meters below the
surface. The heat budget for water temperature in Lake
Diefenbaker has two main sources: heat from inflow water,
which is transported longitudinally by advection, and energy
at the surface from solar radiation, which is distributed verti-
cally bywind forces (Sadeghian et al. 2015).Modeling studies
by Sadeghian et al. (2015) show that at the time when the
flood peak arrived at the reservoir, there was a fairly distinct
stratification, with the thermocline about 20 m from the sur-
face (Fig. 4).

Measurements

The turbidity measurements were collected usingYSI 6600 v2
multi-parameter sonde for 12 locations along the reservoir
(Fig. 1), with two or three vertical profiles for each station
during the study period in June and July 2013 (Fig. 5). The
upstream stations had turbidity values several orders of mag-
nitude higher than the downstream stations. The values ob-
tained prior to the flooding (June 5) almost doubled after the
flood peak arrived at the reservoir (July 4). Further down-
stream, the turbidity increased up to 20 times after the flood
peak. The reservoir bifurcates near the village of Elbow into
two 20-km arms. For the stations along these two arms (MC,
M8, M9, and M10), maximum turbidity values rarely get close
to 4 nephelometric turbidity units (NTU) even after the flood.

Satellite images were acquired using MODIS (Terra/
MODIS 2013/155-243, bands 1-4-3 (true color), pixel sizes
250 m) for this period. In total, there were 16 images that were
available for June and July without having a cloud cover over
the reservoir. For the missing days, we linearly interpolated
between two available maps. Each pixel (i.e., 250 m) in the
image consists of values for three color bands (red, green, and
blue (RGB)). For example, the RGB values for a pixel up-
stream for the 4th of June are [102, 89, 55] and for the 7th are
[104, 94, 64]. In order to reproduce the images for the missing
days, the 5th and 6th, we interpolated for each of the RGB
values separately. In Fig. 6, the days that have data are shown
in green and the days that are estimated based on linear inter-
polation are shown in red. Each image has 400,000 pixels of
which 10,555 are for Lake Diefenbaker amounting to about
2.5%water and the most of the remainder is land surfaces. The
arrows in each image show the estimated sediment front for
each day.

�Fig. 2 Discharge values at South Saskatchewan River (SSR), Red Deer
River (RDR), inflow to Lake Diefenbaker (LD), outflow from LD, and
water level elevation at the Gardiner Dam. The SSR and RDR merge
171 km upstream of the LD inlet

19586 Environ Sci Pollut Res (2017) 24:19583–19598



Environ Sci Pollut Res (2017) 24:19583–19598 19587



Model

We used the laterally averaged water quality model, CE-
QUAL-W2, for this study. This model was initiated in 1975
by the US Army Corps of Engineers and was then developed
for about 10 years by Edinger and Buchak (Buchak and
Edinger 1984; Edinger and Buchak 1975, 1978) and then for
more than 20 years by Cole (Cole and Buchak 1995; Cole and
Wells 2003a, 2003b, 2006). Further development is now be-
ing continued at Portland State University by Wells and his
team (Cole and Wells 2008, 2013, 2015a, 2015b).

CE-QUAL-W2 is capable of performing both hydrody-
namic and water quality simulations for both rivers and reser-
voirs. CE-QUAL-W2 was previously calibrated for tempera-
ture and hydrodynamics of Lake Diefenbaker for the 2011–
2013 period (Sadeghian et al. 2015). Also, a sensitivity anal-
ysis for choosing the best meteorological stations from three
available databases (Environment Canada, AccuWeather, and
MeteoBlue) was carried out for 2011–2013 using this model.
The model can simulate several groups of suspended solids
for consideration of the effects of different sediment sizes and
compositions. The model uses adoptive timesteps by calculat-
ing the Courant number for each step, with a maximum

allowed timestep of 360 s for model stability. Inputs to the
model are hourly meteorological data and daily flow and
TSS data.

The model setup consists of 300 longitudinal segments, in
Cartesian coordinates, ranging from 300 to 950 m in length,
and 60 uniform vertical layers with a thickness of 1 m each.
Also, the reservoir is divided into four waterbodies, connected
to each other as shown in Fig. 1. The inclusion of several
waterbodies enables the use of different climate data stations
for a large domain, as well as the implementation of different
rates and constants for geomorphologically different river and
lake sections. Each waterbody has one main branch, to which
several side branches can be connected. The additional
branches define a slope or connect a stream to the main river.
For example, one extra branch connects the Qu’Appelle arm
to the main stream at the downstream region of the reservoir.

We started the model simulations at the beginning of April
2013, as we could assume an isothermal condition for the
whole reservoir just after the snow cover melted on the reser-
voir’s surface. The model has a warm up period of about
2 weeks, so the effects of initial conditions had completely
disappeared for the study period in June and July. Also, all
the suspended solids transported to the reservoir by flood were

Fig. 3 Recorded air temperature
(top) and wind speed (bottom) at
the Elbow station. The vertical
strips show cloud amount with
darker bands meaning more
clouds

Fig. 4 Water temperature on
July 1, 2013, in Lake Diefenbaker
when the flood peak arrived at the
reservoir
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Fig. 5 Vertical turbidity profiles collected at 12 stations along Lake Diefenbaker in June and July 2013
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assumed to be inorganic. Therefore, other modules (e.g., eu-
trophication) in the model were kept inactive to save compu-
tational expenditure. Data from sediment traps were not avail-
able to correlate the turbidity measurements with the corre-
sponding total suspended solid (TSS) concentrations.
Although there are many studies available that provide guide-
lines for converting the turbidity measurements into TSS con-
centrations, we were hesitant in using these resources. The
main reason was the data ownership and license limitations

that prevented us from working directly on the data. Hence, to
avoid estimation errors and provide a clear path for applying
corrections in future studies, the turbidity data (NTU) were
considered to be equal to TSS (1 NTU = 1 mg/l). For the same
reason, only one class of sediment was considered in the
model.

To save computational time, we routed discharge and esti-
mated the TSS value for the upstream portion of LD instead of
running the model for the whole SSR + LD domain. The
discharge was routed based on available guidelines (Hudson
and Vandergucht 2015). Also, a first-order polynomial fitting
(R2 = 0.86) between TSS and discharge at the lake’s inflow
provided a means of extending the TSSmeasurements to Lake
Diefenbaker’s upstream stations. A good relationship was also
obtained between the TSS concentrations of the LD upstream
stations and the discharge and TSS values along the SSR and
RDR (Fig. 7). We cannot accurately detect howmuch TSS the
SSR and RDR each contribute to LD because of the distance
between observation stations and the reservoir’s inlet. The first
observation station is about 171 km downstream of the SSR
and RDR confluence, but based on the derived equation,
about 80–96% of the TSS settled on arrival at LD under nor-
mal flow conditions. However, in the 2013 flood, 77% of the
sediment had already deposited.

The primary factors that influence the suspended solid con-
centration in Lake Diefenbaker are the inflow, lake hydrody-
namics, sediment concentrations at the inflow (advection),
erosion, and sediment resuspension of bed material. Two ad-
justable model parameters (constant) control the concentration
simulations: the suspended solid settling rate (SSS) and the
critical shear stress for sediment resuspension (τcr). The SSS
removes suspended solids from the water column and deposits
them along the river bottom, while the τcr resuspends them
back from the bottom sediment to the water column. The SSS
also serves a critical role in removing particulate phosphorus
adsorbed on the SS surfaces; τcr in return, influences resus-
pension of nutrients bonded to sediments. The calibrating pa-
rameter SSS has a fixed rate expressed as meter per day re-
gardless of flow characteristics. Shear stress at the water-
sediment surface is calculated in each timestep based on the

Fig. 6 Satellite images obtained from MODIS for Lake Diefenbaker
during the 2013 flood event. Land areas around Lake Diefenbaker
blurred by 70% to better show the reservoir area. The images with
green marker and date are real satellite images. The image with red
marker (July 31) is interpolated

Fig. 7 Estimating the TSS
concentration at LD upstream
based on CIN and discharge
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near bed turbulences induced by the flow and wind effects, but
the τcr has a fixed value for each TSS group during
simulations.

In total, 1000 Monte Carlo runs were carried out with uni-
form distribution for the two calibrating parameters (SSS and
τcr) using the University of Saskatchewan high-performance
computing (HPC) platforms. TSS was the primary state vari-
able in our simulations for this study. The settling rate (SSS)
and the critical shear stress for sediment resuspension were
used to calibrate TSS concentrations by giving the lowest
discrepancy with measured turbidity data. Calibrations and
sensitivity analysis were performed by optimizing the objec-
tive function, root-mean-square error (RMSE):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑ O−Sð Þ2
n

s

ð1Þ

where O is the observed values, S is the simulated values, and
n is the total number of observations.

Calibration of the model, based on the lowest deviation
between simulations and measurements within a Monte
Carlo environment, has already been described in depth for
the Lake Diefenbaker temperature model (Sadeghian et al.
2015). For each Monte Carlo run, we calculated the RMSE
based on Eq. 1. To calculate the RMSE for the entire reservoir,
all the turbidity measurements from all different depths and
locations were sorted in one column and compared with the
simulated values at the same place and depth. To calculate the
RMSE values for each segment (observation station), only
values of that portion filtered to a similar time and depth were
considered.

Results

Initial processing of the satellite images revealed that the up-
per portion of Lake Diefenbaker (up to stationM5) was visibly
turbid even before the flood because of high flows in June
(Figs. 2 and 6). The plume gradually moved through the res-
ervoir and reached the Riverhurst area by June 27, just before
the arrival of flood waters. On July 1, after the flood water
arrived at the reservoir, there was a jump in the plume front’s
location to Elbow. By July 5, the plume disappeared and again
extended up to the Gardiner Dam on July 10. Then, it took
about 1 month for the plume to disappear completely from the
satellite images.

The turbidity measurements also confirm the trends in wa-
ter clarity visible from satellite images. Before the flood wa-
ters entered the reservoir, the vertical profile of turbidity, es-
pecially upstream, had higher concentrations near the bed.
The vertical profiles for the first two stations (M3 and M5)
show higher concentrations near the bed, which could be
due to sediment resuspension from high discharge values.

However, this trend reversed, excluding upstream, once the
peak discharge passed through the reservoir, withmore cloudy
water near the surface (Fig. 5). The values obtained prior to the
flooding (June 5) almost doubled after the flood peak arrived
at the reservoir (July 4). Further downstream (U1M to F4M),
with increasing reservoir depth, sharp changes in the concen-
trations are visible at depths around 20 m from the surface.
The turbidity measurements recorded immediately after the
flooding show up to 20 times increase in turbidity values
above the first 20 m from the water surface (on the top of
the thermocline). The reason could be that in shallower up-
stream areas (about 10 m deep), advection and resuspension
are the main sources of sediment, while further downstream, it
is only advection. These regions had clear water before the
flood and the sediment plume increased the turbidity of the
water here. The reason for higher turbidities in only the first
20 m could be due to the summer stratification and also be an
indication of overflow conditions. The reservoir bifurcates
near the village of Elbow into two 20-km arms. For the sta-
tions along these two arms (MC, M8, M9 and M10) and the
C3m station (before branching), maximum turbidity values
rarely get close to 4 NTU even after the flood. It is likely that
all the SS settled down when it passed through the curvy and
indented channel of the reservoir. Resuspension became neg-
ligible in deep areas and also because there was overflow
conditions.

Among the 27 turbidity measurements (Fig. 5), two thirds
had concentrations of less than 15 NTU, which indicated al-
most clear water. Most of these samples were collected from
downstream areas where most of the turbulence energy of the
water had dampened. The simulations on these days/stations
produced smaller RMSE errors when compared with the other
remaining days/stations. Also, the model results were more
satisfactory with settling rates (SSS) greater than 2 m/day for
suspended solids at these low turbidity events (Fig. 8). The
days/locations that had higher turbidities were sensitive to the
values of calibrating parameters. Therefore, the results for
turbidity observations with a maximum recorded turbidity of
over 15 NTU will be discussed in more detail.

Overall, the Monte Carlo simulation results show high sen-
sitivity to SSS values, but no detectable trend was found with
τcr (Fig. 8). A general trend for SSS is that the best results
upstream were derived with small values, as we go down-
stream, the results get better with larger settling rates. On
one occasion, U1M on July 4, there are two optimum values
for the SSS coefficient. The main reason is the vertical profile
of turbidity at this day/location (Fig. 5). There was high tur-
bidity that arrived at the top of the thermocline, while the area
below was still clear because of pre-flood clear water condi-
tions. The two optimum values are for two different simulated
vertical profiles of which one of them is a false optimum
value. This equifinality occurs when the model predicts large
concentrations below the thermocline and small values on the
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top (inverse profile). The sum of underestimation at the top of
the thermocline (negative values) and overprediction below
the thermocline (positive values) gives small RMSE values
which are not correct. According to the RMSE values, the best
results were obtained when SSS increased from 1 to 5 m/day
from upstream to downstream in the reservoir.

We chose four different ranges for SSS to look at the results
in more detail (Fig. 9). The bands show the ranges that the
model calculated for TSS for days/locations by SSS values in
the specified ranges. SSS values in the range between 0 and
0.5 m/day produce the best match with the observed turbidity
data for station M3 upstream. The same range overpredicts the
TSS by about four times atM5 and about 15 times at U2M. The
range between 1 and 1.5 underestimates the TSS at M3 before
the flood, but works well for the period of the time after the
flood. However, it still overestimates at stations more down-
stream. Larger SSS values underestimate TSS upstream, but
are better matched with observations downstream.

Comparing model results at the surface with sediment
movement detected in satellite images shows that the value
of 6 m/day was a large upper band for SSS (Fig. 10). Almost
all the sediment was removed from the top layer by 10 days
after the incident, while the images recorded that the surface
water upstream was turbid until the end of July. At the same
time, SSS values smaller than 1 m/day produced very large
concentrations (TSS over 100 mg/l) downstream, which are

not correct. No observation or satellite image confirms such
high turbid conditions downstream.

Discussion

In 2013, the Alberta flood had a peak flow of 5200m3/s with a
maximum TSS concentration of 1500 mg/l at the SSR-RDR
confluence (171 km upstream of LD). Dam operation author-
ities released the water from the Gardiner Dam at a rate of
2000 m3/s for three consecutive days (Saskatoon City News
2013). Due to the high inflow and outflow, the sediment
plume traveled through the reservoir very quickly.
Saskatchewan’s Water Security Agency reduced the dam’s
outflow to 1000 m3/s on the third day when the inflow de-
creased to less than 2000m3/s. As a result, the sediment plume
began settling gradually. Based on our modeling results, the
inflow water from the SSR had a temperature close to the
temperature of the water at the surface of Lake Diefenbaker.
Although most of the flow waters stemmed from snowmelt,
warm days with extensive sunshine hours (∼17 h in June) had
brought enough thermal energy to the river. Hence, water
entered the lake above the colder and heavier lower layers
because of density gradients. However, the large inflow
(5200 m3/s) to the reservoir and the large outflow through
the spillways at the Gardiner Dam (2000 m3/s) induced high

Fig. 8 Sensitivity analysis for
parameters SSS (m/day) and τcr
(dynes/cm2) for observations with
TSS values larger than 15 mg/l.
SSS ranged between 0 and 6. τcr
ranged between 0 and 4
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velocity water in transit with large turbulent mixing especially
at the upstream sections. Also, during the flood of June, the
water level in Lake Diefenbaker raised about 3 m (Fig. 2).
According to the recorded water level elevations, there was
a rapid drawdown of about 1 m before the flood arrival in
June 25 because of the opening of the spillway gates at the
Gardiner Dam. According to the model results, the inflow
water from SSR thoroughlymixed with the upstream reservoir
water and then traveled along the top of thermocline due to
density gradients. Hence, the elevated water level added to the
epilimnion thickness.

We used two different sources to calibrate the sediment
transport model: comparing the movement of the plume
through the reservoir with the acquired satellite images and
comparing the observed turbidity measurements with TSS.
These comparisons had an interesting result in that the coeffi-
cients for the best performance based on satellite images were
very close to those based on turbidity measurements.

The turbidity measurements recorded immediately after the
flooding show the peaks occurred in the first 20 m from the
water surface (on the top of the thermocline), which was also
confirmed by the model results. Therefore, the satellite images
of the surface of the water are an accurate representation of the
sediment plume movements. The satellite images show con-
sistent movement of the turbid front of water through Lake
Diefenbaker in June. On July 1, the flood waters arrived at the

reservoir, and the movement was faster than in June for a few
days, but the plume disappeared in the image recorded on
July 5. On the image recorded on July 10, the plume moved
forward again. Unfortunately, there is no turbidity measure-
ment between these two dates in the downstream portion, but
the changes in the flow intensities can verify this back and
forth movement. As mentioned above, there was a huge in-
flow into the reservoir and large outflows from the dam, which
both decreased considerably from the third day after the arriv-
al of the flood waters. The rapid change in flow intensities
could create backflow conditions with hypolimnetic mixing.
Also, there were huge wind velocities on the 4th of July,
which could have further increased the hypolimnetic mixing
there.

C-QUAL-W2 was able to track the changes in turbidity
only moderately well when fixed coefficients were considered
for sediment settling. We cannot clearly say that it was a lim-
itation with the model or with the data. A limitation of the CE-
QUAL-W2, and indeed many water quality models, is the use
of fixed rates for the parameters in simulations of the state
variables. These rates are used in many equations related to
transport, hydrodynamics, or water quality. For example,
using fixed daily rates for sediment settling produces overes-
timations and underestimations, depending on flow condi-
tions. Hence, it may be difficult, if not impossible, to obtain
simulations that coincide exactly with the values obtained

Fig. 9 Simulated TSS ranges for
different SSS (m/day) values. The
bands show the ranges that the
model calculated the TSS
concentrations by using the SSS
values in the specified ranges for
different days/locations. Small
SSS overpredicts TSS at
downstream several orders of
magnitudes
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through sampling due to uncertainties inherent in measure-
ment errors, spatiotemporal limits, and calculation limits.
However, the model does extend our understanding of the
overall responses of the system to different scenarios, partic-
ularly extremes.

In water quality modeling of lakes and reservoirs, the sim-
ulation errors can be reduced if the input data at the boundaries
are well monitored (Romero and Imberger 2003). For having a
correct image of the sediment transport by rivers, regular sam-
pling programs are required (Walling 1977). Sediment rating
curves can work as a replacement for sampling programs in
case of financial austerity, missed events such as floods, and
gaps of past sediment transport time series (Walling 1977).
Turbidity measurements can also be used instead of directly
measuring suspended solid concentrations. The turbidity mea-
surements are highly affected by the particle size distribution
of the suspended solids in water; hence, an adequate number
of sampling is required when using the turbidity measure-
ments with confidence, especially during flood events (Lenzi
and Marchi 2000).

A large proportion of sediment transported in rivers is in
the form of suspended solids; hence, sediment rating curves

which relate the suspended solid concentrations to the dis-
charge values are commonly used for quantifying the amount
of sediment transport in rivers and reservoirs (Asselman
2000). Although suspended solids make a large proportion
of the total sediment load, the percentage is very variable
along the river with greater variations at the headwaters and
more consistent rates downstream (Lenzi and Marchi 2000).
These changes can produce errors of up to 50% in estimating
the sediment transport in rivers (Walling 1977). To reduce the
uncertainties in determining the suspended solid concentra-
tions and to have information on the characteristics of the
sediment transport, different sediment rating curves are need-
ed at various locations along rivers and reservoirs. The slopes
of these rating curves provide information on the erosion and
sedimentation rates in rivers, but not for all events. A study of
the sediment rating curves of the Rhine River, Germany
(Asselman 2000), found that the descending slopes of rating
curves along the river do not influence the sediment transport
rates. Due to data ownership limitations, the aim of this study
was not to make a sediment rating curve based on the turbidity
measurements, and the measured turbidity data were only
used for the purpose of sediment model validation.

Fig. 10 Simulated TSS values at
the water surface for different SSS
(m/day) values. The color bar is
in logarithmic scale to capture
trends in both upstream with large
TSS concentrations and
downstream with small
concentrations
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Accurate estimation of suspended solid concentrations
with correct size distribution is essential at boundaries (Lee
et al. 2007). Lack of input data could also be considered a
limitation or even an opportunity for planning future studies.
For example, we could potentially extract more information
from the satellite images if there was a study looking into the
relationship between the different bands in reflectance images
and characteristics of SS such as particle size distribution and
mineralogy. Having access to such a table would provide data
at the inlet as input TSS and through the reservoir for calibra-
tion purposes. Also, it could reduce the need for using a var-
iable settling coefficient inside the model, if we had a measure
of sediment size distribution from linking the turbidity data to
the corresponding TSS concentration by using sediment traps.
The South Saskatchewan River (SSR) and Red Deer River
(RDR) have considerable differences in the characteristics of
the turbidity; the SSR has very clear water while the RDR has
turbid water due to steep riverbed slopes. These two rivers
merge in Saskatchewan only a few kilometer from the border
of Alberta. In Saskatchewan, the general quality of water in
the SSR was considered as Bgood^ by the Saskatchewan
Water Security Agency (WSA 2012); hence, fewer resources
and water quality parameters were required for monitoring the
quality of the water. The availability of water with an accept-
able quality and less disturbance of the water resources by
industrial activities and urbanization led to a very limited his-
torical database of the water quality variables for the SSR and
Lake Diefenbaker. One important factor which is missing in
the model is river bank erosion, which is a very important
source of sediment in Lake Diefenbaker (Ashmore and Day
1988). Bank erosion is different from sediment resuspension
in bed material and could be imported into the model as TSS
concentrations distributed over the upstream portion.

By using the turbidity as the only available data, a pro-
nounced hurdle in the modeling was defining the suspended
SSS. This parameter has a fixed value of meter per day, which
is very restrictive, since, in actuality, the settling rates are
extremely dependent on flow characteristics. In the example
of LD (Figs. 8, 9, and 10), it can be clearly seen that larger
settling rates are required as the reservoir becomes deeper and,
consequently, the flow becomes slower. Comparing the TSS
concentration at the LD inflow with the discharge and TSS at
the SSR/RDR indicates that the TSS is more dependent on the
flow than on the upstream concentration. Therefore, the cur-
rent version of the CE-QUAL-W2 should only be used for
sediment transport calculations of short time periods or for
the systems with more uniform flow rates, unless the concen-
trations for different sediment classes are available. Themodel
needs a more flexible sediment-settling coefficient that can
differentiate between different sections of the river and
reservoir.

The sensitivity results based on the Monte Carlo runs also
demonstrate the need for using a dynamic SSS coefficient for

an accurate sediment transport model (Fig. 8). RMSE values
are higher upstream because TSS concentrations are larger at
the reservoir inlet. Based on the available field measurements,
the upstream concentrations are up to several times higher
than those downstream. It is worth mentioning that the settling
rates along the upstream areas are not actual sedimentation
rates. The main reasons are that the model did not include
the bank erosion rates, and only used one group of suspended
solids in the simulations. In reality, bank erosion can contrib-
ute a significant portion to the sediment load. Also, the com-
position of the lake bed sediment and consequently the resus-
pension rates are different at different locations along the res-
ervoir. Hence, the lower settling rates upstream are sedimen-
tation rates reduced somewhat from the actual values to com-
pensate for the simplifications in model setup. According to
the RMSE values, the best results were obtained when SSS
increased from 1 to 5 m/day from upstream to downstream in
the reservoir. Based on our modeling results, the settling in the
reservoir occurs more quickly than it does in the river because
the flow velocity is smaller and the wind effects are dampened
in the deeper layers. The settling rates increase even more
downstream towards the dams. Also, because of suspended
solids settling along the lake bed, the density gradient de-
creases down to the point that becomes smaller than the lake
bed water density. At this stage, the sediment-laden water
starts mixing with less turbid water at mid-layers and a larger
proportion of the turbulent energy is used for mixing water
vertically and laterally. As the head of the plume moves for-
ward longitudinally, the laterally mixed waters have higher
settling capacities.

Based on RMSE values, the results were not sensitive to τcr
values (Fig. 8). However, this does not mean that the model
also was not sensitive to this coefficient or the resuspension
was not an important process. The reason is the overpredicting
of the TSS by about two times at M5 and about 15 times at
U2M when small values for SSS were selected in the model
(Fig. 9). In that case, the values downstream were several
times larger than the incoming TSS at the inlet, meaning that
the extra TSS concentrations were from resuspension. The
reason could be that the resuspended material was also affect-
ed by settling rates again and that would be why the SSS was
more identifiable.

Conclusion

Awater quality model was developed for Lake Diefenbaker to
determine suspended solid transport and the rates of settling
and resuspension through the reservoir. The length of the
study was the 2 months of June and July 2013 when a flood
occurred in the head waters of the SSR. The flood created the
largest inflow to the reservoir since its construction in 1967,
with flood waves carrying high loads of SS. We calibrated the
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model based on measured turbidity data from 12 stations
along Lake Diefenbaker collected during June and July 2013
and images obtained from cloud-free MODIS satellite imag-
ery. We defined only one group of TSS because data on sed-
iment texture (fine, medium, and coarse) were not available.
TSS was modeled as a tracer, and its movement through the
reservoir was traced starting at the upstream portion of Lake
Diefenbaker, with the sediment plume gradually becoming
less concentrated by sedimentation and dilution as it moved
through the reservoir. This setup allowed us to develop a dis-
persion and diffusion transport model of Lake Diefenbaker
using the two-dimensional hydrodynamic and water quality
model CE-QUAL-W2. The model was capable of tracing the
flood’s sediment plume movements through the reservoir.
This has resulted in a better understanding of the settling and
resuspension rates of the SS in the reservoir which will sup-
port decision making.

The model results and turbidity measurements confirm that
the inflow to the reservoir entered as an overflow and moved
above the thermocline. Suspended solids were also
transported by advection through the epilimnion, which was
about 20 m at that time. As a result, the vertical alignment of
suspended solids reversed with higher concentrations at the
upper layers after the flooding. It took only a couple days for
the plume to scatter throughout the reservoir, but took almost
1 month to disappear completely.

Satellite images were used to estimate the sediment’s set-
tling and resuspension rates by comparing the suspended solid
transport with the sediment plume qualitatively. The turbidity
in the upstream river is high, and it may be useful to apply
wavelength studies to find correlations with TSS values. The
narrow range of a few hundred meters is still a barrier, but
improvements may become possible with higher-resolution
satellite data in the future. Although a relationship between
the reflectance bands from satellite images and the sediment
concentrations was not available, the visible sediment plume
movement provided good estimates of sediment transport in
Lake Diefenbaker. The rates found confirmed those derived
from the Monte Carlo results. This is a remarkable outcome
considering that, in many cases, field measurements may not
be available; however, other data sources may be successfully
drawn upon to aid in calibration of such an event.

With the assumption of one single grain size, a limitation of
the model was the lack of definition of the suspended SSS in
the CE-QUAL-W2 model. This parameter has a fixed value,
which is restrictive, since settling rates are extremely depen-
dent on flow characteristics. However, good results were ob-
tained by increasing settling rates in areas where the reservoir
becomes deeper, and flow currents become slower. Therefore,
the current version of the CE-QUAL-W2 model may be more
suited for sediment transport calculations of shorter time pe-
riods and for systems with a uniform flow distribution. The
model needs a more flexible sediment-settling coefficient that

at least differentiates between different sections of the river
and reservoir.

More insight and confidence in the model could be obtain-
ed if several different data sources became available for model
calibration. Finding correlations between reflectance bands
from satellite images and sediment concentrations would con-
siderably improve the quality of results. Also, finding the rates
between the turbidity and corresponding TSS concentrations
is essential for model validations. Input of SS distribution with
a classification for different (fine, medium, and coarse) sizes is
crucial. Finally, river bank erosion effects need to be consid-
ered in model calibrations.
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