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ABSTRACT

Water withdrawals from the Lower Athabasca River will increase with the 

expansion o f the oil sands mining operations, and may affect the ice regime of this 

reach. A three-year program was established to develop an appropriate modeling tool to 

address this issue. The main purpose of this first year o f study was to establish the main 

conditions describing the winter ice regime of an 80 km reach of the Athabasca River, 

spanning from Fort McMurray to Bitumount. Hydrometeorological and ice cover 

characterization data was collected for the 2006/07-winter season through the 

implementation of an extensive field monitoring program. Preliminary numerical 

modeling of thermal and hydraulic processes was conducted in River ID and River2D. 

The ice regime o f the reach was observed to be highly two-dimensional, due to the 

presence o f numerous islands, sand bars and industrial warm water outfalls. To account 

for these factors, several limitations o f the models must be addressed.
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^ a= net rate o f heat exchange per unit area between water and air (W/m2)
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CHAPTER 1 INTRODUCTION

The oil sands mining projects in the vicinity o f the Athabasca River below 

Fort McMurray (Figure 1.1) have raised the demand for water in the area. As a 

consequence, the rate o f water withdrawals from the river has increased significantly 

and will continue to do so in years to come. Woynillowicz (2006) reports that nearly 

65% of the total water withdrawn from the Athabasca River is destined for oil sands

* * 3mining operations, representing approximately 350 million cubic meters (m ) of 

water per year; planned projects will push this number to 549 million m3.

Figure 1.2 shows the historical record of mean monthly flows in the 

Athabasca River at Fort McMurray. During the winter period, water levels reach 

their lowest point throughout the year. Ice cover development is highly dependent 

upon flow rates and streamflow hydraulics, both o f which can be affected by 

additional water withdrawals. Given the unregulated nature of the Athabasca River, 

this may result in even less availability o f liquid water during the winter months, if 

these changes in channel hydraulics result in thicker ice covers.

In order to ensure the sustainability of the mining projects and the ecological 

integrity of the river, it is necessary to quantify winter ice processes along this reach. 

By understanding the nature o f ice cover formation and deterioration in the area, a 

predictive numerical model can be constructed in the long term, in order to assess the 

impacts of additional water withdrawals and potential climate change scenarios.

1
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1.1. AN INTRODUCTION TO RIVER ICE PROCESSES

The development o f an ice cover in northern rivers is the result o f a wide 

variety o f dynamic and thermal processes. The nature of ice cover formation and 

deterioration depends on specific atmospheric conditions and streamflow hydraulics, 

which vary greatly with time and location. As a result, the physical characteristics of 

the fully formed ice cover, such as thickness and strength, are unique for each river.

The formation phase o f an ice cover, also known as freeze-up (shown 

conceptually in Figure 1.2), begins with the decrease in air temperature as the winter 

season approaches, and is most often the result o f convective heat loss from the 

water surface to the colder atmosphere on top. As water temperatures drop a few 

hundreds of a degree below zero degrees Celsius (known as supercooling), ice 

formation will begin.

In lakes and other calm water bodies, ice formation is the result of thermal 

growth of a thin layer o f skim ice, which forms on the surface under supercooled 

conditions. Along the banks o f the river, where velocities are negligible, ice will 

grow thermally as on a lake; this is known as “border ice” and is illustrated in Figure

1.4. However, away from the river banks where water is fast flowing and turbulent, 

vertical mixing leads to the entire water body to cool down at the same rate as the 

water surface (Michel, 1971). Small particles known as “frazil” will begin to appear 

and agglomerate to form slush, often termed “frazil floes”. As the size o f frazil floes 

increases, so do the buoyant forces acting upon them until they eventually float to the

2
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surface. These are frequently seen in the form of large sized discs with rough 

upturned edges, known as “frazil pans”, which float downstream on the water 

surface, either individually or together in large groups or “rafts”; this is also 

illustrated in Figure 1.4.

As surface ice concentration reaches 80 to 90%, pans and rafts will 

eventually congest. The location at which this arrest occurs, or “bridging point” is a 

characteristic o f the river itself, and is often the same every winter. Typical bridging 

sites include islands, tight bends, bridge crossings and natural or artificial 

constrictions, which can even be caused by large extents of border ice.

Once “bridging” occurs, the incoming pans and rafts from upstream can 

accumulate edge-to-edge, covering the entire water surface. The resulting 

“juxtaposed” ice cover is illustrated in Figure 1.5. Further heat loss causes freezing 

between the pans and of the pore water within the frazil slush located on the 

underside of the pans, strengthening the accumulation. Additional thermal thickening 

of the ice cover typically occurs over the course o f the winter. However, the 

insulating effects o f snow can mitigate this process.

Often times drag forces beneath the ice cover are high enough to collapse it. 

This causes the ice floes in the accumulation to tip and rotate, creating a much 

thicker and stronger ice cover, known as a “freeze-up ice jam ” or “hummocky” ice 

cover. This is illustrated in Figure 1.6.

3
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Air temperature and solar radiation increase with the coming o f spring, and 

snow on top of the ice cover, as well as the ice cover itself will begin to melt (Figure 

1.7). As open water areas become more prominent, both the warm overlying air and 

solar radiation will cause further heating of the water, and consequently, additional 

melt of the ice cover from underneath. However, meteorological processes do not 

always dominate breakup, and often times large waves associated with spring runoff 

can cause the intact ice cover to break into discrete pieces. In such cases ice sheets 

and floes are carried downstream by the flood flow and ice jams can eventually form 

if this ice run is arrested. This is a common phenomenon in north flowing rivers, 

where ice cover deterioration occurs much later in the downstream reaches. Ice runs 

from upstream will eventually arrest as they encounter the still intact ice cover 

further downstream.

1.2. RESEARCH OBJECTIVES

The primary objective of this study was to establish the main conditions 

describing the winter regime of the Lower Athabasca River along an 80 km reach 

spanning from Fort McMurray to Bitumount (Figure 1.1). By developing a 

monitoring program, qualitative and quantitative data concerning ice cover formation 

and deterioration in the reach, were obtained for the 2006/07-winter season. This 

data constitutes the first out of a three-year record that will be used for numerical ice 

process model calibration and validation purposes. Additionally, given the extensive 

fieldwork required for data collection, an evaluation of the different techniques,

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



equipment and the quality o f the obtained data was also accomplished as part of this 

study.

The thermal river ice process model RiverlD  was used as an analytical tool to 

evaluate ice cover formation processes along the reach. Initial calibration of 

modeling parameters based on the 2006/07 collected data was completed; however, 

exhaustive calibration and validation o f the model are beyond the scope o f this work, 

due to the lack o f available historical records. These calibrated RiverlD  modeling 

components will constitute the basis for further enhancements to the two- 

dimensional depth-averaged model River2D simulation capabilities. By

incorporating thermal and dynamic ice formation processes into this two-
/

dimensional model, key sites such as water intakes and warm water outfalls can be 

evaluated in detail in further studies. Preliminary RiverlD  and River2D model 

simulations were conducted in order to evaluate and direct the future field 

monitoring program and model development plans.

1.3. PREVIOUS STUDIES

Hydrologic and hydraulic studies of the Lower Athabasca River date back to 

the late 1970’s, most of which focus on the environmental impact the oil sands 

mining efforts has had over river ecology. However, no studies dedicated to river ice 

processes in the reach were found as a result of this investigation. That being said, a 

number o f these studies do contain information regarding winter river hydraulics and 

ice cover characteristics.

5
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Doyle (1977) characterized hydrology and hydraulics of the Lower 

Athabasca River spanning approximately 180 km from Fort McMurray to Embarras. 

Dissemination o f data collected by Alberta Research Council and other agencies, 

provide an insight into the behavior of the river in this reach. Ice cover formation 

processes are not discussed in this study; however, it does contain information 

regarding historical accounts o f ice jam related flooding events at some locations 

downstream of Fort McMurray. These include Inglis Island (23 km downstream), 

Ells River (73 km downstream), Morrison Island (91 km downstream) and Embarras 

(187 km downstream).

Beltaos (1979) studied mixing characteristics o f the Athabasca River under 

ice-covered conditions, spanning approximately 300 km from Fort McMurray to 

Lake Athabasca. As part o f a research program to investigate mixing characteristics 

of rivers in Alberta, this study contained hydrometric information and geomorphic 

characteristics o f the reach, as well as information regarding the thickness o f the 

fully formed ice cover. However, no data pertaining to ice cover formation of 

deterioration processes was provided.

Van Der Vinne (1993) also conducted winter low flow tracer dye studies in 

the reach o f the Athabasca River spanning 80 km from Fort McMurray to 

Bitumount. As part of the Northern River Basins Study, this investigation focused on 

characterizing the cumulative effects o f development on the water and aquatic 

environment o f the study area. Field investigation was conducted under relatively 

low discharges, ranging from 81 to 188 m3/s, and travel times for the reach were
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defined relative to its hydraulic characteristics. Even though winter ice processes 

were not characterized, the information regarding the hydraulics o f the reach, such as 

times-of-travel and the variation o f Manning’s roughness was found useful to this 

study, for modeling purposes.

Since 1998, the University of Alberta in cooperation with Alberta 

Environment has undertaken an extensive monitoring program o f breakup processes 

in the reach upstream of Fort McMurray, spanning approximately 40 km to Crooked 

Rapids. Even though their focus has primarily been dynamic ice jam  formation and 

release events along this area, occasional monitoring of the reach downstream of Fort 

McMurray during the breakup period has also taken place. This was found in 

Kowalczyk (2003), who reported on the behavior o f ice runs as they went passed 

Fort McMurray, briefly stalling and rebuilding due to the numerous islands and sand 

bars characteristic o f this lower reach.

Most recently, the Regional Aquatics Monitoring Program (RAMP) and the 

Cumulative Environmental Management Association (CEMA) have worked together 

to assess the ecological health of the Athabasca River in the vicinity of the oil sands 

mining operations. As a result, private consultants were hired to conduct field 

measurements regarding winter bathymetry and ice cover characteristics at several 

sites along the reach. Additionally, CEMA also funded the efforts to improve the 

River2D modeling capabilities, by enabling it to consider the effects of an ice cover 

on streamflow hydraulics. Their data has been made available to this project, as part 

of an informal collaboration.

7
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Katopodis and Ghamry (2005) of the Department o f Fisheries and Oceans 

(DFO) used the data collected by CEMA to develop two-dimensional models o f the 

sites and evaluate the ability o f River2D to simulate ice-covered channel hydraulics. 

Even though most o f these latest efforts focus on evaluating the river from an 

ecological perspective, collected data and simulation results were considered 

important for validating future ice process components, as they are incorporated to 

the River 2D model.

1.4. EXISTING DATA

Basic data requirements for simulating thermal river ice processes consist of 

geometric characteristics and air temperature records along the reach of interest, 

inflow water temperature and inflow discharge (Andrishak, 2007). However, data 

requirements for model calibration and validation demand additional historical 

records o f ice cover formation related data. This includes water temperature, solar 

radiation, surface ice concentrations and even rate o f progression o f the ice front. 

Even though most o f these records are unavailable for the Lower Athabasca River, 

comprehensive hydrometeorological data sets are accessible for the present study.

Hydrometeorological data was mostly available online. The primary record 

of air temperature was obtained from the database of historical climate data of the 

Environment Canada (EC) website (http://www.climate.weatheroffice.ec.gc.ca). 

Comprehensive hourly and mean daily air temperature records were found. 

However, some gaps did exist in the database.
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Hydrometric records were obtained from the Water Survey o f Canada (WSC) 

website (http://www.wsc.ec.gc.ca). Water levels are recorded in half hour intervals 

and published discharges are obtained from these levels by the use of rating curves. 

However, rating curves are not applicable under ice affected (backwater) conditions. 

Therefore, winter discharge is typically estimated based on interpolation between 

direct measurements. Published discharges at freeze-up and breakup are crude 

estimates only, and during these periods, only the water level was considered.

Limited geometric data was available for modeling. However, these 

constraints are minimal given that a rectangular channel approximation was used for 

one-dimensional simulations. Spaced at 1 km intervals, rectangular cross-sections 

were derived in previous studies from National Topographic Series (NTS) maps, to 

create a flood routing model o f the Athabasca River using River ID , spanning from 

Whitecourt to Lake Athabasca. The gradient of the river bed was obtained from 

longitudinal water surface profiles given in Kellerhalls et al. (1972).

Winter bathymetric data collected by CEMA for research on fish habitat in 

the winter period o f low flow was available for this study. The data consists of two- 

dimensional detailed bathymetry in three sites along the Lower Athabasca River. The 

location o f these sites is shown in Figure 1.1. Corresponding data describing snow 

depth on the ice cover, ice cover thickness, water depth and bed elevation, as well as 

water velocity, were collected over a period o f four years.

9
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In order to complete the data record required for model calibration and 

validation, an extensive field program was undertaken during a period of eight 

months, starting in September 2006. Chapter 2 presents the details of this program, 

along with a discussion on instrumentation and data collection techniques, and an 

analysis o f the obtained data. Included in this chapter is a description o f the various 

observations made during this period, on the different stages of formation and 

deterioration o f the ice cover in the study reach.

Calibration o f the RiverlD  model using this data and available historical 

records is discussed in Chapter 3. A preliminary evaluation o f the River2D model of 

two of the CEMA reaches is also included within this chapter. Given that this project 

is the first phase o f a three-year study, some recommendations for future modeling 

work and data collection are discussed in Chapter 4.
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Figure 1.3 Conceptual diagram of river ice formation processes (adapted 
from Michel, 1971).
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Figure 1.4 Border ice, pans and rafts seen in the Lower Athabasca River 
on November 4th, 2006.

Figure 1.5 Juxtaposed Ice cover seen on the Lower Athabasca River near 
Fort MacKay on November 3rd, 2006.
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Figure 1.6 Hummocky ice cover seen on the Lower Athabasca River near 
Fort McMurray on November 10th, 2006.

Figure 1.7 Thermally deteriorated Ice Cover seen on the Lower 
Athabasca River on April 16,2007.
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CHAPTER 2 FIELD PROGRAM AND DATA ANALYSIS

2.1. INTRODUCTION

A field program was established in 2006/07 to study the winter ice regime of 

the Athabasca River below Fort McMurray; Figure 2.1 presents an overview of the 

study reach. For a period o f 8 months, starting in September 2006, river ice processes 

were monitored through periodic aerial surveillance and the collection of 

hydrometeorological data. Ice cover characterization also took place during the 

months of February and March of 2007.

Hydrometric and meteorological records, established through existing 

monitoring stations, were complemented with the installation o f four additional 

stations along the reach, which took place in September 2006. Information regarding 

the location and data collected at each of these stations is contained in Table 2.1 and 

their locations are is illustrated in Figure 2.1. Station locations were selected based 

on hydraulic conditions at each site. Accessibility to the sites was also an issue; 

however, these four stations were spaced as equally as possible along the reach, with 

approximately 25 km between adjacent stations.

This chapter will provide a description of the study reach, and details of 

existing monitoring stations and available hydrometeorological data. It will also 

provide an analysis of our efforts in complementing this existing data to obtain an 

appropriate record for the purposes o f hydraulic and thermal numerical modeling.
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Each data record is analyzed by type, along with a description o f the instrumentation 

used and the methodology applied in each case. A discussion of the different 

problems and setbacks encountered during data collection and equipment installation 

is also included.

2.2. DESCRIPTION OF THE STUDY REACH

The reach o f the Lower Athabasca River chosen for this research extends 

approximately 80 km, spanning from Fort McMurray to the town o f Bitumount 

(illustrated in Figure 2.1). This lower portion o f the Athabasca River drains a total of 

58.000 km2, which includes the Clearwater River Basin (Conly, et al., 2002). Major 

tributaries along the reach include the Steepbank, Beaver, Muskeg and MacKay 

Rivers, which together drain approximately 8220 km2. Their contribution to the total 

flow o f the river at this reach is close to four percent (Doyle, 1977). A summary of 

key sites along the reach is contained in Table 2.2. A profile o f the Athabasca River 

spanning from the Town of Athabasca to the Peace Athabasca Delta is illustrated in 

Figure 2.2.

Downstream of Fort McMurray, the Athabasca River flows north through 

lowlands and the Athabasca tar sands deposits, with an average slope o f 0.13 m/km 

(Kellerhalls, et al., 1972). According to Conly et al. (1972) the river is laterally 

stable and deeply entrenched in its valley, flowing straight with occasional islands 

and sand bars o f considerable size (illustrated in Figure 2.3). Doyle (1977) states that 

the thalweg shifts within a year in much of the reach downstream of Fort McMurray
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and dredging in many places is often required to maintain an adequate navigation 

channel. Bed material is predominantly sand, with local gravel over limestone, and 

Manning’s roughness values range between 0.018 and 0.030 for the entire reach at 

different flood frequencies. (Kellerhalls, et al., 1972). Van der Vinne et al. (1993) 

reports a roughness coefficient o f 0.017 for the entire reach under ice-covered 

conditions; however, they estimated this value to be low due to the inaccuracy in 

determining the under ice top width.

Doyle (1977) describes the climate o f the study area as a “typical continental 

climate with warm summers and cold winters”. Very few studies regarding the 

winter regime of this reach were found as a result of this investigation, and no 

historical accounts on freeze-up processes were available. However, as mentioned in 

Chapter 1, breakup has been extensively studied in the reach upstream of Fort 

McMurray. The river in the upstream reach has an average bed slope of 0.0010 and 

is characterized by a series o f rapids, which span for approximately 140 km (Figure 

2.2). Kowalczyk and Hicks (2007) describe breakup in this upstream reach as being 

highly dynamic, progressing as a cascade of ice jam formation and release events, 

along the entire reach up to Fort McMurray, where the bed flattens noticeably (see 

Figure 2.2). Breakup in the reach downstream of Fort McMurray is dominated by 

thermal deterioration. However, it was observed that ice runs from upstream often 

arrest in the channel due to the presence of islands and sand bars (Kowalczyk and 

Hicks, 2007). As mentioned earlier, Doyle (1977) reports without much detail, the 

occurrence o f a series o f ice jam  events taking place in the study reach in 1974 and 

1977. No additional historical accounts of ice jam  events were found.
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2.3. METEOROLOGICAL DATA

The nature of ice cover formation and deterioration in a river depends largely 

on atmospheric conditions, as solar radiation and air temperature are dominating 

variables within the overall energy budget of the system. In addition, ice process 

modeling requires meteorological data as input, particularly air temperature, as it is a 

key variable influencing many temperature dependant heat transfer processes. The 

quantification of meteorological data also plays a major roll in the evaluation of 

potential climate change scenarios, which will inevitably affect ice cover 

development. The following sections discuss the availability and quality of existing 

meteorological records in the study area, as well as the methodology and 

instrumentation employed to complement these records during the 2006/07 field 

program.

2.3.1. Existing Meteorological Records

Existing meteorological records for the study area were found from three 

distinct sources. (1) Environment Canada (EC) controls a meteorological station 

located at the Fort McMurray airport. (2) The University o f Alberta (UA) operates a 

meteorological station in Fort McMurray, which is located in the city services 

compound at the northwest comer of McKenzie Boulevard and MacAlpine Crescent. 

(3) Golder Associates operates the Aurora Climate station, which was established in 

May, 1995 to monitor climate conditions in the Muskeg River Basin. The station is 

located in proximity to the study area, 800 m east of Jackpine Creek, near an 

abandoned airstrip just south of a two wheel drive road. Table 2.3 contains
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information regarding Universal Transverse Mercator (UTM) coordinates, sensors 

and data availability at each of these stations.

Excellent correlations exist for the records between the UA station, the Fort 

McMurray airport station and the Aurora Station for mean daily temperature and 

solar radiation. Robichaud (2003) conducted an extensive analysis o f this data, filling 

in missing values using standard analysis techniques. She found that air temperature 

records from the Fort McMurray airport station could be transposed to the UA 

meteorological station through linear regression. A coefficient o f determination (R2) 

value equal to 0.991 was found, showing an excellent correlation between air 

temperatures measured at each station. In a similar manner, solar radiation data 

records obtained from the UA meteorological station showed good correlations with 

the records obtained from the Aurora climate station. Linear regression for the 

relationship between these data sets resulted in a value of R equal to 0.950.

Historical records o f air temperature obtained from the Fort McMurray 

airport meteorological station (illustrated in Figure 2.4) show mean monthly 

temperatures reaching their lowest in the month of January, with a record minimum 

of -39.4°C in 1950. An overall tendency of air temperatures to remain constant at an 

average of -8°C during February and March is noticeable, as well as a significant 

increase in temperature as spring approaches during the month o f April. An average 

air temperature o f -9.7°C was calculated between the months o f October and April.
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2.3.2. Instrumentation and Methodology.

Given that the three existing meteorological stations are not actually at river 

level, there were some doubts as to whether data records would be truly 

representative for modeling thermal ice processes. To investigate this question, an 

additional air temperature sensor was installed at the most downstream of the 

monitoring stations, setup during September, 2006.

This additional air temperature gauge installed at river station M216.7 (see 

Table 2.1), consisted o f a Campbell Scientific air temperature sensor (model 44212) 

mounted inside a Young radiation shield (model 41303-5A). The sensor was 

connected to a Campbell Scientific data-logger (Model CR510) by a lead cable 

protected with electrical conduit. The radiation shield containing the sensor was 

bolted to a tree above the data-logger enclosure as shown in Figure 2.5. The data

logger was used to collect all measured data at an hourly rate. Appendix A provides 

the specification sheet for the temperature sensor, which has an operating linear 

range of -50°C to +50°C and an accuracy of ±0.1 °C.

2.3.3. Data Analysis

Figure 2.6 shows the records of air temperature data obtained from the UA 

meteorological station, the Fort McMurray airport station and the sensor at river 

station M216.7, for the 2006/07 ice season. As seen in the figure, air temperature 

data between stations are comparable. Further analysis was done to determine the 

spatial correlation between the air temperature data obtained at station M216.7 and
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the UA meteorological station. Figure 2.7 presents the result of the linear regression. 

Most o f the readings are very close to the trendline, resulting in an R2 o f 0.957. 

There appears to be some seasonal variation in correlation during the months of 

December and January, for which data points seem to deviate significantly from the 

trendline. Overall correlation between the stations is very good, particularly for 

temperatures above 0°C; however, as air temperature decreases, readings from both 

stations tend to disagree, as illustrated in Figure 2.7, where data points deviate from 

the 45° line for temperatures below freezing. This tends to suggest that the UA 

meteorological station does not accurately depict the air temperature as it occurs at 

river level, especially during the colder periods.

Historical trends of air temperature during the winter season alone are shown 

in Figure 2.8. Mean monthly air temperature records during the past decade show an 

overall average increase of 2°C with respect to the records from 1944 to 1997. It is 

also seen that the 2006/07-winter season was warmer than average (during the 

months o f December and January); mean monthly temperatures were nearly 6°C 

higher than average compared to the last decade. However, it is important to note 

that during the freeze-up period, air temperatures were significantly lower than 

average for the 2006/07 winter season, by approximately 7°C, compared to the 

previous decade. Temperatures during the breakup season were relatively consistent 

with historical trends, showing an average variation o f only ± 1°C.
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2.4. HYDROMETRIC DATA

River hydraulics modeling requires inflow discharge data at the upstream 

boundary. WSC has a comprehensive database o f flow records, which dates back to 

the early 1900’s. This discharge data is derived from water level measurements using 

calibrated rating curves. However, as mentioned earlier, the use o f rating curves 

during the winter season is not considered to be adequate, given that under ice- 

covered conditions, discharges are not a function solely of point water levels. It is 

worth mentioning that WSC performs direct measurements under ice-covered 

conditions at least 2 to 3 times during the winter season. This has allowed them to 

obtain reasonable winter discharges by simple interpolation. For the 2006/07 winter 

period, three discharges were measured on 20-Dec-06, 17-Jan-07 and 15-Mar-07. 

From these measurements, mean daily discharge data between November and April 

was obtained by linear interpolation, for one-dimensional modeling of freeze-up 

processes. In the case of two-dimensional modeling, evaluating the results of 

simulated flow splits around an island requires knowledge o f the total inflow 

discharge and the discharge at the split. Discharge under ice-covered conditions was 

measured on March 2007 for this purpose, using an Acoustic Doppler Current 

Profiler (ADCP).

Monitoring water level fluctuations provides an insight into the dynamics of 

ice cover formation and deterioration, as ice front progression, bridging front 

development, the retreat o f an ice cover and waves related with breakup ice runs, are 

all associated with changes in river stage. An ice cover increases the wetted
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perimeter in a river (by a factor o f ~2), especially when the width to depth ratio is 

large, as is the case of the Lower Athabasca River. In addition, the submerged 

portion of the ice cover also obstructs the flow. The net result is a reduction in flow 

velocity, which for the same discharge conditions, translates into an increase in river 

stage. Backwater effects, due to ice cover development downstream, also results in 

an increase in water levels. When bridging fronts occur upstream of a monitoring 

gauge, a decrease in water level can also be observed, as water goes into storage 

upstream.

The following sections provide information regarding existing hydrometric 

records in the study area, as well as the methodology, instrumentation and setbacks 

encountered during the 2006/07 data collection program, which includes water level 

monitoring at each of the automated monitoring stations installed, and the use o f the 

ADCP at CEMA Reach 1 to obtain flow data for two dimensional modeling.

2.4.1. Existing Hydrometric Stations

WSC reports continuous discharge data at station 07DA001, which is located 

on the east bank of the Athabasca River, 0.9 km upstream of the study reach inflow 

section at M288.1. Several other hydrometric stations operated by the WSC are 

located within the study area, at a number of the tributaries, before they enter the 

main channel. Table 2.4 presents a summary of the existing hydrometric stations 

with available records, located within the study area.
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As mentioned in Chapter 1, historical records o f mean monthly flows 

obtained from station 07DA001 (Figure 1.2) show a general trend of discharge 

decrease during the winter period in the Lower Athabasca River, reaching as low as 

only 20% of the average flow for the entire year. Available mean monthly flow 

records for the 2006/07-winter season compared to historical trends are shown in 

Figure 2.9. Discharge records for the months o f September and October show that 

2006 flows were relatively lower than the historical average, being 42% and 15% 

lower, respectively. Additionally, records for the post breakup period show that 

2006 discharges were 66% higher than the historical average. Flows during the 

2006/07 ice covered period (November through March) appeared to be comparable 

to historical trends. Figure 2.10 shows the mean daily flow records for the pre

freeze-up period, obtained from the WSC gauge below Fort McMurray. These 

records were used as input data for one-dimensional hydraulic modeling.

Figures 2.11 and 2.12 show recorded water levels obtained from the five 

existing hydrometric stations (summarized in Table 2.4) during the 2006 freeze-up 

period. The WSC gauge below Fort McMurray captured the arrival o f the ice front 

on the Athabasca River at this location, taking place on 3-Nov-06. In a similar 

manner, the gauges located on the Muskeg and MacKay Rivers also captured this 

event at these tributaries, taking place on 29-Oct-6 and 1-Nov-06 respectively. 

However, it is possible that these water level rises at the tributaries were a result of 

backwater from the main channel. These effects are less obvious in the records 

obtained from the gauge located at the Beaver River above Syncrude, where no peak 

associated with ice front progression is noted. However, a bridging front might have
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taken place at a location upstream of the gauge on 29-Oct-06, as water going into 

storage results in a decrease in water levels further downstream. No records for the 

2006 freeze-up period were found at the Steepbank River gauge. It is important to 

note however, that most o f these tributaries could be intermittent.

Figures 2.13 and 2.14 show water level records obtained from these five 

gauges during the 2007 breakup period. The record from the gauge located on the 

Athabasca River below Fort McMurray shows three major peaks, associated with the 

formation and release o f an ice jam from the upstream reach. The release wave 

resulted in a water level rise of 0.96 m peaking at 21:00 on 19-Apr-07. Water levels 

recorded at the four tributaries show the backwater effects resulting from the release 

of this ice jam. This is particularly noticeable on the Steepbank and MacKay Rivers, 

where water levels rose approximately 1 m due to backwater. These effects were 

much less pronounced on the Beaver and Muskeg Rivers.

2.4.2. Instrumentation and Methodology -  Water Level

As mentioned in the previous section, aside from water level records at 

various tributaries, existing records for the Lower Athabasca River could only be 

obtained from the WSC gauge below Fort McMurray. In order to monitor water level 

fluctuations along the entire channel, it was decided during initial planning to install 

pressure transducers at all four monitoring stations. The transducers would be 

connected to the data-loggers, which would record data at an hourly interval. 

Additional self-contained units, known as Divers® would be placed in concrete pads
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at the bottom of the channel to provide backup water level and water temperature 

data. Unfortunately, the vendor was unable to supply the pressure transducers on 

time for station installation. Consequently, the Divers® were the only water level 

measurement device used during the 2006/07 monitoring program.

Van Essen Instruments’ Divers® are autonomous instruments that contain 

temperature sensors, pressure transducers and an internal memory o f 24,000 

measurements per parameter. Water temperature is measured at a range of -20°C to 

+80°C with an accuracy of ±0.1 °C and a resolution o f 0.01 °C. Pressure is measured 

with an accuracy of 0.5 cm H2 O and a resolution o f 0.2 cm H2 O. Appendix A 

provides the specification sheet for these units. It is important to note that these are 

self-contained units that store data internally. Therefore, data can only be retrieved 

by removing the unit from the water and downloading it to a computer.

It is worth mentioning, that in order to ensure an adequate installation depth 

for the sensors, the outsides of bends were chosen as ideal station locations, to take 

advantage o f the deep, naturally maintained thalwegs that tend to develop near the 

outer banks in such cases. Figure 2.15 shows the methodology used for field 

installation of the Divers®. As seen in the figure, the units were placed inside 15 cm 

long sections of 3A” diameter PVC pipe and attached to 16” x 16” x 2” concrete pads 

for weighting. The concrete pads were then set at the bottom of the river channel 

and moored to a tree on the river bank using a V2 ' diameter steel cable. PVC was 

chosen as the material for the sensor enclosures to minimize the risk o f frazil ice 

adhering to the units. Manual water level measurements using a rod and precision
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level, took place during station installation and unit retrieval to determine if any 

sensor movement occurred.

Several problems were encountered during unit retrieval, which took place in 

May 2007. The Divers® at river stations M288.1 and M268.1 were recovered along 

with all collected data. The concrete pad at Station M245.6 remained in the bottom 

of the channel, buried beneath the bed material and retrieval o f the unit was not 

possible (this may be a good indication o f high amounts o f sediment transport 

occurring during the passage o f the ice jam release wave in April 2007). 

Additionally, it is important to remember that sensors were installed along the 

naturally maintained thalwegs, and consequently, were exposed to higher stream 

velocities. At Station M216.7, the concrete pad was detached from the steel cable 

that secured it to the bank; this is illustrated in Figure 2.16. The reason for this 

occurrence is uncertain; however, it is suspected this was due to severe breakup ice 

runs as they passed through this station location. Unfortunately, since these units 

store data internally, no water level records were obtained from river stations 

M245.6 and M216.7 for the 2006/07 winter season.

2.4.3. Instrumentation and Methodology -  Discharge

The River2D model requires discharge data as input for the inflow boundary. 

As discussed in Chapter 1, detailed bathymetric data was obtained for this study 

from surveys conducted by CEMA at three reaches located within the study area. In 

order to evaluate the calibrated two-dimensional models developed for these reaches
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by Katopodis and Ghamry (2005), discharge data would be needed at the inflow and 

outflow (for calibration) boundaries of each of these reaches. Additional flow data is 

required at areas where islands split the flow to evaluate the performance of the 

model in simulating this occurrence. However, due to time and money constraints, 

discharge data under ice-covered conditions was only collected for CEMA Reach 1, 

which spans 3.2 km and is located downstream of Peter Lougheed Bridge. 

Measurements with the ADCP took place on 6-, 7-, 8-Mar-2007 at the upstream 

boundary, downstream boundary and the split section o f the reach, respectively. The 

location where ADCP measurements took place within CEMA Reach 1 is illustrated 

in Figure 2.17

Appendix A contains information regarding the technical specifications o f the 

ADCP. The unit measures velocities in a range o f ±10 m/s, with a resolution of 0.1 

cm/s and an accuracy o f ±10.5 cm/s. It also contains several other sensors, which 

include a pressure sensor with an accuracy of 0.1% and a temperature sensor with an 

accuracy of ±0.1 °C. The ADCP unit consists o f three acoustic transducers used for 

3D profiling based on the physical principle o f Doppler Shift. Each transducer 

generates a pulse o f sound at a user-known frequency, which is reflected in all 

directions by foreign particles traveling within the water, such as sediment or 

biological matter. Some o f the reflected energy travels along the transducer axis back 

to the transducer, where the Doppler shift is measured. Each transducer measures the 

frequency change along the axis o f the beam; three transducers translate into three- 

dimensional velocity measurements. Spatial resolution can vary from 0.15 m to 10 m 

depending on the frequency o f operation, which varies from 3000 KHz to 250 KHz.
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For under-ice usage, stationary measurements were required. The procedure 

involved making depth and mean velocity profile measurements at a certain number 

o f locations across each transect spaced approximately 20 m apart. It was assumed 

that the velocity profile at each station represents the mean velocity for the entire 

rectangular station area. The ADCP was held stationary at each location for 

approximately 1 minute; 2 to 3 minutes were required for areas o f turbulent flows or 

rapid changes in stage. It is worth mentioning, that the quality o f the obtained data 

depended largely on the quantity of locations along each transect in which the ADCP 

was submerged. In areas where the flow is the fastest (i.e. along the thalweg), 

shortening of the spacing between stations (to less than 10 m) is highly 

recommended for future usage o f the unit.

2.4.4. Water Level Data Analysis

Figure 2.18 illustrates the variations in water level during the 2006/07 winter 

season, as obtained from the recovered Divers® at stations M288.1 and M268.1. It is 

important to note that these submersible water level loggers contain unvented 

pressure transducers, and their precision is limited to about 8 cm of head (Robichaud, 

2001). However, this was corrected with barometric pressure data collected at the 

UA meteorological station. It is worth mentioning that the reported values o f water 

level correspond to the depth at which the sensor is installed, relative to the bed. 

Even though water levels were referenced during station installation, to an arbitrary 

datum located in the river banks, using manual rod and level measurements, these 

benchmarks are not tied to any known elevation point. As a consequence, only

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



relative variations in water level were considered in this analysis. Future referencing 

o f these temporary benchmarks to a known elevation is needed to obtain absolute 

water level values. Rod and level measurements also took place on May 2007, to 

verify the location o f the sensor with respect to its original position. It was found that 

the sensor at station M288.1 was located 70 cm below its installation depth, and the 

sensor at station M268.1 was 14 cm below. This translates into either local bed scour 

occurring at the sensor locations, or rather the sensors being relocated to deeper 

locations within the reach (likely during passage of the ice jam  release wave in April 

2007).

2.4.4.1. Freeze-up

Figure 2.19 shows recorded water level variations during the freeze-up period 

in 2006. Sudden peaks in the water levels at both stations occurring during the night 

of 2-Nov-06 and early morning of 3-Nov-06 respectively, show the arrival of the ice 

front at these locations, with approximately 5 hours difference between them as it 

progressed upstream. However, a decrease in water level at river station M268.1 on 

the morning o f 31-Oct-06 indicates bridging might have occurred between this 

location and station M288.1, and the ice cover could have progressed from multiple 

fronts through the upstream half o f the study reach. Changes in water level at station 

M288.1 were 70 cm higher in average than those at M268.1 and it is observed in the 

figure that water levels at station M288.1 rose at a much faster rate. This may be 

indicative o f the overall thickness o f the ice cover at this location being larger, which 

is also corroborated by further characterization o f the ice cover at these stations. It is
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worth noting that once the ice cover was completely formed, water levels remained 

relatively constant throughout the entire winter season, indicating that discharge 

fluctuations during this period were minimal.

2.4.4.2. Breakup

As reported by Kowalczyk (2003), even though breakup in the study reach is 

typically dominated by thermal deterioration processes, it does undergo a series of 

ice runs resulting from the release o f ice jams formed upstream of Fort McMurray. 

As this study reach contains numerous islands and sand bars, such ice runs are prone 

to stall briefly at several locations along the reach. If significant thermal deterioration 

of the ice cover occurs before these ice jams are released, subsequent ice runs will 

remove most of the remaining ice cover in the reach. However, if  the ice runs 

encounter a relatively undeteriorated ice cover in the vicinity o f Fort McMurray and 

stop, significant flooding can occur in the city’s downtown area.

Recorded water levels between 18- and 24-Apr-07 show the ice jam release 

wave as it passed stations M288.1 and M268.1 (Figure 2.20). As mentioned earlier, 

water levels recorded at the WSC gauge below Fort McMurray also show the release 

wave, with a rise o f 0.96 m peaking at 21:00 on 19-Apr-07. Further downstream, at 

station M288.1, the water level rose 2.19 m, peaking at 02:00 on 20-Apr-07. This 

significant increase in wave height tends to suggest that the ice run stalled briefly 

before reaching Station M288.1 (She, et al. 2007), corroborating the observations 

made by Kowalczyk and Hicks (2007), which were noted earlier. It is worth noting
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that two peaks are seen in both stations during the main release event. According to 

She, et al. (2003), the first smaller peak (illustrated in Figure 2.20) is associated with 

the dynamic forerunner while the second peak corresponds to the ice run itself. At 

Station M268.1, water levels rose 1.56 m with the peak reached at 09:30 on 20-Apr- 

07. The velocity of the release wave peak was calculated as 0.75 m/s.

Two additional peaks were captured by both monitoring stations, one prior, 

and the other after the main ice jam release event. It is possible that the first 

disturbance, occurring 24 hours in advance o f the release event, corresponds to the 

wave associated with the formation of the ice jam upstream of Fort McMurray (She 

et al., 2007). The second peak, occurring during the night o f 22-Apr-07, might be 

associated with the ice run stalling briefly on the downstream half o f the study reach 

(the precise location o f this occurrence is unknown).

2.4.5. Discharge Data Analysis

Figures 2.21 to 2.23 show the results of the ADCP measurements undertaken 

on March 2007 at CEMA Reach 1. Measured discharges at both the upstream and 

downstream boundaries are comparable, at an average o f 128 m3/s, thus, 

corroborating the validity o f the measurements. This was also supported by 

measured discharges obtained from WSC, who reported 130 m3/s on March 15 2007. 

These measured discharges show that 2007 was a period of particularly low flow, as 

historical mean monthly discharge records obtained from the WSC gauge below Fort 

McMurray (Figure 1.2) report average lows of approximately 165 m /s during the
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months of February and March. Discharge in the island split section was measured to 

be 109 m /s, which translates into approximately 85% of the total flow at this reach 

deviating to the west side o f the island (Figure 2.17). Normalized velocities are 

reported to range between 0.2 and 0.5 m/s.

Fast flowing areas, where more than 10% of the total discharge is contained 

for a particular transect, are represented as red bars in the aforementioned figures. 

These are areas where spacing between measurements was reduced to at least 10 m 

or less, in order to minimize error in the estimation of the total flow. It is worth 

noting that the horizontal velocity distribution and the variation in depth at each 

transect provides an estimation o f the location of the thalweg in the reach, which 

shifts considerably to the east as flow progresses downstream.

2.5. WATER TEMPERATURE DATA

Water temperature data is essential for the modeling o f thermal processes in 

rivers, as water cooling is the primary mechanism leading to river ice formation. As 

a consequence, an adequate simulation of water temperature variation, which is 

largely based on reliable input water temperature data at the upstream boundary, is a 

highly influencing factor affecting the simulation results of all other ice related 

conditions (Andrishak, 2006).

The formation o f suspended frazil ice in a river is governed by the 

supercooling o f its waters. In the thermal component of the RiverlD  model, the
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simulation o f any ice related conditions begins with the arrival o f the zero degree 

isotherm. The quality o f the results depends largely on the capability o f the model to 

accurately portray water temperature cooling to the point at which a condition of 

zero degrees Celsius is achieved. For this reason, simulation results for water 

temperature along the entire reach should be calibrated prior to and independent of 

any ice related parameters (Andrishak, 2006). This requires a comprehensive record 

o f water temperature variation along the entire modeled reach. The following 

sections contain information regarding the availability o f water temperature records 

in the study area and the results o f water temperature monitoring during the 2006/07- 

data collection program. This includes a discussion regarding the instrumentation 

used and the quality o f the obtained records.

2.5.1. Existing Data

No records o f water temperature variations along the study reach prior to 

2006 were found as a result of this investigation. However, water temperature was 

monitored throughout the 2006 cooling period at the wastewater treatment plant in 

the Town o f Athabasca, located approximately 400 km upstream o f the study area; 

these records were provided for this study. Water temperature at this facility was 

measured using a Barbstead glass thermometer at a resolution o f 0.1°C, from a raw 

water tap, where the water flows from the river by gravity and is later pumped into 

the piping system; data was measured at a daily rate. Figure 2.24 shows the data 

obtained for the 2006 pre-freeze-up period, as measured at this facility.
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2.5.2. Instrumentation and Methodology

Ample water temperature records are needed for modeling purposes, as an 

inflow time series is required at the upstream boundary, and additional records along 

the reach are necessary for calibration o f the simulated results. Given its importance 

and the insufficiency o f the existing records, water temperature was monitored at 

each o f the locations at which automated stations were setup in September 2006. 

Each station was comprised of two distinct sensors for this purpose. The main 

sources o f data collection consisted of Campbell Scientific soil/water temperature 

probes (model 107B) connected to a data-logger o f the same brand (Model CR510), 

which recorded data at an hourly rate. The second source was designed to provide 

backup data, and consisted of the aforementioned Divers®. As mentioned earlier, 

these self contained units measure water temperature at a range o f -20°C to +80°C 

with an accuracy of ±0.1 °C and a resolution of 0.01 °C (Appendix A)

Campbell Scientific soil/water temperature probes operate at a range of -35°C 

to +50°C, with a resolution o f 0.01°C and an accuracy of ±0.2°C. The specification 

sheet for these sensors can be found in Appendix A. The entire 100 ft lead length of 

the sensors was protected with a seal-tight flex armored cable with a PVC jacket. 

The sensor tip was encased in a 14” long, ^ ’’diameter Ipex shed 80 PVC pipe and 

placed on a 16” x 16” x 2” concrete pad, similarly to the Divers®. Preliminary 

measurements o f water depth versus distance from the banks was conducted prior to 

station installation, to determine whether an appropriate installation depth for the 

sensors could be achieved at the governing length of 100 ft. If this depth was not
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adequate, it was decided the Divers® should be installed at a greater distance from 

the banks. As a result, for river stations M288.1 and M245.6, separate concrete pads 

were used for each sensor, while on the remaining two stations, the same pad was 

used to hold both sensors (illustrated in Figure 2.25). As mentioned in section 2.4.2, 

the concrete pads were set at the bottom of the river channel and moored to a tree on 

the river bank using a steel cable. A conceptual diagram of the station setup (using 

separate concrete pads) is shown in Figure 2.26.

Manual water temperature readings were taken during station installation at 

each of the locations, to evaluate the temperature gradient with distance from the 

banks. These measurements were conducted using an RTD platinum thermometer, 

which can measure temperature at a range of -50°C to 400°C, with an accuracy of 

±0.1 °C; detailed specifications for this unit are provided in Appendix A. The results 

of these measurements are illustrated in Figure 2.27. As seen in the figure, small 

variations of water temperature with distance from the bank o f ±1°C were observed 

at stations M288.1 and M268.1. However, water temperature at stations M245.6 and 

M216.7 remained constant. This supports the validity o f the approximation of using 

a constant water temperature along the entire width o f the channel, as assumed in 

one-dimensional modeling. However, it is important to note that this may not be true 

at locations where industrial outfalls are present, given that water from these outfalls 

is generally at a higher temperature than that of the river. With these measurements it 

was also possible to verify that the readings obtained from the Campbell Scientific 

probes were within an acceptable range and accuracy.
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As discussed in Section 2.4.2, some of the concrete pads were detached from 

the steel cable, and severe damage to the armored conduit that protected the sensor 

was observed during station servicing in May 2007. At both river stations M288.1 

and M245.6, where two separate pads were used for each sensor, it was observed that 

the pads containing the Campbell Scientific probes were detached from the steel 

cable. However, at station M288.2, the sensor was not disconnected from the data

logger and was still functioning by the time o f servicing. The sensors at stations 

M245.6 and M216.7 were disconnected from the data-loggers; however, the use of 

male-female quick-connect terminals prevented any harm to the logger itself.

In summary, water temperature data was collected continuously at all four 

stations during the entire season. Once water cooling ended and the ice cover was 

completely formed, water temperature remained at a value 0°C, until mid April when 

temperatures began to rise with the coming of spring. It is important to note that 

during breakup, data was only collected at river stations M288.1 and M268.1.
• (R)Backup data was recovered only for these two stations as well, given that the Divers 

were lost at the remaining two locations.

2.5.3. Data Analysis

2.5.3.1. Freeze-up

Figure 2.28 illustrates the water temperature records obtained from the 

automated monitoring stations during the cooling period spanning from 1 -Oct-06 to 

3-Nov-06. The water temperature decreased continuously from approximately 12°C
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on 1 -Oct-06 to 2°C by 19-Oct-06. This was followed by a slightly warmer period, 

during which the water temperature increased by about 1.5°C. On 28-Oct-06 the 

weather turned cold again, and water temperatures reached 0°C within the ensuing 

four days.

Even though a comparable cooling trend was observed at all four stations, 

diurnal fluctuations in water temperatures were more noticeable at station M288.1, 

reaching high temperature peaks during the late afternoons and lows during the early 

mornings. The remaining stations also show similar diurnal tendencies; however less 

pronounced. This was corroborated by a standard deviation ‘a ’ analysis o f diurnal 

fluctuations o f water temperature at all four stations during the cooling period, which 

resulted in a value of a  = 0.52 for station M288.1, while at the remaining stations ‘cr’ 

ranged between 0.20 and 0.25. It is suspected that this difference is due to the 

insulating conditions in which the sensors were installed at these three stations, 

compared to station M288.1. Bed material at stations M245.6 and M216.7 was 

comprised mostly of sand, as seen during station installation. Additionally, since the 

concrete pad at station M245.6 was buried, rendering it impossible to retrieve, high 

amounts o f sediment transport are suspected to have taken place during the winter 

season. The bed material at station M268.1 was comprised o f gravel; however, the 

sensor was installed at a relatively high depth (above 3 m). Both situations created 

isolating conditions for the sensors, minimizing their exposure to solar radiation 

during noon and late afternoons. The sensor at station M288.1 was located on a 

gravel bed, at a relatively low depth, making it more exposed to the effects of solar 

radiation.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As mentioned earlier, the Divers® were only recovered at stations M288.1 

and M268.1. Correlation between the water temperature recorded by these units and 

the Campbell Scientific 107B sensors, at these stations during the cooling period, is 

shown in Figure 2.29. As seen in the figure, correlation between the two sensors is 

excellent. Linear regression resulted in R2 values o f 0.998 and 0.999 at stations 

M288.1 and M268.1 respectively. It is worth noting that the regression equation for 

both cases essentially represents the 45° line illustrated in Figure 2.29

The location along the river at which the water temperature drops to the 

freezing point is referred to as the “zero degree isotherm”. In the fall cooling period, 

a water parcel travels downstream, continuously losing heat until it reaches a 

condition of 0°C. It is also governed by the ratio o f the surface area o f cooling water 

to the volume of water underneath it. Figure 2.30 shows a detail o f the arrival o f the 

zero degree isotherm at each o f the monitoring stations. It is seen in the figure that 

the water temperature cools to 0 °C practically simultaneously at all locations on 29- 

Oct-06. This is logical, given that the geometry of the river, where the surface area to 

volume ratio, is similar at all four stations; thus, under equal meteorological 

conditions, the river cooled at the same rate at all four locations. It is important to 

note that the influence of industrial warm water outfalls is not noticeable in the 

recorded data, as the monitoring stations were not located in the vicinity o f any of 

the suspected outfall sites. However, the sensors did capture the supercooling o f the 

water, with the lowest value o f recorded water temperature being -0.105°C.
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2.5.3.2. Breakup

Figure 2.31 shows the variation in water temperature before, during and after 

the breakup period at stations M288.1 and M268.1, relative to variations in air 

temperature. Even though air temperature began rising above 0°C as early as 10-Apr- 

07, water remained at freezing temperature for an additional 8 days, due to the 

insulating effect o f the ice cover. Figure 2.31 also shows water temperatures at 

station M288.1 rising briefly above freezing for a period of 5 days, beginning on 14- 

Apr-07, indicating thermal decay of the ice cover was more pronounced at this 

location than at station M268.1, where water temperature remained at a constant 0°C. 

It is worth reiterating that both the Campbell Scientific probes and the Divers were 

lost at stations M245.6 and M216.7 during the passing o f the ice run at these 

locations on 20-Apr-07, at 06:00 am and 07:00 am respectively. The exact time of 

the passing o f the ice runs at these locations was obtained from the water 

temperature data collected with the 107B probes, which ended abruptly as the 

sensors were disconnected from the data-loggers. However, as a result, no water 

temperature data is available at these locations after breakup.

Figures 2.32 and 2.33 illustrate the variation in water temperature relative to 

changes in stage at stations M288.1 and M268.1. It is seen in the figure that the 

aforementioned 5-day rise in water temperature at station M288.1 ended abruptly as 

the ice run passed through this location. This influence o f the ice runs on the 

temperature of the water is less evident at station M268.1, as it remained constant 

throughout the entire period before the ice runs passed through. It is worth noting
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that water temperature rose at a rate o f approximately 1.3°C/day for a period of 6 

days after the breakup ended.

2.6. ICE COVER CHARACTERIZATION

Characterization o f the ice cover is essential for understanding the nature of 

its development as it relates to hydrometeorological and geomorphic conditions on 

the river. From aerial surveillance flights undertaken during the freeze-up and 

breakup periods, a qualitative evaluation o f ice cover formation and deterioration 

processes was accomplished. Later mapping from air photographs allowed a 

quantitative estimation o f the total area of open water versus ice for the different 

days in which surveillance took place. The results are summarized in Table 2.5 the 

resulting maps for each flight are found in Appendix B.

Thermal modeling requires knowledge o f surface ice concentration variation 

during ice cover development. This constitutes one of the four upstream ice 

boundary conditions in the RiverlD  model (the others being suspended frazil ice 

concentration, and frazil and solid ice thicknesses). If water temperature remains 

above freezing at the upstream boundary, these four model components can be set 

equal to zero and the only thermal boundary condition required is the inflowing 

water temperature time series (Andrishak, 2006). However, this is typically only the 

case for unregulated rivers. In this particular study area the river is not regulated and 

the upstream boundary freezes at a similar time as the rest o f the simulated reach, as 

the water temperature data presented above indicated. This section details the various
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observations and analysis conducted to characterize ice cover development 

processes.

2.6.1. Surface Ice concentration

The quantification of surface ice concentration at any given location along 

the reach has proven to be quite challenging. Satellite imagery has been used 

extensively to characterize river ice, but the appropriate analysis algorithms for 

image interpretation are still under development (Gherboudj, 2006). Additionally, 

remote-sensing tools such as RADARSAT imagery cannot be used in real-time, 

since the position o f the satellite itself is not stationary.

The need for a surface ice concentration time series for modeling purposes, 

led to the installation o f automated digital cameras at both the upstream and 

downstream boundaries of the study reach. Both cameras were installed at high spots 

on trees along the banks, in order to obtain the most adequate view of the entire cross 

sectional area at each location. Unfortunately, the camera at station M216.7 tilted up 

from its original perspective before ice cover initiation (possibly by wildlife), and as 

a result, no meaningful surface ice concentration data could be obtained from it.

At the upstream boundary o f the study reach, photos were taken at 30-minute 

intervals during daylight hours only. For this reason, surface ice concentration data 

obtained from these images contains gaps, as no data was collected during the night. 

This is unfortunate, as most often the initial appearance o f ice in a river occurs
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during night time, when air temperatures are lowest (as reflected in the temperature 

plots presented earlier). Thermal imaging sensors might be effective for 24 hour 

monitoring. Figure 2.34 shows the overnight appearance of border and frazil ice as 

captured by these cameras on 29-Oct-2006. Worth noting is the rather pronounced 

distortion o f the images caused by the use o f short focal length lenses. This limits 

computer automated post-processing, as complex algorithms need to be developed to 

take into account the variability of the number of pixels per unit length across the 

channel, imposed by the deforming perspective. As a result, it would be advisable in 

the future not to employ such distortions.

A simple three-dimensional model o f the reach at Station M288.1 was 

developed using CAD software, based on GPS points taken during field installation 

of the cameras. These points were taken by boat, as the camera recorded images 

simultaneously. The location o f the camera, its angle o f vision and focal length were 

recorded and translated into the CAD software to create a perspective view o f the 

model. As illustrated in Figure2.35, this model allowed the creation of 50 m x 100 m 

gridlines, which were used as a reference to account for cross-sectional distance 

distortion in the images, enabling the determination o f percentage values of surface 

ice concentration on each image. A total o f approximately 100 images account for 

the 5-day period that spans from the first appearance o f ice on 29-Oct-06, until the 

intact ice cover had completely formed at this location on 3-Nov-06. Figure 2.36 

illustrates the resulting surface ice concentration data obtained at river station 

M288.1, compared to the measured water levels. Even though surface ice
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concentrations at this location had reached 100% by 07:00 on 3-Nov-06, the increase 

in river stage does not occur until late afternoon of the same day.

2.6.2. Aerial Surveillance of Ice Cover Formation and Deterioration

2.6.2.I. Freeze-up

Surveillance flights during the freeze-up period were undertaken on 4, 5, 10 

and 17-Nov-06. An additional set of observations was scheduled for 1-Nov-06, but 

had to be abandoned due to aircraft mechanical problems on the commercial flight to 

Fort McMurray. Both digital photography and video were used to document ice 

cover development during these flights. As mentioned in Section 2.6.1, at locations 

such as station M288.1, the conveyance o f ice pans had ceased and a fully formed ice 

cover was already in place by 3-Nov-06. However, large open water leads were still 

evident in most o f the study reach at this time. The square km of open water and 

surface ice coverage for the entire study area at the time o f each flight are 

summarized in Table 2.5 and illustrated in the resulting maps, contained in Appendix 

B. A simple linear relationship between the accumulated degree-days of freezing 

(AFDD) and the percentage of surface ice coverage in the study area was found. The 

results are shown in Figure 2.37. Only three points (corresponding to each flight) 

were used and the approximation is considered crude. Nevertheless, it might be used 

as a guideline for field planning in upcoming years.

The extent and the nature of the open leads varied considerably along the 

reach. As illustrated in Figure 2.38, natural constrictions created by large extents of
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border ice formations along the banks and around islands and sand bars, resulted in 

isolated areas of open water, where floating ice pans were unable to enter. By 4-Nov- 

06 surface ice concentrations in the area spanning from station M288.1 to M268.1 

had reached close to 100%. However, it was observed during the flight that several 

small-sized (<200 m long) open leads developed as a result o f these multiple 

bridging points. By 17-Nov-06, thermal growth had taken place in most of these 

open water areas, reducing their sizes to negligible proportions.

Other, significantly larger, open leads developed along the reach as a result of 

industrial warm water outfalls, which kept the water temperature above freezing, 

early in the winter. An example o f one o f these open leads is shown in Figure 2.39. 

The location of these outfalls as identified during the flights, and the extent o f the 

resulting open leads is summarized in Table 2.6 and illustrated in the resulting 

mapping, contained in Appendix B. Frazil ice production within these open leads 

had sufficient developmental length for ice pans to form (Figure 2.40) and eventually 

juxtapose further downstream. As the ice fronts progressed in the upstream direction, 

frazil production was reduced to the point where ice pans were no longer generated. 

The remainder o f the ice cover in these leads developed as a result of thermal 

growth, which by 17-Nov-06 was essentially complete.

At the time observations began, most o f the border ice in the reaches with 

open leads had already formed. As discussed earlier, thermal growth was noticeable 

not only along the banks, but also in the vicinity of islands and sand bars (Figure 

2.40), where velocities and water depths tend to be quite low. In the same manner,
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narrower channels and other isolated open water areas were also subject to thermal 

growth o f the ice cover. The extents of border ice varied noticeably between flights, 

as “buttering” by frazil ice pans enhanced border ice development.

By 17-Nov-06 surface ice concentrations had reached approximately 97% in 

the entire reach. The resulting ice cover was, for the most part, the byproduct of 

juxtaposition, with approximately 61% of the total area corresponding to thermal 

(border ice) growth formations. The only hummocky area observed, spanned 

approximately within the first 8.5 km of the study reach, downstream of station 

M288.1. Hydraulic analyses o f this reach should be considered in the future to 

examine the cause. However, this will require channel surveys.

2.6.2.2. Breakup

Surveillance flights during the breakup period were undertaken on 30-Mar-06 

and, 12, 16 and 17-Apr-07. It was observed that breakup in the study reach was 

largely dominated by thermal deterioration, which was itself greatly influenced by 

the presence o f industrial warm water outfalls. The total area o f open water and ice 

in the study reach, at the time o f each flight undertaken during breakup, is 

summarized in Table 2.5. In a similar manner as with the data collected during 

freeze-up, a simple relationship was established between degree-days of thaw and 

percentage of open water during breakup. However, thermal deterioration for the 

reach is dependant on several other factors, such as solar radiation and warm
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underlying water from the outfalls. As a consequence, this relationship might not be 

entirely meaningful.

As seen on 30-Mar-07, the first significant open lead, spanning 7.3 km, was 

observed downstream of an outfall located approximately 650 m downstream of the 

Suncor Bridge (Figure 2.41). By 17-Apr-07, this open lead had extended to 13 km in 

length, with the occasional presence of arrested pieces o f the remaining ice cover 

melting in place. Most of the deterioration in the study reach was generated at outfall 

locations and very few dynamic processes took place. However, a few sheet 

accumulations were observed in the vicinity of Poplar and Morton Islands. By the 

time the ice runs (resulting from the release of ice jams formed upstream of Fort 

McMurray) passed through the study reach, the ice cover was significantly 

deteriorated.

An additional flight took place on 23-Apr-07, during which it was observed 

that the ice runs had passed completely through the study reach. As a result, the 

precise location at which the ice run might have stalled was not determined. 

However, as mentioned in Section 2.4.4, recorded water levels at stations M288.1 

and M268.1 show the ice run stalled briefly between the WSC gauge below Fort 

McMurray and station M288.1. It is worth noting that this ice run, which resulted 

from an ice jam  release from within Fort McMurray at 20:00 on 19-Apr-07, persisted 

for more than 18 hours. During aerial surveillance on 23-Apr-07, it was observed 

that shear walls of significant size (~2 to 3 m) were left behind from this ice run.
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2.6.3. Satellite Imagery

River ice classification and characterization o f Synthetic Aperture Radar 

(SAR) imagery has been studied extensively in recent years (Weber et a l, 2003; 

Pelletier et a l,  2005; Gauthier et al., 2006; Drouin et al., 2007). As a result, 

researchers from the University o f Alberta, INRS-ETE in Quebec, and C-CORE in 

Newfoundland, have been collaborating to investigate its viability for mapping ice 

cover development and breakup on the Athabasca River. RADARSAT-1 SAR 

images o f the study reach were taken during the 2006/07-winter season; most were 

made available for comparison with data from this study, post-classification, 

facilitating an independent evaluation o f the current classification schemes being 

used by the respective organizations. Table 2.7 contains information regarding the 

source o f these images and the dates on which they were taken. A total of two 

images were obtained for the freeze-up period and five images for breakup. One 

additional image was taken on 15-Dec-06, after freeze-up was complete.

2.6.3.I. Freeze-up

From the two images obtained for the 2006 freeze-up period, one of them 

was taken on 5-Nov-06, which also corresponds to a day when ice classification was 

accomplished through aerial surveillance. The remaining image was taken on 01- 

Nov-06, which, as discussed earlier, was the date o f a scheduled observation flight 

over the study reach; however, this could not be completed due to the airline’s 

cancellation of the trip to Fort McMurray (due to mechanical difficulties). 

Therefore, the only ground truthing available for this image was from the cameras at
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stations M288.1 and M268.1. Classification of the ice cover in these two satellite 

images was accomplished as part of the FRAZIL project, which was initiated in 2005 

with the purpose o f developing a GIS-based system in support of winter river flow 

modeling and ice-related flood forecasting. At INRS-ETE, these RADARSAT-1 

Synthetic Aperture Radar (SAR) images underwent a process o f automated ice 

classification, based on pixel backscattering and texture. As a result, nine different 

categories along the channel were determined on each of the images, which include 

open water, the presence of floating ice pans, border ice, thick columnar ice, mixed 

frazil and columnar ice sheets, juxtaposed ice, and lightly to heavily consolidated ice 

(hummocky ice).

The RADARSAT-1 SAR image taken on 01-Nov-06 shows most of the ice in 

the upstream portion o f the reach was comprised o f juxtaposed ice and sheets 

dominated by columnar ice, before being moderately consolidated into the 

hummocky ice cover seen three days later. Figure 2.42 shows the satellite image ice 

cover classification o f this upstream reach, compared to the image obtained with the 

digital camera at station M288.1. As seen in the figure, border ice was correctly 

classified in the satellite image, however, the extents of open water areas with 

presence o f floating ice pans appear to be underestimated. Further downstream, 

where the ice cover is affected by warm water outfalls, the satellite image shows that 

a predominantly columnar ice sheet was present in what was observed to be open 

water by 04-Nov-06; this is illustrated in Figure 2.43. The figure also illustrates that 

areas outlining border ice formations, classified as juxtaposed and slightly
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consolidated ice in the satellite images, might actually be areas of “buttering” of the 

border ice.

Ice cover classifications in the RADARSAT-1 SAR image obtained on 05- 

Nov-06 were consistent with the observations made during aerial surveillance. The 

location and extent of open water areas, along with the suspected location of 

industrial water outfalls were highly comparable. All suspected industrial outfalls 

were identified in the satellite images. Areas of thermal growth in the small open 

leads created by constrictions by border ice were also consistent; this is illustrated in 

Figures 2.44 and 2.45. The figures also show how areas identified during aerial 

surveillance as simply juxtaposed ice, were identified in the satellite image as being 

slightly consolidated ice, with small areas of moderate consolidation at the points of 

ice arrest (where incoming ice pans had slightly disrupted the previously arrested 

ones). It is interesting to note how this phenomenon is recurring at the suspected 

outfall locations, which do not constitute actual bridging points, as persistent open 

leads are more likely to occur downstream, rather than bridging upstream.

Some discrepancies between the images and the observations were also 

noted; these are illustrated in Figure 2.46. For example, the extent o f the hummocky 

ice cover, which was identified during aerial surveillance as spanning 8.5 km 

downstream from station M288.1, was classified in the satellite image as extending 

for approximately 11 km. Along this upstream reach, the extents of border ice were 

also dissimilar, and most o f what was classified from aerial surveillance as border 

ice, was identified in the satellite image as slightly consolidated ice. It is important to
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note that aerial surveillance classification was accomplished visually, and snow on 

top of the ice cover would often times mask the real nature of the underlying ice, 

which is not an issue with radar imagery. Therefore, the visual observations are not 

necessarily more accurate than the satellite SAR images. In a similar manner, a 

discrepancy was seen in terms o f the quantity of floating ice pans identified in the 

satellite image, compared to what was observed during the flight (Figure 2.47). 

Classification in the satellite image shows frazil pans along the entire length of the 

leads, which was not observed during aerial surveillance. However, light conditions 

during the time of the flight might not have been appropriate to identify developing 

pans.

2.6.3.2. Breakup

Five RADARSAT-1 SAR images were obtained during the 2007 breakup 

period. Ice cover classification was performed by C-CORE, in conjunction with the 

Polar View project, as part of a pilot program with Alberta Environment to identify 

ice jams for flood forecasting purposes with SAR imagery. The ice classification 

employed five categories, which include open water, light ice, intact ice, and lightly 

and heavily consolidated ice. The images taken on 11, 14, 15, 18-Apr-07 show the 

ice cover was mostly comprised of light ice and open water areas, most of which 

were consistent with what was observed during aerial surveillance, in terms of 

location (Figure 2.48). However, the identified extent o f these open water areas was 

greater in the classified images, than what was actually observed in the field, most 

likely due to the coarse resolution o f these satellite images (>20 m, Table 2.7).
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Figure 2.49 illustrates the main open lead, suspected to have been generated by warm 

water outfalls located downstream of the Suncor bridge (Section 2.6.2.2), which was 

also correctly identified in these RADARSAT-1 SAR images, particularly in the 

image taken on 18-Apr-07. It is also worth mentioning that sheet accumulations at 

the downstream end o f this open lead were also correctly identified.

2.6.3.3. Discussion

The results o f ice cover classification in RADARSAT SAR imagery are 

promising, as correspondence of the different types o f ice with what was observed 

during aerial surveillance, is relatively high. However, this is true mostly for the 

higher resolution images obtained during the freeze-up period, where open water, 

thermal, juxtaposed and hummocky areas were all highly comparable to field 

observations. Images obtained during breakup were less accurate, as resolution was 

significantly lower. Additionally, the state of thermal decay o f the ice cover can have 

a significant effect on its scattering coefficient, which is largely controlled by surface 

wetness (Pelletier et al., 2005) Some of the observed discrepancies might also be 

attributable to the different image modes and incidence angles between images, 

which according to Pelletier et al. (2005), affect calculated backscatter coefficients.

2.6.4. Ice Cover Thickness Measurements

Ice thickness measurements are usually accomplished with the use o f a 

manual ice thickness gauge, for which holes must be drilled in the ice cover for 

every individual measurement. However, in order to obtain a detailed depiction of

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the variation of the thickness of the entire ice cover, a large number of these 

measurements must be conducted, which proves to be a challenging task, especially 

in a hostile winter environment. For this reason, the use o f Ground Penetrating Radar 

(GPR) as a tool for determining ice cover thickness was evaluated at several 

locations within the study reach. The location at which GPR transects were taken 

was illustrated earlier in Figure 2.17. The figure also illustrates the locations of 

manual ice thickness measurements.

2.6.4.I. Operating Principles of Ground Penetrating Radar

GPR uses the principle of scattering of electromagnetic waves as the basis for 

its functionality. The waves are radiated by the transmitting antenna and travel 

through the material at a velocity determined primarily by its dielectric permittivity 

(the velocity is proportional to the inverse square root of the permittivity o f the 

material). The dielectric constant of the material varies as a function of its moisture 

content. When encountering a material of different electrical properties, the wave is 

scattered and its reflection detected by the receiving antenna. In other words, the 

signal passed through two materials with different electrical properties over the same 

distance will arrive at different times (Daniels, 2000). The greater the change in 

velocity, the higher the amplitude of the reflected wave will be.

Travel times, which are defined as the time the wave takes to travel from the 

transmitting antenna to the receiving antenna, are usually expressed in nanoseconds 

(10‘9 seconds). If the dielectric constant the material if  known, hence the velocity at
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which the wave travels through the material is also known, the depth at which a layer 

boundary is encountered can be accurately identified. The time-history of the travel 

of a single pulse from the transmitting to the receiving antenna, which includes all of 

its travel paths, is called a “trace”. As the antenna is towed across the surface (as 

shown in Figure 2.50) while recording traces at a fixed spacing, a time-distance 

record section o f traces is created. This can be viewed as a two-dimensional image of 

the subsurface, with the horizontal axis representing the distance along the transect, 

and the vertical axis being the two-way travel time of the radar wave. The vertical 

axis can also portray distance if  the permittivity of the medium is known.

A scan display is obtained by assigning a color (or a variation o f color 

intensity) to the different amplitude ranges on the trace (Daniels, 2000). Black and 

white images, as shown in Figure 2.51 are displayed in real time on the console 

while towing the unit across the surface. Strong reflections, produced by pronounced 

differences in the permittivity of the distinct boundary layers, generate easily 

identifiable black bands, while medial reflections generate shades o f gray.

The frequency o f the antenna determines its penetrating capabilities. Low 

frequency antennas generate long-wave radar energy, which can penetrate up to 50 m 

under certain conditions, but are capable of resolving only large subsurface features. 

On the other hand, high frequency antennas can resolve features down to a few 

centimeters in diameter, but are capable o f penetrating only a few meters in depth.
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2.6.4.2. GPR for Ice Cover Characterization -  Previous Studies

Ground Penetrating Radar (GPR) has proven to be a useful tool for 

subsurface characterizations over the past few years, and is a fairly common device 

used in geophysical and archaeological investigations. However, very few studies 

were found as a result o f this investigation on the use of GPR as a tool for actual 

mapping o f ice cover thickness (none of them related to ice covers in rivers).

Moldoveanu-Constantinescu (2004) conducted one such study of relevance 

on the use o f GPR for surveys on a frozen river lagoon in Calgary, Alberta, obtaining 

reasonable results using a 250 MHz antenna on an ice surface of 25 m by 45 m. The 

thickness o f the ice cover was interpreted in each of the scans and validated with 

manual ice thickness measurements. Also worth mentioning is the use o f actually 

calculated values o f the velocity o f propagation of the electromagnetic waves in the 

ice, to migrate travel times to actual vertical distances. This velocity was determined 

during data acquisition by fitting a hyperbola to diffracting objects in the ice. A 

velocity o f 0.15 m/ns was established in their study.

Moorman (1998), studying the use of GPR for applications in glacial 

hydrology, used very low frequency antennas to determine the exact location and 

interconnections of englacial and subglacial drainage networks, taking advantage of 

the high contrast between the dielectric constants o f ice, air and water. Relevant to 

the present study was Moorman’s (1998) determination of the average propagation 

velocities for different types o f ice, which are essential for evaluating the capability
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of GPR for subsurface characterizations of layering within the ice cover itself (i.e. 

frazil vs. columnar ice). It is important to note however, that detailed stratigraphy of 

the ice, as encountered in river ice covers, was not correctly identified in Moorman’s 

study, given the coarse resolution provided by the low frequency antennas used.

Snow has a unique dielectric constant, which varies as a function o f its air 

and moisture content. In a sense, the permittivity o f snow is highly dependent upon 

local climate conditions, and a dielectric constant can be obtained as a weighted 

average of that for air, water and ice (Moorman, 1998). In other words, under 

conditions o f higher humidity, the dielectric constant o f snow will be much more 

dissimilar than that o f ice, making the snow/ice cover interface much more evident in 

GPR scans. Under dryer environments, where the permittivity o f both snow and ice 

are much more similar, this interface would be less obvious as scatter of the 

electromagnetic waves is reduced. Additionally, the thickness o f the snow cover is 

not being properly portrayed in the scans, as the scale of the vertical axis is 

determined by defining the dielectric constant o f the principal medium, which is in 

this case solid ice. However, the thickness o f the ice cover can be properly obtained 

as the distance between the two identified boundary layers.

It is important to note that river ice covers are comprised o f multiple types of 

ice, ranging from frozen frazil slush to thermal ice. As a result, determining a single 

dielectric constant for travel time migration is rather difficult. This may affect the 

results of thickness estimations from the GPR data when the percentages o f different 

types of ice within the ice cover are unknown. A single weighted averaged dielectric
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constant cannot be assigned for an entire transect, given the high variations in the 

percentages o f thermal versus frazil ice as the ice cover reaches and/or is distanced 

from the banks.

2.6.4.3. Fieldwork Procedures and Data Analysis

For the present study, 400 MHz and 900 MHz antennas were used at each 

transect, which were towed both on foot and with the use o f snowmobiles (as 

illustrated in Figure 2.50). Maintaining a constant velocity while towing the antennas 

is critical for a correct normalization of the horizontal distance, which is based on the 

number of scans per minute and the distance between markers. These markers were 

also used for validation o f the obtained ice cover thickness, as they also correspond 

to points of known thickness, measured manually in the field. Table 2.8 summarizes 

mean ice thicknesses for each transect, comparatively between antennas and manual 

measurements. Figures 2.52 through 2.54, illustrate these results graphically, 

showing that the correspondence of measured values o f ice cover thickness with the 

interpreted values obtained from the GPR data is reasonably good. The ice cover was 

identified in the GPR scans as the area between the first two significantly 

distinguishable black bands, as seen previously in Figure 2.51. These would most 

likely correspond to the snow/ice and ice/water interfaces, given the accentuated 

contrast between the dielectric constants of ice and water (3.2 for ice and 80 for 

water).
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Scans from the 400 MHz antenna show very similar results to those from the 

900 MHz antenna, and were for the most part highly comparable to actual measured 

values. However, given that the low frequency antenna is capable o f resolving only 

large subsurface features, proper identification of ice cover thickness within a 

reasonable accuracy range becomes more difficult and less reliable. The 900 MHz 

antenna shows a better result in terms of detail and accuracy. This was corroborated 

by a root mean square deviation (RMSD) analysis, which resulted in average values 

o f 0.058 for the 400 MHz antenna and 0.043 for the 900 MHz antenna. The results of 

each individual RMSD analysis are shown in Figures 2.52 to 2.54. In a general 

sense, ice thickness measurements from the 900 MHz antenna always showed a 

better correspondence to actual measured values.

Most sources of error in the collected data can be attributable to field 

operation techniques. Since data is being colleted in continuous acquisition mode 

and pulses are being generated at a pre-programmed rate, the operator must not only 

move at a constant speed, but also be very attentive to following the designated 

surface markers. Failure to do so may result in large errors in horizontal scale 

normalization, rendering the data virtually incomparable to actual measured values, 

as markers may be misplaced. Additionally, augered holes in the ice cover 

corresponding to surface marker positions were not located directly beneath the GPR 

path, as manual thickness measurements were being conducted at the same time as 

the GPR runs. Obviously, this can contribute to inaccuracies in the comparison data, 

given that significant variations in ice cover thickness can occur over relatively short 

distances.
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As mentioned earlier, both the use o f snowmobiles to tow the antenna and 

doing so by foot have been examined. The former allows for better control over the 

speed and handling o f the instrument making the normalization process much more 

precise. However, higher speeds translate into a loss o f accuracy, as a lesser number 

of scans can be accomplished per traveled distance. The latter on the other hand, 

presents itself as a challenge in terms of the uniformity o f the towing velocity and the 

correct positioning of the antenna. During data collection it is important to ascertain 

that the position and orientation o f the antenna above the snow remain constant. 

Changes in antenna orientation with respect to the underlying structure can cause 

variations in the recorded reflections, which can be confused with real changes in the 

subsurface. This phenomenon is also known as “antenna coupling loss” (Daniels, 

2000).

Given the above analysis, it is clear that GPR has the potential to be a 

valuable tool for ice cover thickness mapping in rivers, but the accuracy of the 

results may be much more dependent on proper field data collection techniques, than 

the capabilities o f the instrument or the post-processing software. The results of this 

preliminary attempt in the use of radar signals to map river ice covers show promise, 

but only if the problems encountered during data collection can be surpassed.

Even though mapping of ice cover thickness has shown potential, the 

identification o f multiple layers within the ice cover has not proven itself to be 

viable. In order to fully appreciate distinct layering within the ice, permittivity o f the
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different layers should be sufficiently dissimilar, but unfortunately, dielectric 

constants for different types o f ice do not vary greatly.

Moorman (1998) determined the propagation velocities for wet slush to 

bubbly ice and blue ice as being 0.12 to 0.17 m/ns, which translates into dielectric 

constants of 6.25 to 3.2 respectively. The 900 MHz antenna provided reasonably 

detailed ice cover thickness characterizations. However, the contrast in permittivity 

between the different layers within the ice cover is not sufficient for the GPR to 

properly identify these interfaces, without them being mistaken for noise resulting 

from antenna coupling loss.

2.6.5. Ice Core Sampling

Core samples o f the ice cover were taken at numerous sites, most of which 

were located along CEMA Reach 1, as this was the primary subject o f 2-dimensional 

modeling in this phase o f the project. Figure 2.17 shows the locations on this reach 

where ice core samples were obtained. A mapping of the ice cover as shown in the 

figure, provided a relative location of where samples were to be extracted, in order to 

obtain a representative depiction of ice cover formation (i.e. border ice versus 

juxtaposed ice). Table 2.9 contains information regarding these locations, total 

thickness, and the different sections o f the ice core samples transported back to the 

University o f Alberta for further analysis in the laboratory cold room. This analysis 

included a characterization o f crystal structure and sizes, as well as porosity and air 

inclusions, determined for each distinct layer observed within the samples.
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Quantitative results o f this analysis are summarized in Tables 2.10 and 2.11 

respectively.

In a general sense, the samples extracted show an average ice cover thickness 

of 55 cm; this is true mostly for areas o f juxtaposed ice, where the total thickness of 

the ice cover was fairly consistent between samples. Samples obtained from border 

ice were thicker, averaging 70 cm. In most cases, it was observed during sample 

extraction that the border ice had no flowing water underneath. This accounts for the 

thickness o f the samples extracted from these formations being relatively larger, as 

thermal growth o f the slow flowing underlying water would continue throughout the 

season until reaching the bed.

Figures 2.55 to 2.61 qualitatively illustrate the results o f the laboratory 

analysis o f the samples. Each distinct layer was identified in regards to changes in air 

content and/or crystal structure. This analysis shows that the ice cover was 

comprised for the most part o f snow ice, frazil ice and columnar ice. It is important 

to note that distinctions between snow and frazil ice in terms of crystal structure, are 

relatively difficult, as average crystal sizes for both types o f ice tend to be quite 

similar. For this reason, no definitive stratification could be obtained between these 

two ice types from this analysis. Snow ice is formed when freezing occurs to the 

overlying snow, which has been saturated with water from rainfall or seepage 

through cracks in the ice cover. As a result, there is some logic in assuming that 

snow ice layers can only be located at the top portion of the samples. However, when 

these layers are immediately followed by frazil ice, the distinction between the two
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becomes less obvious. Under normal lighting conditions, snow ice tends to look 

milky colored. However, frazil can also have an opaque appearance. Essentially then, 

it was not possible to distinguish between the two in these samples.

Frazil layers, identified as those containing large amounts o f impurities and 

embedded bed material, tend to suggest an average initial pan thickness o f 35 cm. 

However, determining this thickness purely from core sample analysis is rather 

subjective and inaccurate, given that subsequent accumulations o f additional frazil 

slush (produced and transported from upstream open areas) is also entirely possible.

Frazil production was estimated to have stopped entirely by the time the core 

samples were collected. This was based on the fact that the ice cover was completely 

formed and no significant open leads were present, in addition to the fact that no 

frazil slush was observed in the flowing water at the time the samples were extracted. 

This deduction is also supported by the layers of columnar ice observed at the 

bottom of the majority o f the extracted samples.

Samples taken at zones of fast flow under a juxtaposed ice cover (Figures 

2.56 and 2.59) show areas of columnar ice growth embedded within the frazil ice 

layers. This was not evident on other samples taken in the juxtaposed ice, where the 

underlying flow was significantly slower. This possibly suggests that higher 

velocities cause a disruption and consequently larger pores within the frazil slush, 

which saturated with water, would eventually freeze and grow thermally, resulting in 

large organized crystals, similar to those seen in columnar ice layers.
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According to Gherboudj et al. (2007), ice rejects all air in the water during 

solidification and the effects of rapid freezing, along with high turbulent velocities, 

may contribute to larger and more prevalent air inclusions. In other words, the 

characteristics o f air inclusions present in the ice cover may depend on the rate of 

freezing and the hydraulics o f the channel. Given the mild slope o f the study reach 

and its relatively low velocities, air inclusions seen in the samples may possibly be 

attributable only to periods of rapid freezing. Figure 2.62 shows these periods of 

rapid freezing occurring both in November 2006 and January 2007.

Here, the characteristics of air inclusions were found to depend largely upon 

ice type. Layers of columnar ice in the bottom of the samples were for the most part 

free of air. Air inclusions appeared to be concentrated in the top 20 cm in most of the 

samples. The top most layers, which might be considered snow ice, were found to 

be relatively more porous, showing air porosities ranging from 9 to 11%. Deeper 

within the samples, air porosities were found to be relatively lower, ranging from 1 

to 5%. Bubble sizes also appeared to be larger overall in the top most layers, ranging 

from 0.8 to 1.5 mm in average.

2.7. SUMMARY

River ice processes in the study reach were documented for the entire 

2006/07-winter season. Ice cover formation and deterioration processes were 

observed to be highly two-dimensional. The ice cover in most o f the study area was 

formed through juxtaposition, with the exception o f the first 8.5 km where a
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hummocky ice cover developed. An average thickness of 55 cm was seen in most of 

the juxtaposed locations. Areas of low flow along the banks and around the 

numerous islands and sand bars resulted in border ice type formations, representing 

approximately 61% of the total ice cover at this reach. Additionally, natural 

constrictions created by the extents of these border ice formations resulted in 

numerous bridging points and small sized open leads that froze thermally over the 

course o f the winter.

Industrial warm water outfalls, which maintained the water temperature 

above freezing at each site early in the winter, created open leads o f significant size 

that affected the nature o f both freeze-up and breakup processes. In areas unaffected 

by these outfalls (the first 25 km of the reach spanning from Stations M288.1 to 

M268.1), an intact ice cover was formed within a period of 5 days. However, along 

these large open leads generated by the outfalls, frazil production continued over the 

course of the following weeks. If the length of the lead was sufficient, frazil 

production continued to generate ice pans that eventually formed the juxtaposed ice 

cover. This occurred until surface ice coverage in the lead reached approximately 

90%, after which time, thermal growth of the ice cover took place in the remainder 

of the lead. Breakup was also initiated at these outfalls, creating large open leads 

before any significant deterioration of the ice cover due to heat exchanges with the 

atmosphere took place. Very few dynamic processes took place in the reach during 

breakup, and ice cover deterioration occurred thermally, until ice runs from the ice 

jam releases upstream of Fort McMurray passed through.
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A comprehensive record of hydrometeorological and ice characterization data 

was obtained for the 2006/07 winter season. This includes air temperature, water 

temperature, water level, surface ice concentration and ice cover thickness data along 

a period of 8 months, starting in September 2006. Several techniques for automated 

data collection and ice cover characterization were evaluated in terms of the 

accuracy o f the obtained records. These records comprise the first out o f a three-year 

set, which will be used to develop a predictive numerical model for the study reach. 

Preliminary one- and two-dimensional modeling using the collected data is discussed 

in the following chapter.
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Table 2.1 Automated monitoring stations installed along the study reach on 
September 2006.

Station UTM Location Installation Data CollectedName Coordinates Description Date

M288.1
474833 E 

6294018N

West bank, 6 km 
downstream of 

MacEwan Bridge at 
Fort McMurray

26-Sep-06

Water 
Temperature, 
Water Level, 
Surface Ice 

Concentration

M268.1
472159E 

6312632N

West Bank across 
Shipyard Lake, 5 km 
upstream of Suncor 

Bridge.

28-Sep-06
Water 

Temperature, 
Water level

463672 F East Bank, 1 km Water
M245.6

6331808N
upstream of Peter 
Lougheed Bridge

28-Sep-06 Temperature, 
Water level

Water

M216.7
460475 E 

6357980N

East Bank, 2 km 
upstream of the town 

of Bitumount
27-Sep-06

Temperature, 
Water Level, 
Surface Ice 

Concentration, Air 
Temperature

Note: All stations record data at an hourly rate.
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Table 2.2 Location of major islands and landmarks along the study reach.

Island/Landmark Location (km)

Waste Water Treatment Plant 290.5

Poplar Island 284 .8 -285 .9

Willow & Stony Islands 276 .8 -279 .0

Inglis Island 270 .0 -271 .4

Shipyard Lake 267.7

Suncor Bridge 262.8

Steepbank River 260.0

Saline Lake 252.5

Morton Island 249.8-252.1

Muskeg River 245.0

Peter Lougheed Bridge 244.6

Alexander Island 242 .5-243 .4

MacKay River 240.8

Haight Island 234 .8 -236 .7

Ings Island 228 .5-233 .2

Daphne Island 224 .7-228 .3

Ells River 223.4

Sutherland Island 220 .0-222 .0

McDermont Island 218.0-219.3

Lafont Island 211.6-214.3

Note: River km referenced to an origin in the Peace -  Athabasca Delta
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Table 2.3 Existing meteorological stations on the study area.

Station Name Operator Location Data Collected Record Period

Air

Fort McMurray 
Meteorological 

Station

Alberta
Environment

513281E 
6278447 N

Temperature, 
Humidity, 

Wind Speed, 
Barometric 

Pressure

January, 1944 - 
present

Wind Speed, 
Solar

Aurora Climate Golder 475800 E Radiation, Air 
Temperature, 

Humidity, 
Precipitation, 

Sunshine

May, 1995 -
Station Associates 6343750 N present

Wind Speed, 
Solar

UA
Meteorological

Station

University of 
Alberta

479737 E 
6279743 N

Radiation, Air 
Temperature, 
Precipitation, 
Barometric 

Pressure

October, 2000 - 
present
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Table 2.4 Existing hydrometric stations operated by WSC on the study area.

Station Code Description Location Available Record

07DA001 Athabasca River 
below McMurray

524441 E 
6293024 N

1957 - present

07DA018 Beaver River above 
Syncrude

537917E 
6255376 N

1975 -  present

07DA006 Steepbank River near 
Fort McMurray

525223 E 
6318111N

1972 -  present*

07DA008 Muskeg River near 
Fort MacKay

534330E 
6338864 N

1974 - present

07DB001 MacKay River near 
Fort MacKay

541879E 
6341037N

1972 - present

* No record available for the 2006 freeze-up period

Table 2.5 Areas of open water, border ice, juxtaposed ice and hummocky ice 
(km2) along the reach during the freeze-up and breakup periods, 
obtained from aerial surveillance.

Date of Flight Total Area of ice (km2) Total area of open water (km2)

November 5, 2006 33.89 9.18

November 10, 2006 39.36 3.66

November 17, 2006 41.98 1.04

March 30, 2007 43.33 0.54

April 12, 2007 41.92 1.95

April 16, 2007 31.17 12.70

April 17, 2007 28.41 15.46
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Table 2.6 Location of warm water outfalls and extent of the resulting open 
leads as observed during the freeze-up 2006 surveillance flights.

Suspected Outfall Location
Length of resulting open lead (km)

November 5 November 10 November 17

472238 E, 6312878N 0.75 0.49
0.47 

(half width)
473289E, 6316531 N 14.0 3.0 0.67

462084 E, 6335730 N 1.53 1.50 1.50

462941 E, 6339575 N >25 9.7 2.0

Table 2.7 RADARSAT-1 SAR images of the study reach 
included ice cover classification.

obtained, with

Image
Date SAR Mode

Nominal
Resolution

(m)

Incidence
Angle
(deg)

Ice Cover 
Classification

1-Nov-06 Fine 5 -Descending. 8 49 FRAZIL

5-Nov-06 Fine 2 -  Ascending 9 35 FRAZIL

15-Dec-06 Wide 2 -  
Descending 27 45 C-Core / Polar 

View

11-Apr-07 Standard 6 -  
Descending 22 20 C-Core / Polar 

View

14-Apr-07 Wide 2 -  
Descending 27 20 C-Core / Polar 

View

15-Apr-07 Wide 3 -  Ascending 23 45 C-Core / Polar 
View

18-Apr-07 Standard 7 -  
Descending 21 49 C-Core / Polar 

View

19-Apr-07 Standard 2 -  
Ascending 22 20 C-Core / Polar 

View
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Table 2.8 Summary of GPR transects and mean ice thicknesses obtained from 
manual readings, and GPR 400 MHz and 900 MHz antennas.

Transect
UTM Coordinates Mean Ice Thickness (m)

Start Point End Point , GPR 400 Measured MHz
GPR 900 

MHz

1
462857 E 

6332683 N
463172E 

6332718N
0.58 0.57 0.57

2
461970E 

6335322N
462221 E 

6335391N
0.56 0.52 0.52

3
462216E 

6333767N
462509 E 

6333778N
0.52 0.50 0.53

4
463013 E 

6332701N
462268 E 

6333767N
0.52 0.51 -

5
462268 E 

6333767N
462182 E 

6334565 N
0.52 0.49 -

6
462182 E 

6334565 N
462008 E 

6335334N
0.53 0.46 -

Table 2.9 Summary of ice core samples obtained from CEMA Reach 1.

Sample
No. UTM Location Ice Type

m. . , Section Thickness . , . , ,  , . analyzed in cold (cm) Jroom (cm)

1 462974 E, 6337698 N Juxtaposed ice 53 11-53

2 462237 E, 6333765 N Juxtaposed ice 40 0-40

3 452368 E, 6333769 N Juxtaposed ice 53 21-53

4 467473 E, 6333775 N Border ice 65 0-20 and 53-65

5 462027 E, 6335341 N Juxtaposed ice 45 0-33

6 462142 E, 6335373N Juxtaposed ice 60 0-60

7 462200 E, 6335337 N Border ice 50 0-26
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Table 2.10 Average crystal sizes of ice core samples obtained from cold room
laboratory analysis.

Sample No. Location from top (cm) Average Crystal Size 
(mm2)

2.0 3.8

4.0 2.6
1 14.0 4.5

16.5 3.9
36.0 38.8

7.0 2.0
2 13.0 4.0

24.0 3.2

6.5 5.1

3 19.5 5.5
22.0 8.4

1.0 1.7
4 5.0 1.7

10.0 1.6

19.0 14.8
53.5 No crystals visible

5.5 2.3
5 13.5 3.7

24.5 2.4

11.0 3.1
6 39.5 3.1

52.5 14.7

12.0 3.5
7 17.0 0.6

24.0 25.3
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Table 2.11 Air content of ice core samples obtained from cold room laboratory
analysis.

Sample Ice Location Porosity Bubble Size (mm)
No. type* from top (cm) (% ) Average Maximum Minimum

2.0 11.20 0.83 4.27 0.20
J 4.0 11.20 0.41 3.11 0.10

1 14.0 2.95 0.54 4.15 0.14
16.5 5.66 1.09 4.72 0.18
36.0 No air content

7.0 9.10 1.47 3.86 0.34
2 J 13.0 11.94 1.48 5.23 0.59

24.0 1.02 0.54 3.65 0.15

6.5 3.83 1.34 4.46 0.36
3 J 19.5 No air content

22.0 No air content

1.0 2.33 0.45 3.54 0.16
5.0 No air content

4 B 10.0 7.65 0.83 2.44 0.27
19.0 No air content
53.5 No air content

5.5 4.12 1.38 2.92 0.43

5 J 13.5 No air content

24.5 No air content

11.0 3.47 0.92 2.63 0.20
6 J 39.5 0.64 0.69 3.00 0.26

52.5 No air content

12.0 5.27 0.55 1.43 0.15
7 B 17.0 7.31 0.41 0.88 0.15

24.0 No air content
*J = Juxtaposed ice; B = Border Ice
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Figure 2.3 Islands and sand bars on the Lower Athabasca River at 
Morton Island -  September 2006.
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Figure 2.4 Historical records of air temperature at Fort McMurray from 
1944 to 2005 obtained from the meteorological station at Fort 
McMurray airport.
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Fort McMurray for the 2006 pre-freeze-up period.
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Figure 2.15 Setup used for Diver® installation in the field - September 
2006.
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Figure 2.16 Remaining cable-clamps as they were detached from the 
concrete pad -  May 2007.
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88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



% plsctog#
<5.0%
5.0 to 10.0%
> 10.0%

100.0 150.0
Location (m)

f> NormaBzed Velocity I
A T A

100.0 150-0
Location fm!

100.0 150.0
Location (m)

S ite  Information

[Site Name CEMA Reach 1-D/S j

Site Number 2

Site Location Athabasca

Measurement Party R. Andrishak

Measurement Quality --

M easurement N umber
1

Start Edge LEW]

Azimuth 58.29

Start Water Level (m) 0.00

End Water Level (m) 0.00

Number of Stations 15

Date 07/03/2007

Start Time 13:57:57

End Time 14:33:40]

Normalized Velocity (m/s) 0.3]

Width (m) 260.00]

Area (m2) 370.0;
I

Top Discharge (m3/s) 23.7

Middle Discharge (m3/s) 81.0

Bottom Discharge (m3/s) 23.9

T otal Discharge (m3/s) 128.54

Rated Discharge (cms) f 128.54]

% Difference -0.00]
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Figure 2.28 Water temperature variation data collected by the automated stations during the 2006 freeze-up 
period.
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Figure 2.35 Superimposed grid created in CAD software to determine 
surface ice concentrations at station M288.1
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from images captured by the surveillance camera.
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Figure 2.37 Open leads in the vicinity of Willow Island as seen on 
November 5,2006.

m

11/5/2006 2:45-53 PM (-7.0 hr s') UTM 12V 47'

Figure 2.38 Open lead resulting from a warm water outfall near the Suncor 
Bridge, as seen on November 5,2006.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.39 Appearance of frazil ice pans in an open lead. Thermal growth 
formations around islands and sand bars. November 5,2006.

Suspected On

Figure 2.40 Open lead generated downstream of Suncor Bridge. Thermal 
deterioration of the ice cover during breakup. April 12,2006.
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Figure 2.42 Ice cover classification of the RADARSAT SAR image taken on l-Nov-06 (km 290 to 285)
compared to the image recorded by the digital camera at station M288.1.
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Figure 2.43 Ice cover classification of the RADARSAT SAR image taken on 01-Nov-06 (upstream of the Suncor
Bridge), compared to observations during the surveillance flight undertaken on 05-Nov-07.
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Figure 2.44 Suspected outfall locations near the Suncor Bridge seen during aerial surveillance and identified in 
ice cover classification of the RADARS AT SAR image taken on 05-Nov-06.
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Figure 2.45 Suspected outfall locations downstream of Peter Lougheed Bridge seen during aerial surveillance 
and identified in ice cover classification of the RADARSAT SAR image taken on 05-Nov-06.



Figure 2.45 Discrepancies in ice cover classification near station M288.1, 
between satellite imagery (left) and aerial surveillance (right) -  
05-Nov-06.
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Figure 2.47 Presence of floating ice pans identified during aerial surveillance, compared to the RADARS AT 
SAR image taken on 05-Nov-06 (km 261 to 253).
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Figure 2.48 Ice cover classification of the RADARSAT SAR image taken on 15-Apr-07 (km 293 to 276),
compared to observations during the surveillance flight undertaken on 16-Apr-07.
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Figure 2.49 Ice cover classification of the RADARS AT SAR image taken on 18-Apr-07 (km 265 to 250),
compared to observations during the surveillance flight undertaken on 17-Apr-07.



Antenna

Figure 2.49 Use of a snowmobile to tow the GPR antenna along the ice 
cover.

Figure 2.50 2-D scan display line acquired at the downstream boundary of
CEMA Reach 4 - 900 MHz antenna.
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Figure 2.55 Air inclusions and crystal structure analysis of core sample obtained at the upstream boundary of
CEMA Reach 1 -1 3 0  m from the west bank.
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Figure 2.56 Air inclusions and ciystal structure analysis of core sample obtained at the split section of CEMA
Reach 1 -  30 m from the west bank.
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Figure 2.57 Air inclusions and crystal structure analysis of core sample obtained at the split section of CEMA
Reach 1 -1 0 0  m from the west bank.
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Figure 2.58 Air inclusions and crystal structure analysis of core sample obtained at the split section of CEMA
Reach 1 -  200 m from the west bank.
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Figure 2.59 Air inclusions and crystal structure analysis of core sample obtained at the downstream boundary
of CEMA Reach 1 -  60 m from the west bank.
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Figure 2.60 Air inclusions and crystal structure analysis of core sample obtained at the downstream boundary
of CEMA Reach 1 -1 8 0  m from the west bank.
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Figure 2.61 Air inclusions and crystal structure analysis of core sample obtained at the downstream boundary
of CEMA Reach 1 -  240 m from the west bank.
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season, obtained from Ta records at Fort McMurray.
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CHAPTER 3 THERMAL AND HYDRAULIC MODELING

3.1. ONE-DIMENSIONAL MODELING

Data records obtained for the 2006/07-winter season allowed for a 

preliminary implementation of the RiverlD  numerical model to the study reach. 

However, exhaustive calibration o f all modeling parameters requires a much more 

comprehensive data record than the one obtained during this 8-month monitoring 

program. In addition, the lack of adequate historical records discards any possibility 

of model validation at this point. Table 3.1 contains an assessment of the adequacy 

of available data for one-dimensional modeling.

As discussed in Section 2.6, the winter regime of the study reach was 

observed to be highly two-dimensional. As a result, the accuracy of one-dimensional 

simulations is compromised by the inability of the model to account for a series of 

processes that take place in this particular reach during ice cover formation (i.e. the 

influence o f islands and sand bars on border ice formations and ice pan conveyance). 

Additional inaccuracies result from limitations of the present version of the model 

(Section 3.11), such as the inability to account for multiple bridging points. The 

following sections discuss the implementation of RiverlD  for thermal and hydraulic 

modeling of the study reach using the data record obtained during the 2006/07- 

winter period.
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3.1.1. Model Description

RiverlD  is a hydraulic flood routing model developed at the University of 

Alberta, which uses the Characteristic-Dissipative-Galerkin (CDG) finite element 

method to solve a conservation formulation for the Saint-Venant equations for 

rectangular channels of varying width (Hicks and Steffler, 1990, 1992). The model 

currently supports natural channel geometry. However, river flow routing can be 

accurately modeled based on limited field data, by replacing this data with 

information derived from topographic maps (Hicks, 1996) and digital elevation 

models.

Conservation of water mass and momentum equations, as solved by the 

model are:

^  + ^ = 0  [1]
dt dx

dt dx dx 2 I B  dx
[2]

where A = cross sectional flow area (m2)

Q = discharge (m3/s)

U = cross sectional average longitudinal velocity (m/s)

g  = acceleration due to gravity (m/s )

H  = depth of flow (m)
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B -  width of the rectangular cross section (m)

S0 = longitudinal channel bed slope (dimensionless)

S/ = Longitudinal boundary friction slope (dimensionless)

Version 1.11 o f the RiverlD  model incorporates thermal ice related 

processes. This includes water temperature, suspended and surface frazil ice, surface 

ice concentrations and solid surface ice, as well as ice front location. Developed from 

a control volume principle in an Eulerian frame o f reference, the model solves 

thermal process equations, which can be written in the general form:

|( ® ) + |- ( [ / ® ) = Z F  [3]
dt ox

where x,t = longitudinal and temporal coordinates (s,m)

0  = the solution variable of interest

U = the applicable mean or surface ice velocity (m/s)

I F  = the sum of the applicable mass or energy fluxes per unit

distance in the longitudinal direction

Each component o f the thermal process is expressed in terms of the finite 

element method based on this general form. Detailed equation formulation and 

solution methodology can be found in Andrishak (2006). A decoupled solution o f the 

total mass and momentum conservation equations is followed by the solution o f the 

water temperature and ice mass conservation equations for each time step in the
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transient solution. It is important to note however, that the present version o f the 

model assumes the drifting ice and the surface water velocity are the same, and only 

when the ice is arrested, are the corresponding resistance effects considered.

The current version o f the model has several limitations worth mentioning. 

The model is currently incapable of handling multiple bridging points and only one 

station along the modeled reach is considered as a point o f ice arrest (modeling 

results are highly dependent on an accurate estimation of the bridging date at this 

location). Andrishak (2006) states that the model presently neglects the formation of 

border ice, which could yield lower surface ice concentration values. However, the 

author mentions the effects are minimal, as border ice formation zones in the natural 

channel usually lie outside the rectangular approximation. The insulating effects of 

snow are not taken into consideration in the present version of the model, which may 

result in thicker simulated ice covers. Ice cover consolidation is also neglected, 

which may affect not only simulated ice cover thicknesses, but also simulated water 

levels and ice front locations.

3.1.2. Model Implementation

The parameters outlined below were used for all RiverlD  simulations 

presented in this chapter. This includes the model domain, time step, Courant 

number, upwinding coefficient, numerical implicitness and boundary conditions. 

These general solution parameters were based mostly on the experiences of 

Andrishak (2006) who developed and evaluated the thermal component of the
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RiverlD  model on an 829-kilometer reach of the Peace River in Northern British 

Columbia and Alberta.

Previous simulations of the Athabasca River were conducted at the university 

of Alberta in cdg-lD, which is the precursor of the RiverlD  model. That model, 

which spanned 1038 km from Whitecourt to Embarras, consisted of a rectangular 

channel approximation composed of 1126 computational nodes, spaced equally at 1 

km intervals. Variations in channel width and slope for this model were adapted 

from National Topographic Series (NTS) maps and Kellerhalls et al. (1972) 

respectively. Manning’s channel resistance was calibrated at a value o f 0.035 using 

data from the Water Survey o f Canada database.

The domain for the present study was adapted from the aforementioned 

model. However, it was observed that drastic variations in river width occurring 

along the 1-kilometer spacing between cross sections resulted in instabilities in the 

simulated hydraulics. As a result, the model domain was refined with interpolated 

cross sections, resulting in 143 computational nodes spaced at 500 meter intervals, 

which represents the 71 km reach spanning from station M288.1 to M216.7. It is 

worth mentioning that this domain corresponds to the thermal component o f the 

model, and refinement was done only along the 71 km reach of interest. The 

hydraulic component is comprised of a total o f 360 nodes, spanning from station 

M288.1 to Embarras, which is located 222 km downstream of station M216.7.
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As mentioned in Chapter 1, Kellerhalls et al. (1972) and Van der Vinne 

(1993) found Manning’s roughness coefficient to range from 0.017 to 0.030 in the 

study reach. However, roughness values can increase significantly under conditions 

of lower discharges because the form roughness of the channel increases in relation 

to the flow depth (Chow, 1959). As a result, the calibrated value o f 0.035 was found 

appropriate for the present model, as records indicate that winter is a period of 

extreme low flow in the study area (Figure 1.1).

A time step o f twelve minutes (720 seconds) was used for all hydraulic, water 

temperature and ice computations. Andrishak (2006) states that in order to improve 

the accuracy of the simulations, the value of the Courant number should be kept 

below one. For average discharge conditions of 450 m3/s, the selected domain 

discretization and time step yield a Courant number of 0.67 for the present model. In 

a similar manner, based on Andrishak (2006), an upwinding coefficient ‘co’ of 0.25 

was used, as it improves the solution of convection dominated problems. A 

numerical implicitness ‘6 ’ of 0.5 was used for all simulations, which represents 

optimal (second order) accuracy (Hicks, 1990).

A series of boundary conditions must be specified to run hydraulic and 

thermal simulations. The hydraulic component requires inflow discharge at the 

upstream boundary and a specified water level at the downstream boundary. The 

discharge hydrograph based on the mean daily flow release, obtained from the WSC 

gauge at Fort McMurray (Section 2.4.1), was used at the upstream boundary and a 

constant water depth o f 2 meters was adopted downstream. Even though this value
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constitutes an approximation, the downstream boundary of the hydraulic component 

is located far enough from station M216.7 (222 km), and the results o f the simulation 

are not affected by inaccuracies in this estimation.

The thermal component only requires upstream boundary conditions, as the 

model uses the applicable “natural” conditions for water temperature and ice at the 

downstream boundary (Andrishak, 2006). Water temperature, suspended frazil 

concentration, surface ice concentration, frazil and solid ice thicknesses must be 

known variables at the upstream boundary. This is particularly limiting, as most of 

these variables are rather difficult to quantify in the field. It is worth mentioning, that 

if  the water temperature at the upstream boundary location remains above 0°C (i.e. 

industrial outfall), all four ice conditions could be set equal to zero. However, for this 

particular study area, the upstream boundary freezes in a similar manner as the rest 

of the reach; thus, all ice conditions must be known. As mentioned in Chapter 2, 

mean daily water temperature and surface ice concentration records at the upstream 

boundary were considered adequate for modeling. However, the lack o f reliable 

methods for quantifying the remaining three variables results in an important 

limitation on current modeling capacity.

3.1.3. Discussion of Results

Model calibration is a multi-step process that involves the adjustment of 

several parameters that are characteristic of the reach being simulated, and depends 

highly on the amount o f available data for comparison (Andrishak, 2006). Data
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records for modeling o f this particular reach have only started to be developed as a 

result o f the monitoring program undertaken during the 2006/07-winter season. As a 

consequence, only preliminary calibration of the model can be achieved at this point, 

and only for certain parameters due to the present limitations o f the model, as 

discussed in Section 3.1.1.

The most deterministic approach for calculating the net heat flux to/from the 

water surface would involve the calculation o f a full energy budget, including 

accounting for net incoming solar radiation into the water (heat gain), long-wave 

radiation emission (heat loss), evaporation or condensation (heat gain or loss), 

convective heat transfer, and other minor heat fluxes. However, this approach is 

very data intensive (e.g. needs air temperature, water temperature, wind speed, 

relative humidity, and barometric pressure over the modeled reach), and still requires 

empirical equations for some heat components (e.g. the convective heat transfer. A 

simplified approach, often used in ice process modeling is the linear heat transfer 

approach, which lumps the temperature dependent terms. Usually, the solar 

radiation is considered explicitly, resulting in an equation of the form (Ashton, 

1986):

<PWa = Ka(Tw - T a)+ k m, -<t>R [4]

where <ha = net rate o f heat exchange per unit area between water and air

(W/m2)

hwa = linear heat transfer coefficient, normally used to account for
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site specific conditions, such as wind or valley wall effects 

(W/m2/°C)

Tw = water temperature (°C)

Ta = air temperature (°C)

kwa = linear heat transfer constant (W/m2)

fa  = net rate shortwave solar radiation reaching the water surface

(W/m2)

It is important to note that the relationship between temperature and heat flux 

is generally non-linear. However, Hicks et al. (1997) found that the non-linearity 

was not pronounced over the range of temperature differences (Ta-Tw) typical o f ice 

process modeling. Furthermore, because of the empirical approximations required by 

the full energy budget, and its extensive data requirements, Hicks et al. (1997) found 

that more consistent model predictions could actually be obtained with the simplified 

linear heat transfer approach.

In this study, for freeze-up modeling, the heat input from solar radiation had 

to be neglected, since the instrument measuring this was out for servicing during a 

portion of the freeze-up period. However, this was not considered a significant 

limitation, since the heat input from the solar radiation during the day, is comparable 

to the heat lost due to long-wave radiation emission. Solar radiation would be 

significant at breakup though. Here also, the linear heat transfer constant was set to 

zero, since there was insufficient data with which to determine it. .
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Water temperature is calibrated by adjusting the linear heat transfer 

coefficient ‘hwa ’ and constant ‘kwa until simulated results agree consistently with the 

collected data. Agreement on the arrival of the zero degree isotherm at each of the 

monitored locations was considered to be an important criterion for calibration, as 

this condition governs the initiation of ice formation processes in the model.

Andrishak (2006) states that for the Peace River in British Columbia and 

Alberta, typical values o f hwa range between 10 and 20 W/m2/°C and the constant kwa 

can be neglected or set equal to zero. Simulations for the Peace River study resulted 

in a calibrated heat transfer coefficient of 15 W/m2/°C. Given that no previous 

studies on heat transfer processes in the Lower Athabasca River were found as a 

result of this investigation, values adopted by Andrishak (2006) were also used for 

the present model, as both rivers are subjected to similar atmospheric conditions.

Simulations were run for hwa equal to 10, 15 and 20 W/m2/°C. Figures 3.1 to 

3.3 show simulated water temperatures during the month of October of 2006, as 

compared to actual measured values at stations M268.1, M245.6 and M216.7. A heat 

transfer coefficient of 10 W/m2/°C appears to be the most appropriate for the 

modeled reach, as it shows the best agreement in the arrival o f the zero degree 

isotherm at all three locations. The use of multiple coefficients along the reach was 

deemed unjustifiable, as air temperature records show that atmospheric conditions 

are similar for the entire study area. This is supported by the fact that water 

temperature decreases uniformly at all four monitoring stations. However, the effects 

of warm water outfalls to which the river is subjected to, appear to affect the overall
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assessment o f the coefficient. This resulted in a lower heat transfer coefficient value 

for this reach, comparatively to the coefficient calibrated for the Peace River by 

Andrishak (2006), which, as mentioned earlier, is subjected to similar atmospheric 

conditions. In other words, under equal atmospheric conditions, water temperature in 

the Lower Athabasca River decreases at a slower rate, as industrial outfalls maintain 

the water in the river slightly warmer.

Examining the results of simulated water temperature more closely, it is 

observed that the model appears to over-predict water temperatures during the 

recovery period taking place from October 19th to October 28th at all three stations. 

This might be attributable to error induced by the rectangular channel approximation 

of the river, which might be inaccurate at some locations. However, overall 

agreement o f simulated water temperature appears to be adequate. Figures 3.4 to 3.6 

show additional simulations conducted using hourly input records for flow and water 

temperature. Even though the results show the model is able to capture diurnal water 

temperature fluctuations (not achieved using mean daily input data), the overall 

tendency to over-predict remains consistent; the model greatly over-predicts diurnal 

fluctuations as well. The arrival o f the zero degree isotherm slightly improves at 

station M268.1. However, it is important to note that the use o f hourly input data is 

limited by the model’s present limitation o f 1000 points in any time series.

Note that the model does not completely capture the diurnal fluctuations in 

water temperature, even when hourly temperature data is used. Since the solar 

radiation heat input is not provided, its effect is being implicitly incorporated into the
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linear heat transfer coefficient, and thus this parameter would therefore actually be 

different during daylight and darkness. However, this sort o f empirical adjustment to 

the linear heat transfer coefficient was not considered appropriate or warranted in 

this modeling effort. In future, with solar radiation data, this can be investigated 

more rigorously.

Most physical ice modeling parameters required by the model were adopted 

from Andrishak (2006); these are summarized in Table 3.2. As mentioned earlier, 

surface ice concentration and inflow water temperature records were considered 

adequate. However, the remaining thermal boundary conditions (suspended frazil 

concentration, frazil and solid ice thickness) were obtained qualitatively from ice 

core samples and preliminary simulations o f thermal processes using the Town of 

Athabasca as an upstream boundary, where all four thermal conditions can be set 

equal to zero due to the presence of a warm water discharge produced by the Al-Pac 

pulp/paper mill. It is important to note, that the results of this preliminary simulation 

provide only a useful guideline into thermal boundary conditions at Station M288.1. 

Suspended frazil concentrations at station M288.1 as obtained from this simulation 

are shown in Figure 3.7.

Figure 3.8 shows simulated surface ice concentrations at stations M268.1, 

M245.6 and M216.7 as compared to concentrations observed during aerial 

surveillance. Given the limitation in the current version of the model, noted above, 

especially the fact that the model does not yet consider border ice, these results are 

encouraging. The model over-predicts surface ice concentrations at Station M216.7,
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which is located downstream of several water outfalls that are suspected to issue 

slightly warmer water than in the river. The inability o f the model to account for 

these outfalls as a source o f inflowing warm water, results in over-predicting the 

formation of ice at most of the downstream half o f the modeled reach. This might be 

attributed to the fact that simulated ice cover development in the entire reach is based 

greatly on input ice formation at the upstream boundary, which occurs at a 

significantly faster rate. This also affects the maximum surface ice concentration 

obtained from the simulations, which as seen in Figure 3.8, does not achieve 100% 

coverage at any time. The reason for this could be attributable to the model only 

considering heat loss over open water to lead to suspended frazil ice formation 

(Andrishak, 2006). Rapid development o f the ice cover upstream leads to a 

premature decay in frazil ice production for the rest of the simulated reach. In 

addition, nearly 50% o f the total ice in the reach consists o f large border ice 

formations along the banks and around islands and sand bars. The inability o f the 

model to account for border ice formation yields significantly lower surface ice 

concentrations.

Simulations were conducted for four suspended frazil ice concentration 

conditions at the upstream boundary. These conditions were obtained by increasing 

the predicted suspended frazil ice concentrations at station M288.1 (obtained from 

simulations run from the Town of Athabasca), by 30, 60 and 90%. The resulting 

simulated surface ice concentrations at the remaining stations did not vary in any of 

the cases. This shows that the model is not particularly sensitive to this inflow 

boundary parameter. This can likely be explained by the fact that suspended frazil
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generation within the entire reach (which occurs as a result o f the exposed water 

surface) has a much greater influence than any frazil generated just in the inflow 

boundary. This is because the surface area of the 80 km long reach is much larger 

than the inflow cross section. For 2-D modeling of a short reach, this might not be 

the case. However, for 1-D modeling o f this reach, is appears that extensive efforts 

for field measurement o f this parameter in the future are considered unnecessary for 

establishing the inflow boundary condition. However, it would be useful validation 

data, if  it could be measured

The advancement of the ice front is simulated by specifying the date at which 

bridging occurs at the downstream boundary and by calibrating the parameter Pjux 

(juxtaposition parameter), that accounts for the reduction o f ice velocity as pans 

arrive at the leading edge. Only one bridging point can be specified, and only at the 

downstream boundary. As discussed in Chapter 2, multiple bridging points were 

observed in the reach, and in addition, a significant portion o f the ice cover had 

already formed by the time the ice front passed though the downstream boundary. In 

other words, a uniform upstream progression o f the ice front, as simulated by 

RiverlD, does not occur in the study area. As a result, calibration of Pjux was not 

attempted.

3.2. TWO-DIMENSIONAL MODELING

River ice processes in the study area are observed to be highly two- 

dimensional. As discussed in the previous section, the limitations o f one-dimensional
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modeling to accurately portray ice cover development for this particular reach are 

significant. The need for two-dimensional modeling becomes evident, as key sites 

such as water intakes, industrial outfalls and areas with an important presence of 

islands and sand bars, demand a much more detailed analysis than that of a one

dimensional rectangular channel approximation.

The disadvantage o f 2-D modeling is the high demand for collected field 

data. Depth average models, such as River2D, require detailed bathymetric 

information, not only as model input, but also if any calibrations or validations are to 

be attempted. Furthermore, if  any modeling is to be conducted under ice-covered 

conditions, even greater amounts of data are required. This includes winter 

bathymetry and ice cover characterization, which as discussed in previous sections, 

can be challenging and time consuming to acquire, especially under a hostile winter 

environment.

As part o f an assessment of ecological health o f the reach in the vicinity of 

the oil sands mining operations, CEMA acquired detailed bathymetric information of 

five river reaches o f the Lower Athabasca River, during the summer and winter 

months o f 2001 through 2005. Three of these reaches lie within the study area; their 

location was shown earlier in Figure 1.1. The collected bathymetric data was 

provided by CEMA for this study, and includes water surface and bed elevations, 

snow depth, ice cover thickness and flow velocity at hundreds o f locations within 

these reaches, spaced an average of 20 m apart. In later years, Katopodis and 

Ghamry (2005) of the Department of Fisheries and Oceans conducted River2D
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modeling of these reaches, for which bed and ice roughness values were calibrated; 

these models were also provided for this study.

As two-dimensional modeling in River2D will constitute an important effort 

in future years, a preliminary evaluation of the calibrated model o f CEMA Reach 1 

was accomplished. As discussed in Chapter 2, discharge measurements at this reach 

were taken on March 2007 using an Acoustic Doppler Current Profiler. Ice core 

samples and ice cover thickness measurements also took place. This allowed for an 

evaluation of the accuracy of the model to portray flow under ice-covered conditions 

at this reach. Unfortunately, due to time constraints, data was only collected at this 

one location, which excludes the possibility of evaluating the remaining CEMA 

reach models.

3.2.1. Model Description

River2D is a two-dimensional, depth averaged finite element model intended 

for use in natural streams and rivers. The model provides an accelerated convergence 

to steady-state conditions, even though it is a transient model. The hydrodynamic 

component of the model is based on a conservative form of the Saint Vennant 

equations, representing the conservation of mass and two components o f the 

momentum vector. The dependent variables solved are the depth and discharge in the 

two coordinate directions. Conservation of mass is represented by the following 

equation:
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where H  = depth of flow (m)

qx, qy = discharge intensity in the x- and y-directions (m3/s)

Conservation of momentum in the x- and y-directions are represented by:

ot ox oy 2 ox

=  g n { s 0,  - S „ ) + - ( ~ ( H t „  )1  +  l f ± ( t f r  )
PKdx  )  p \ d y

[6]

fi"2 [7]

where H  = depth o f flow (m)

qx, qy -  discharge intensity in the x- and y-directions (m /s)

U = depth averaged velocity in the x-direction (m/s)

V = depth averaged velocity in the y-direction (m/s)

g  = acceleration due to gravity (m/s2)

p  = density o f water (kg/m3)

Sox, Soy = bed slope in the x- and y-directions (dimensionless)
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S/x, Sfy friction slope in the x- and y-directions (dimensionless)

txx, txy , Tyx, Tyy, = components o f the horizontal turbulent stress 

tensor (N/m )

Basic assumptions of the model include a hydrostatic pressure distribution, 

a constant distribution o f the horizontal velocities over the depth and negligible 

Coriolis and wind forces.

The model currently does not predict thermal ice related processes. However, 

recent developments funded by CEMA resulted in improving the model by allowing 

it to simulate flows under a floating ice cover with known geometry. In other words, 

ice cover characteristics such as thickness and roughness must be known. When an 

ice cover is input, the model changes the aforementioned momentum equations to 

account for the roughness o f the bottom of the ice cover and increases in the area on 

which shear stress operates, both of which result in a reduction of the average flow 

velocity and an increase in water surface elevation. The continuity equation however, 

remains unchanged.

3.2.2. Evaluation of the CEMA Reach 1 River2D Model

The Athabasca River at CEMA Reach 1 has an average width of 500 m and a 

slope of 0.0002 (Katopodis and Ghamry, 2005). Figure 3.9 shows an aerial 

photograph o f the river at this reach. The figure illustrates a set o f three islands, the 

larger o f which is named Alexander Island. A persistent open lead forms to the east 

of this island, and is presumed to remain open through the entire winter season. The
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total width o f the river at this point is approximately 870 m. Trillium Engineering 

and Hydrographies Inc., who was responsible for conducting the hydrometric 

surveys of the reach in 2002, describes the bed material as being mostly comprised 

of sand with little scattered silt, gravel and cobble. Average ice cover thicknesses 

measured during the 2002 survey are very similar to those found on 2007, ranging 

between 0.50 m for areas of juxtaposed ice, to 0.70 m for zones o f thermal growth.

As mentioned earlier, Katopodis and Ghamry (2005) performed 

hydrodynamic simulations of this reach using River2D. All model components, 

which include calibrated bed, mesh and ice files, were provided for this study. 

According to Katopodis and Ghamry (2005), computational meshes were created and 

refined based on topographic matching, by overlying the entire reach with uniformly 

spaced nodes and adding additional nodes around specific channel features. 

Subcritical inflow and outflow boundaries were defined based on discharges reported 

by WSC for the period of field data collection. Boundaries of no-flow across side 

vertical walls were determined on areas were the elevation was above high water 

levels associated with the applied discharges. As illustrated in Figure 3.10, this 

includes two internal boundaries, one corresponding to Alexander Island and the 

other presumably to a sand bar of considerable size, as no other islands were seen in 

the reach during aerial surveillance (Figure 3.9).

Calibration o f the model, as described by Katopodis and Ghamry (2005) was 

a multi-step process. Initial bed roughness heights were assumed from descriptions 

of grain size and distribution of the bed material, provided in the initial collected
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data. Bed channel roughness was then calibrated for open water conditions using the 

hydrometric record corresponding to the ice-free period. Final calibration of the 

combined roughness (bed and ice) was achieved by adjusting the parameter and 

comparing simulated versus surveyed water levels and velocities, until good 

agreements were found for the ice covered surveyed discharges.

This calibrated version o f the model was implemented for the flow conditions 

obtained with the ADCP during the 2007 winter survey. As mentioned in Chapter 2, 

ADCP measurements showed that 85% of the total flow diverted to the west of 

Alexander Island. Figure 3.10 shows the cumulative discharge resulting from steady 

solution runs performed by River2D. It is observed in the figure that a total of 42 

m3/s diverted to the east of Alexander Island, which, from a total o f 127 m3/s, 

translates into only 66% of the total flow diverting to the west. This discrepancy 

might be attributable to a number of things, including inaccurate discharge results 

from the ADCP measurements. However, it is suspected that most of the error 

originates in an inappropriate definition o f internal boundaries. The current 

configuration o f the bed might not be correctly portrayed by what was measured in 

2002, due to sediment transport in the reach. As a result, what was defined as a no

flow internal boundary for the 2002 data model, might in fact currently be an area 

where some flow is present underneath the ice cover. This might be particularly true 

for the eastern most internal boundary, where no sand bar was seen during the 2006 

surveillance flights. However, the extent of the boundary representing Alexander 

Island might also be inaccurate, as it seems to also account for the small adjacent 

island to the east of it, discarding any possibility of flow in between. '
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It is equally possible that the characteristics o f the ice cover might also be a 

source for the discrepancy. Ice cover thickness measurements conducted on March 

2007 were limited to the west o f Alexander Island, and no measurements were 

conducted on the east side. As a result, it was not possible to verify whether the 

thickness o f the ice cover on the east side of the island was underestimated during 

the simulations If a significant amount of ice grounding occurred on the east of 

Alexander Island, flow underneath the ice cover would be considerably lower at this 

location.

3.3. SUMMARY

Preliminary one-dimensional numerical modeling of thermal river ice 

processes was conducted in RiverlD, for the 2006 freeze-up period. The model 

domain was adapted from a previous flood routing model of the Athabasca River, 

and was refined due to unstable hydraulic solutions resulting from drastic variations 

in river width. Input and calibration data was based on records collected during the 

2006/07 monitoring program.

Sensitivity analyses showed that the model is particularly responsive to 

changes in water temperature and surface ice concentration at the upstream 

boundary. As a result, improvements on surface ice concentration data collection 

techniques are highly recommended. The present technique resulted in inaccurate 

estimations of mean daily concentrations, as no data was collected during low 

visibility conditions. Changes in suspended frazil ice concentrations have very little
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influence over the results o f the simulations, and can be estimated from simulations 

run from the Town o f Athabasca, where the only required thermal condition is the 

inflow water temperature time series. Additional runs were conducted using both 

hourly and mean daily input records, and the results agreed reasonably well for both 

conditions. Model results from hourly input records show minor improvements in the 

simulated arrival of the zero degree isotherm. However, the model greatly over

predicts daily fluctuations in water temperature and is also currently unable to handle 

more than 1000 points per inflow time series. As a result, the use o f hourly data is 

unjustifiable and considered unnecessary.

Water temperature calibration was accomplished by varying the heat transfer 

coefficient (hwa)- A value of 10 W/m2/°C showed the best agreement o f simulated 

versus measured water temperature variations at stations M268.1, M245.6 and 

M216.7. Calibration o f the juxtaposition parameter, which controls the rate of 

advancement o f the ice front was not accomplished, as the model is currently 

incapable o f handling multiple bridging points, occurring within the study reach. 

Further enhancements of the model should be directed to address this limitation.

The model over-predicts surface ice concentrations at station M216.7, 

possibly due to the presence of warm water outfalls, which results in the water 

cooling down at a slower rate at this location. Additionally, given the ice cover 

develops at a much faster rate at the upstream boundary than the rest o f the simulated 

reach, a decrease in frazil production results in a premature decline o f ice formation 

at downstream locations. As a consequence, surface ice concentrations never reach
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100% at any o f the downstream monitoring stations. The inability o f the model to 

account for border ice formation, also contributes to this under-prediction of surface 

ice concentrations. This, along with the inability to account for multiple water 

temperature inputs, should also be addressed in future model developments.

A calibrated River2D model of CEMA Reach 1 was implemented for the 

flow conditions obtained with the ADCP during the 2007 winter survey. Simulated 

flows, at either side o f an island of considerable size present in the reach, disagree 

with the collected data by nearly 20%. This discrepancy might be attributable to 

changes in bed characteristics from the time the bathymetry in the reach was 

completed in 2002, to the time flow was measured in 2007, which affects the 

definition o f internal boundaries. It can also by a result of dissimilar grounding 

conditions o f the ice cover for the different winter periods.
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Table 3.1 Summary of available records for River ID  model implementation
and calibration, obtained for the 2006/07-winter season.

Data Record Overall
Adequacy Assessment

Air Temperature* Good
Complete record at upstream and downstream 
boundaries. Adequate to cover entire modeled 

reach.

Solar Radiation* Good Complete record at upstream boundary. Good 
spatial correlation for entire modeled reach.

Water Temperature Good Complete record at four locations along the 
modeled reach.

Discharge* Fair
Adequate records prior to ice cover formation. 
Crude estimations through linear interpolation 

for the months of November to April.

Surface Ice 
Concentration Fair

Adequate record at the upstream boundary, 
with gaps during nighttime. Records for the 

entire reach only on November 4,5,10 and 17.

Ice Front Location Weak
No record for initial 35 km of reach. 

Downstream record available only for 
November 4, 5, 10 and 17.

Suspended Frazil 
Concentration*

Non
Existent

No appropriate technique for field 
measurements.

Initial Frazil Pan 
Thickness Poor No field measurements. Estimated from ice 

core sample analysis.

* Only required for model input; not required for model calibration.
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Table 3.2 Summary of ice modeling parameters adopted from Andrishak, 
2006 for RiverlD  model implementation.

Modeling Parameter Adopted Value

Frazil Floe Porosity, e/ 0.5

Initial Frazil Pan Thickness, t f 0.35 m

Frazil Rise Parameter, n 0.0001 m/s

Manning’s n for Ice Cover 0.020

Ice Water Heat Exchange Coefficient, aiw 1187 W.s0.8/m2.6/oC
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Figure 3.6 RiverlD water temperature simulation using hourly input data 
at Station M216.7 - Hwa = 10 W/m2/°C
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1

Figure 3.9 Aerial Photograph of CEMA Reach 1 -  November 10th, 2006.
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CHAPTER 4 SUMMARY AND RECOMMENDATIONS

Rapid expansion of the oil sands mining operations at Fort McMurray, 

Alberta, will increase significantly the rate of water withdrawals from the Lower 

Athabasca River. As a consequence, river ice processes may be altered, resulting in 

thicker ice covers and even less availability of liquid water during the winter period 

of low flow. This constitutes an important issue that could affect the sustainability of 

the mining projects. These potential impacts can be evaluated with the appropriate 

modeling tools, but requires hydrometeorological and ice cover characterization data 

for calibration and validation purposes. Historical data regarding ice cover formation 

and deterioration processes in this reach are limited, and most of the previous studies 

in the area have focused on evaluating the river from an ecological perspective. The 

purpose o f this study was to establish the main conditions describing the winter ice 

regime o f an 80 km reach o f the Athabasca River spanning from Fort McMurray to 

Bitumount. To achieve these goals, an eight month monitoring program of was 

established in September 2006. Additionally, preliminary simulations in RiverlD  and 

River2D were conducted to provide a guideline to direct the field monitoring 

program and model development plans for future years.

A comprehensive historical record of hydrometeorological data was 

established using existing monitoring stations. This record was complemented for the 

2006/07-winter season through the installation o f four automated stations along the 

study reach, which took place in September 2006. These stations recorded water 

temperature, water level and air temperature data continuously throughout the entire
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season, and each data record was analyzed independently to place the season within 

a historical context. Air temperature records showed the 2006/07 winter season was 

warmer in average (approximately 2°C), with respect to the records from 1944 to 

1997, but maintaining a comparable range of temperatures during the breakup 

season. However, freeze-up was significantly colder than the past decade, by an 

average o f 7°C. Air temperature records were obtained from three distinct sources, 

two of them located within the city o f Fort McMurray and one o f them at river level. 

A discrepancy between these records, particularly for temperatures below freezing, 

suggests that the stations located at Fort McMurray might not be completely 

representative o f the study reach. As a result, it is recommended that additional air 

temperature sensors be installed at river level. Discharge records showed that flows 

were approximately 23% lower in average during the 2006/07 winter season, with 

respect to the records from 1957 to 2005. Recorded water temperature data showed 

that the reach cooled down at the same rate at all four monitoring stations, reaching 

supercooling conditions practically simultaneously at all locations.

Ice cover formation and deterioration processes were monitored through 

aerial surveillance, satellite imagery and ice core sampling, all of which combined, 

provided a complete vision of the current state o f the ice regime of the river. River 

ice processes in the reach were observed to be highly two-dimensional, with 

approximately 65% of the ice cover being formed through thermal growth, which 

occurred along the banks and in the vicinity o f the numerous islands and sand bars 

present in the reach. Most of the remaining ice cover was formed through 

juxtaposition, with hummocky ice developing only in the uppermost 8.5 km of the
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study reach, near the Fort McMurray area. Natural constrictions created by border 

ice encroachment resulted in numerous bridging points and small open leads that 

froze in place over the course of the winter. Very few dynamic processes took place 

during the breakup period, and most of the ice cover deteriorated thermally. 

However, the release o f ice jams formed upstream of Fort McMurray resulted in 

numerous ice runs passing through the reach, and it is suspected (based on water 

level observations) that this ice stalled and released briefly at one location at least, 

within the study reach.

The presence of the mining industry along the reach was observed to have an 

important impact over the ice regime o f the river. Industrial warm water outfalls 

created large sized (>7 km) open leads, where ice cover development was delayed 

with respect to the rest o f the reach. During breakup, these outfalls also contributed 

to a premature initiation of thermal deterioration of the ice cover, and open water 

areas predominantly formed downstream of these locations early in the breakup 

season. The exact location and characteristics of these outfalls are yet to be 

determined; however, this information is not publicly available. Given their 

importance in determining the nature of ice cover formation and deterioration in the 

reach, efforts should be directed to properly identify these outfalls, and obtain 

records o f local water temperature at their positions.

Several measurement techniques were evaluated throughout the course of the 

2006/07 field program. Digital cameras were placed on the bank of the river to 

obtain surface ice concentration data during the freeze-up period. It was noted that
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distortions created by the use o f short focal length lenses create complications for 

automating the post-processing o f the images; therefore, it is recommended short 

focal lengths be avoided in future installations. Additionally, photographs could only 

be obtained during daylight hours, and so no surface ice concentration data could be 

obtained during the hours of darkness. For this reason, the use o f thermal imaging 

sensors is recommended for future stages of the field program. An Acoustic Doppler 

Current Profiler was used in winter to obtain discharges under ice covered 

conditions. The results were highly comparable to data measured by the Water 

Survey of Canada, with a difference in discharge o f only 1.5%. Ground Penetrating 

Radar was used as a tool for ice cover thickness characterization. 400 MHz and 900 

MHz antennas were towed across the reach on foot and using snowmobiles. The ice 

cover in the GPR scans was identified as the area located between easily identifiable 

black bands, which occur as a result of drastic changes in the permittivity of the 

material (i.e. snow, ice, water). The 400 MHz antenna proved to be less accurate, as 

lower frequency antennas are capable o f resolving only large subsurface features. 

Correlation between manual and GPR ice thickness measurements is relatively low 

(R = 0.5971) and sources of error were mostly attributable to field operation 

techniques. However, error might also be induced by the use of an averaged 

dielectric constant for the ice cover, which ice core samples showed was comprised 

of different layers, all o f which have dissimilar electrical properties.

Preliminary one-dimensional numerical modeling o f thermal river ice 

processes in the study reach was conducted in RiverlD, for the 2006 freeze-up 

period. A calibrated air-water linear heat transfer coefficient o f 10 W/m /°C gave the
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best agreement between simulated and measured water temperatures, particularly in 

terms of accurately capturing the cooling to zero degrees. Sensitivity analyses 

showed that the simulation results were quite sensitive to changes in surface ice 

concentration and water temperature input data at the upstream boundary. However, 

the model is not particularly sensitive to changes in suspended frazil ice 

concentrations. The use of hourly input data (air temperature and inflow ice and 

water discharges) proved to be unnecessary, as simulated results for both conditions 

were highly comparable..

This as the first application o f the River ID  thermal ice process model to an 

unregulated river reach, and it was found that the current version of the RiverlD  

model has several limitations which affected the overall accuracy of the results. 

These limitations include the inability of handling border ice formation and multiple 

bridging points, both o f which were observed to be governing factors influencing ice 

cover formation in the study area. Additionally, the current version o f the model is 

unable to account for multiple water temperature inputs and as a consequence, the 

influence o f warm water outfalls cannot yet be considered either. It is recommended 

that model enhancements be undertaken to include these capabilities.

Two-dimensional modeling was performed using a calibrated version of the 

River 2D model o f CEMA Reach 1, provided by the Department o f Fisheries and 

Oceans Canada. For this project, the River2D model o f this subreach was 

implemented for the flow conditions obtained with the ADCP during the 2007 

survey. The results showed a discrepancy in simulated versus measured flows around
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an island present in the reach, by nearly 20%. The source of this discrepancy might 

be attributable to changes in bed and ice cover characteristics from 2002 (when 

bathymetric source data for the model was obtained) to 2007, where dissimilar 

conformation o f the bed and grounding conditions o f the ice cover, results in 

inappropriate definitions of internal boundaries o f no flow. It might also be partly 

due to inaccuracies in mapping details of ice thickness, and/or the precise edge o f the 

water under the ice when conducting the discharge measurements. Alternatively, 

this discrepancy might also be attributable, in part at least, to measurement error as 

well. It is recommended that additional data be obtained to investigate these 

possibilities.

This study offers the first data describing the details o f ice formation and 

deterioration in this reach of the Athabasca River. It was established that even 

though ice processes in the reach are highly two-dimensional, one-dimensional 

simulations might produce sufficiently accurate results, if the present limitations of 

the ice process model can be addressed. Future improvements in the RiverlD  

modeling capabilities should be focused on enabling it to handle multiple bridging 

points, border ice formation, and point sources of heat and flow. This way, key 

factors influencing ice cover formation and decay in the reach, such as industrial 

warm water outfalls, as well as the presence of islands and sand bars (which 

constitute important areas o f ice arrest and thermal growth) can be taken under 

consideration.
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Continued and improved data collection is essential for further calibration 

and validation o f the one- and two-dimensional ice process models of the study 

reach. Efforts should be directed to improve data records required by one 

dimensional modeling, as the high amounts of data necessary for two-dimensional 

models, results in costly and time consuming field data collection programs, which 

are most likely not viable at the present time. Given the high sensitivity o f the 

RiverlD  model to water temperature and surface ice concentration variations in the 

upstream boundary, special attention should be paid to field data collection of these 

two records.
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Appendix A1 Campbell Scientific air temperature sensor (model 
44212) -  Specification sheet.

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix A. Specifications

YSI Thermilinear Network Specifications

44212 Linear Range

-50 to +50°C

Linearity Deviation

±0.09°C

YSI Com ponents Used in 44212 Network

44020 Thermistor 

T!=2,000 Q @ 25°C 

T2= l5,000 Q @ 2 5 °C  

T3=45,000 O @ 25°C

M aximum  O perating Tem perature

55°C (131°F)

A ccuracy and Interchangeability

±0.1 °C

44312 Resistor Set 

R, = 23,100 0  

R2 = 88,200 O 

R3 = 38,000 O

Resistor Error

±0.15°C @ -50°C, ±0.03°C @ ±50°C

R1 < Eout
Positve
S lope

R2

R3

A/VV'Ein

Eout
N egative
S lope

T2 T3
V

Figure A -1. YSI 44212 Thermilinear Network 
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Appendix A2 Van Essen Instruments Divers -  Specification sheet
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i-Diver d a t a l o g g e r
iH R W i

Applications:

Mini-Diver: the proven concept

The Mini-Diver is based on an ingenious and 
proven concept and is acknowledged as the 
most reliable instrument for the autonomous 
measuring and recording of groundwater 
level and temperature. Its internal memory of 
24,000 measurements per parameter provides 
sufficient capacity to perform nearly one 
measurement every ten minutes for six 
months. For each measurement, the Diver 
registers the date and time, groundwater level 
and temperature. The built-in battery has an 
expected lifespan of 10 years. Its compact 
dimensions (022 mm, length 90 mm) mean 
that the Mini-Diver will fit into virtually any 
monitoring well.

Monitoring projects 
Groundwatermonitoring 
network automation

V

Schlumberger
W A T E R  S E RV I CE S

Highlights:
3 y e a r  w a r r a n t y  

L o n g - te r m  a n d  f r e q u e n t  

m e a s u r e m e n t s  

T e m p e r a t u r e  c o r r e c t e d  
m e a s u r e m e n t  

Re l ia b le  a n d  a c c u r a t e  

m e a s u r e m e n t  d a t a  

N o n -v o la t i l e  m e m o r y  
C o m p a c t  s ize

H e r m e t i c a l ly  s e a l e d  in s t a i n l e s s

s t e e l  h o u s in g

Fr e e  of m a i n t e n a n c e

Specifications:
Dimensions
Memory
Sample rate
Housing material
Pressuie sensor material
Temperature range
- accuracy
- resolution
- compensated range 
Battery life 
Weight

022 mm x 90 nun
24,000 measurements (non-volatile) 
0 5 sec to 99 hours 
RVS 316L 
ceramic (AI2O3 )
-20 °C to 80 “ C
± 0 1 -c
0.01 JC 
0 ;C to 40 'C
1G years (depending on use)
70 grams

Mini-Diver® Technical specifications (pressure)

Type DIS01 DI502 DI505 01510 Dl 500 (Baro)

Range 10 m H2O 20 m H2O 50 m H2O 100 m H2O 1.5 m H2O

- accuracy** 0.5 cm H2O 1 cm H2O 2.5 cm H2O 5 cm H2O 0.5 cm H2O
- resolution 0.2 cm H2O 0.4 cm H2O 1 cm H2O 2 cm H2O 0.1 cm H2O
* w ithin te m p e ra tu re  c o m p en sa ted  range
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Appendix A3 Sontek Acoustic Doppler Current Profiler 
Specification sheet
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RiverSurveyor/RiverCA T
13 0  C11' IC €3 f' 1 €313 S

RiverSurveyor/R iverCA T
i r e s

Range: ± 1 0  m /s 

R eso lu tion : 0.1 cm /s

A ccu racy : ±1 %  o f m easu red  v e lo c ity , ± 0 .5  cm /s 

Up to  100 ra ng e  cells

500 kHi System 
I 0MHzMiiI
1 S Mrtz M7t._
3 MHz M tri

Pro-ili. q “tange 

2 0 -  100m <6 6 - 330 ft,

*0 3 - 25 _m 0  6 - 82 V,
0 3 6~D_m (1 0 70 0

1 0m<33t t )

oismtOB v 
O l Sm' OSt t i

N om ina l range can vary d ep en d in g  on  env iron m e n ta l c o nd itio ns

SonTek ADR (A co u s tic  D o p p le r P io file r)

3 6 0 °  so lid  s ta te  T ru e C o m p a s s /tilt sensor 

T e m p e ra tu re  sensor 

RS-232 seria l in te rfa c e  

B lu e to o th  te le m e try  system  (2 0 0 m  range)

tssure sensor fo r  transducer 

p th  co rrec tions  (n o t available on 1.0 M H z M in i) 

B u ilt-in  recorder (n o t available on  1.0 M H z M in i) 

Four-beam  transduce r head (500  kHz system  only) 

In te g ra te d  DGPS system  via AD P e le c tro n ics  

4 0 "  p las tic  O ceanS cience  C a ta m a ra n /T rim a ra n  hu lls  

P rem ium  FreeW ave ra d io  m o d e m  (o ver 2 -k m  range )

2 7 "  A lu m in u m  ca tam aran  

iw ith  case)

In te g ra te d  B lu e to o th  te le m e try  

B atte ry  c o m p a rtm e n t w ith  

replaceable " C "  cells 

: H ard  p las tic  s h ip p in g  case w ith  

w hee ls

: W in d o w s  2 00 0 /N T /X P /V is ta +  c o m p a tib le  

: B o tto m -tra c k in g  ( in d e p e n d e n t o f  GPS)

DGPS and  Echo S ou nd e r in te rfa c e  

■ R ea l-tim e  d ischa rge  c a lc u la tio n  

Landm arks and  nav iga tion  w ayp o in ts  

i D ischa rge  m e a su re m e n t o p t io n s  fo r  u n m e a su re d  areas 

: P ro fess iona l d ischa rge  su m m a ry  re p o rts  and  o u tp u t 

; Vessel tra c k  w ith  v e lo c ity  vec to rs  

B a th y m e tr ic  p ro file

m h b Mrmmm" |
if...
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Appendix A4 Campbell Scientific soil/water temperature probe 
(model 107B) — Specification sheet
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Model 107 Temperature Probe

1. General
The 107 Temperature Probe uses a thermistor to measure temperature. The 
probe is designed for measuring air/soil/water temperatures. For air 
temperature, a 41303-5A radiation shield is used to mount the 107 Probe and 
limit solar radiation loading. The probe is designed to be buried or submerged 
in water to 50’ (21 psi).

The -L option on the model 107-L Temperature probe indicates that the cable 
length is user specified. This manual refers to the sensor as the 107.

Lead length for the 107 is specified when the sensor is ordered. Table 1-1 
gives the recommended lead length for mounting the sensor at the top o f the 
tripod/tower with a 2 foot crossarm. Lead length can be 2 feet shorter when 
the sensor is mounted to the tripod mast / tower leg without a crossarm.

TABLE 1-1. Recommended Lead Lengths

CM6 CM10 CM110 CM115 CM120 UT10 UT20 UT30

11’ 14’ 14’ 19’ 24’ 14’ 24’ 37’

The 107 ships with:

(1) Instruction Manual

1.1 Specifications
Sensor: BetaTherm 100K6A Thermistor

Temperature
Measurement Range: -35° to +50°C

Thermistor Inter
changeability Error: Typically <±0.2°C over 0°C to 60°C; ±0.4 @ -35°C

Temperature
Survival Range: -50°C to+100°C

Polynomial
Linearization Error: <±0.5°C over -35°C to +50°C

Time Constant
In Air: Between 30 and 60 seconds in a wind speed o f 5 m s '1

Maximum Lead
Length: 1000 ft.
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Model 107 Temperature Probe

NOTE The black outer jacket o f the cable is Santoprene® rubber. This 
compound was chosen for its resistance to temperature extremes, 
moisture, and UV degradation. However, this jacket will 
support combustion in air. It is rated as slow burning when 
tested according to U.L. 94 H.B. and will pass FMVSS302. 
Local fire codes may preclude its use inside buildings.

2. Accuracy
The overall probe accuracy is a combination o f the thermistor's interchangeability 
specification, the precision o f the bridge resistors, and the polynomial error. In a 
"worst case" all errors add to an accuracy o f ±0.4°C over the range o f  -24° to 48°C 
and ±0.9°C over the range o f -38°C to 53°C. The major error component is the 
interchangeability specification of the thermistor, tabulated in Table 2-1. For the 
range o f  0° to 50°C the interchangeability error is predominantly offset and can be 
determined with a single point calibration. Compensation can then be done with an 
offset entered in the measurement instruction. The bridge resistors are 0.1% 
tolerance with a 10 ppm temperature coefficient. Polynomial errors are tabulated 
in Table 2-2 and plotted in Figure 2-1.

TABLE 2-1, T herm istor 
In terchangeability  Specification

T em peratu re  (°C)
T em perature 

Tolerance (±°C)
-4 0 0.40
-3 0 0.40
-2 0 0.32
-1 0 0.25

0 to +50 0.20

TABLE 2-2. Polynomial E rro r

-40 to +56 <±1.0°C
-38 to +53 <±0.5°C
-24 to +48 <±o.rc
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Appendix A5 RTD Platinum Thermometer -  Specification sheet
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SPECIFICATIONS
D isp lay : LCD, 1 /2" d ig its

M ete r R an g e : -3 2 8  to  1472°
(-2 0 0  to  800°C )

P ro b e  R a n g e : - 5 8  to  7 52°F  
(-5 0  to  400°C )

A ccu racy : ± (0 .1 %  +  0 .2°) b e lo w  200°
a n d  ± (0 .1 5 %  +  0 .5°)

P o w er: 9V b a tte ry

S iz e : 7 x 3 x  1-1 /4  in c h e s

A c c e s s o r ie s  P la tinum  p r o b e ,  b a tte ry .
S u p p lie d : T race ab le  C er tif ic a te  a n d

in s tru c tio n s .

<1os

FIGURE 1.

12

8

Description:
D isplay 
HOLD Button 
R ecord  Button 
°C/°F Switch 
Recall Button

8 B attery  C o v er
9 Inpu t S o c k e t

10  PT 100 ohm  
T em pera tu re  P ro b e

11 P ro b e  Plug
6  0.1°/0.01° Button 12 R S-232 o u tp u t
7 Pow er Switch te rm inal

O PE R A T IO N
1. Turn o n  th e  u n it b y  s lid in g  th e  p o w e r  

sw itch  (7, F ig . 1) to  th e  “O N ” p o s itio n .

2 . P r e s s  th e  °F/°C  B u tto n  to  s e le c t  th e  
d e s ir e d  te m p e r a tu r e  un it (4, F ig . 1).

3 . S e le c t  th e  d e s i r e d  re s o lu tio n  b y  p re s s in g  
th e  0 .1 °/0 .0 1 °  B u tto n  (6, F ig . 1).

4 . C o n n e c t  th e  P r o b e  P lu g  (11 . Fig. 1) to  th e  
in p u t S o c k e t  (9. F ig . 1). T h e  d is p la y  will 
s h o w  th e  t e m p e r a tu r e  from  th e  tip of th e  
p ro b e .

5 . P r e s s  th e  HOLD b u t to n  (2. Fig . 1) o n c e  to  
" f r e e z e ” th e  d is p la y  a t  th e  c u rre n t 
te m p e ra tu re  r e a d in g .  “H O LD ” a p p e a r s  o n  
th e  u p p e r  p o rtio n  o f  th e  d is p la y  in d ic a tin g  
th a t  th e  u n it is  in h o ld  m o d e . P r e s s  th e  
HOLD b u tto n  a g a in  to  re le a s e  th e  re a d in g .

6 . T h e  d a ta  re c o rd  fu n c tio n  c a p tu r e s  th e  
m ax im u m  a n d  m in im u m  re a d in g s .  To 
b e g in , p r e s s  th e  R E C O R D  b u tto n  (3, Fig. 
1) o n c e , "R E C O R D " a p p e a r s  in th e  u p p e r  
p o r tio n  o f th e  d isp la y .

7. W hile in r e c o rd  m o d e ,  p r e s s  th e  RECALL 
b u tto n  (5, Fig. 1) o n c e .  “MAX" a p p e a r s  
o n  th e  d isp la y  in d ic a tin g  th e  te m p e ra tu re  
s h o w n  is  th e  m a x im u m  v a lu e  r e c o rd e d .

8. P r e s s  th e  RECALL b u tto n  a  s e c o n d  tim e , 
a n d  “MIN” a p p e a r s  o n  th e  d isp lay , 
in d ica tin g  th a t  th is  is m in im u m  v a lu e  
r e c o rd e d .

9 . To exit th e  r e c o rd  m o d e ,  p r e s s  th e  
R E C O R D  b u tto n  o n c e  a g a in .  T h e  d isp la y  
will s h o w  th e  c u r r e n t  re a d in g

RS—232 PC SERIAL INTERFACE
This unit fe a tu re s  R S -2 3 2  o u tp u t. A n R S -2 3 2  
OUTPUT SO CK ET (12, Fig. 1) is lo c a te d  o n  th e  
to p  of th e  unit. To u tilize th is  fe a tu re , c o n n e c t  
the  unit to  a  PC with th e  D a ta  A cquisition  
A c c e sso ry  (see  “A C C E SSO R IE S" sec tio n ) .

D ata is d isp lay ed  in a  16-digit s tre am : D15 
th ro u g h  DO. E ach  d ig it in d ic a te s  th e  follow ing:

DO e n d  w o r d
D1 t o  D 8  D is p la y  R e a d i n g :  D1 = L S D , D 8 = M S D  
D 9  D e c im a l  P o in t  (O P ): 0 = n o  D R  

1 =  i D R 2 =  2  D R 3  =  3 D P  
D 1 0  R e a d in g  P o la r i ty  f o r  t h e  d i s p la y :

0 = -+ ',1  =
D 1 1 /D 1 2  A n n u n c ia to r  f o r  D is p la y :  01  = ° C ,  0 2 = * F
D 1 3  1
D14 4
D 1 5  s t a r t  w o r d

ALL OPERATIONAL DIFFICULTIES
If this th e rm o m e te r  d o e s  n o t  func tion  p ro p e rly  
for an y  re a so n , p le a s e  p ro p e rly  re p la c e  th e  
b a tte ry  with a  new  9V b a tte ry  (see  B attery  
sec tio n , below ). Low  b a tte ry  p o w e r c a n  
occas io n a lly  c a u s e  a n y  n u m b e r  o f " a p p a r e n t” 
op era tio n a l difficulties. R ep lac ing  th e  b a tte ry  
with a  n e w  fresh  b a tte ry  will so lve  m o s t 
difficulties.

BATTERY REPLACEMENT

W h en  £ 2 ]  a p p e a r s  o n  th e  d isp lay , 
e rra tic  re a d in g s  a p p e a r ,  th e re  is a  fain t d isp lay  
o r n o  d is p la y - th e s e  a re  all in d ic a to rs  th a t  th e  
b a tte ry  is low  an d  n e e d s  to  b e  re p la c e d . To 
re p la c e  th e  battery , re m o v e  th e  b a tte ry  c o v e r  
lo c a ted  o n  th e  b a c k  o f th e  u n it (8, F ig. 1) by  
u s in g  a  c o in  to  s lid e  th e  c o v e r  a w ay  from  th e  
unit. In sert a  new  9V b a tte ry  (alkaline), 
inco rrec tly  in sta lled  b a tte r ie s  m ay  d a m a g e  
e lec tro n ics . R ep lace  th e  b a tte ry  c over.
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Appendix B1 Ice cover mapping -  November 5,2006
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Appendix B3 Ice cover mapping -  November 17, 2006
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Appendix B4 Ice cover mapping -  March 30, 2007
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Appendix B5 Ice cover mapping -  April 12, 2007

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62
88

00
0 

62
90

00
0 

62
92

00
0 

62
94

00
0 

62
96

00
0

472000 474000 476000 478000

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 
— 5 km interval 
12-Apr-07 Ice cover 
|  Open water
[ j  Cracked and/or deteriorated ice

Figure B5.1 Ice cover mapping: April 12,2007 - km 295 to 285

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



472000 474000 476000

msca

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 

— 5 km interval 

12-Apr-07 Ice cover 
|  Open water
Q  Cracked and/or deteriorated ice

Figure B5.2 Ice cover mapping: April 12,2007 - km 285 to 274

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



470000 472000 474000 476000

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 

— 5 km interval 

12-Apr-07 Ice cover 
|  Open water
O  Cracked and/or deteriorated ice

Figure B5.3 Ice cover mapping: April 12,2007 - km 274 to 264

217 ”

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63
18

00
0 

63
20

00
0 

63
22

00
0 

63
24

00
0 

63
26

00
0

468000 470000 472000

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 
— 5 km interval 
12-Apr-07 Ice cover 
|  Open water
Q  Cracked and/or deteriorated ice

Figure B5.4 Ice cover mapping: April 12,2007 - km 264 to 252

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63
26

00
0 

63
28

00
0 

63
30

00
0 

63
32

00
0 

63
34

00
0 

63
36

00
0

462000 464000 466000I

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 
— 5 km interval 
12-Apr-07 Ice cover 
|  Open water
f ]  Cracked and/or deteriorated ice

Figure B5.5 Ice cover mapping: April 12,2007 - km 252 to 241

219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63
36

00
0 

63
38

00
0 

63
40

00
0 

63
42

00
0 

63
44

00
0

458000 460000 462000 464000

CEMA reach boundaries 
©  River Stations 

River kms 
— 1 km interval 
— 5 km interval 
12-Apr-07 Ice cover 
|  Open water
□  Cracked and/or deteriorated ice

Figure B5.6 Ice cover mapping: April 12,2007 - km 241 to 230

220

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63
46

00
0 

63
48

00
0 

63
50

00
0 

63
52

00
0 

63
54

00
0

456000 458000 460000 462000

Itllj

CEMA reach boundaries 
®  River Stations 

River kms 
— 1 km interval 

— 5 km interval 

12-Apr-07 Ice cover 
|  Open water 
Q  Cracked and/or deteriorated ice

II
V\

Figure B5.7 Ice cover mapping: April 12,2007 - km 230 to 220

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63
56

00
0 

63
58

00
0 

63
60

00
0 

63
62

00
0 

63
64

00
0

456000 458000 460000 462000i

*

ipCEMA reach boundaries 
©  River Stations 

River kms 
1 km interval 

— 5 km interval 

12-Apr-07 Ice cover 
|  Open water 
□  Cracked and/or deteriorated

Figure B5.8 Ice cover mapping: April 12, 2007 - km 220 to 210

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B6 Ice cover mapping -  April 16, 2007
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Appendix B5 Ice cover mapping -  April 17,2007
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