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ABSTRACT

This project undertook an assessment of the potential for
using satellite imagery to determine water quality parameters in the
southwest end of Lake Athabasca and to provide a mathematical model
capable of simulating the circulation patterns in this area of the
lake. A substantial amount of field data was collected for calibra-
tion purposes and served to ellucidate some of the hydraulic charact-
eristics of the study area.

The results indicated that water from the Athabasca River
and its distributary channels could reach the north shore of the lake
under conditions of moderately large inflow. It had been previously
assumed that penetration of river water so far into the lake was
unlikely. |In addition, river water was found to extend up to at least
20 km northeast of the distributary channels. Water from the Embarras
River and Fletcher Channel generally leaves the lake via the Chenal
des Quatres Fourches while water from Big Point Channel generally
discharges through the Riviere des Rochers.

Correlation of LANDSAT imagery with contemporaneous water
quality data yielded a highcorrelation between suspended sediment con-
centrations and band 6 digital response values. No other water quality
parameters were correlated with the raw LANDSAT data. Principal com-
ponent analysis of the satellite data indicated a high correiation
between suspended sediment and the first principal component, which
emphasized the infrared bands. |In addition, conductivity was well
correlated with the third principal component, which emphasized the
difference between the visible bands. This result could prove beneficial
in analysing satellite imagery since conductivity is a useful para-
meter for differentiating between lake and river water.

A finite element model was developed which solves the verti-
cally integrated momentum and continuity equations. Based on an implicit
time stepping algorithm, the model was used to generate circulation

patterns for an idealized representation of the study area.
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l. INTRODUCT ION

Development of the Athabasca 0il Sands has resulted in con-
cern regarding the environmental impact such development could have
on the Athabasca River, the Peace-Athabasca Delta, and Lake Athabasca.
The industrial development associated with oil sands exploitation will
significantly increase the potential for the release of contaminants
to the Athabasca River and the migration of such substances to the
Athabasca Delta and Lake Athabasca. These areas are important both
economically (due to the commercial fishery in Lake Athabasca and
trapping in the surrounding area) and ecologically (the Peace-Athabasca
Delta is a major water fowl staging area and supports several rare or
endangered species). Knowledge of the system's response to such poten-
tially adverse stimuli is necessary to assess the impact of various
development scenarios on the system, to provide information to assess
the adeguacy of regulatory guidelines, or to implement appropriate
countermeasures, if possible, as a result of an accidental contaminant
release.

The spectrum of substances that could be introduced to the
Athabasca River system is quite broad and the nature of their possible
interactions with the environment is equally varied. Some contaminants
may be either suspended or dissolved in the water while others may
become attached to the sediment load. The extent to which chemical
reaction of a contaminant introduced to the system could affect the
impact on the system is largely unknown. Other factors to be ultimately
considered are uptake by aguatic flora and fauna leading to increased
contaminant concentration in higher levels of the food chain. In
addition, loading may vary from gradual seepage from tailing ponds,
for example, to sudden releases as could result from accidental spills.

The problem is further compounded by the complexity of the
hydraulic system itself. The area comprises the Athabasca River and
its several distributary channels in the delta, the southwest end of
Lake Athabasca with its two outlet channels, and lakes Mamawi and Claire.

The interdependancy of water levels and flow rates and the proximity of

Lake Athabasca's inlet and outlet channels combine to present a com-

plicated system to analyse or simulate.



As stated in the original proposal for this project, ''Given
the complex interactions possible in the system, in terms of both the
hydraulics and contaminant-specific processes, it is recognized that
the work proposed herein camnot address itself to all aspects of the
problem''. Previous work (Beltaos, 1978, 1979) has documented the
mixing characteristics of the Athabasca River below Fort McMurray.
Combined with recent advances in the understanding of longitudinal
dispersion in rivers (Beltaos, 1980), it was determined that adequate
information existed upstream of the delta area to characterize river-
specific mixing processes. The complexity of the actual Athabasca
delta area precluded its consideration in this study beyond more than
a peripheral manner because of the short (one year) duration of the
project. Therefore, attention was focused on the southwest end of
Lake Athabasca, as shown in Figure 1. This area is of importance
because once contaminants reach the lake it is presently unclear as
to how they could be distributed or pass into the Slave River system.
Therefore, knowledge of the circulation patterns and sediment distrib-
uted in the lake is necessary in order to better estimate the conse-
quences of possible contaminant releases. This was also a logical
extension of the work carried out in the previous year for the Ablerta
0il Sands Environmental Research Program (AOSERP) (Neill, et al, 1981)

which will be described subsequently.

.1 OBJECTIVES

This project was undertaken to provide the first step in
establishing a modelling and assessment capability in the Athabasca
delta area and as such, was limited to the southwest end of Lake
Athabasca. Two avenues were explored in order to provide these capa-
bilities, with the objectives outlined in the contract being:

1. To provide a calibrated mathematical model capable of

predicting the circulation patterns in the southwest
end of Lake Athabasca and of indicating concentration

distributions under various flow conditions.
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Figure 1. Location of Study Area



2. To relate LANDSAT imagery to water quality parameters,

primarily suspended sediment concentrations.

There were three main components to the project, namely
. collection of field data, analysis of satellite imagery, and develop-
ment of the mathematical model. Each component of the project will

be discussed subsequently in the report.
1.2 SUMMARY OF RELATED STUDIES

Interest in the area, from the point of view of environmental
impact, first arose as a result of construction of the Bennett Dam in
British Columbia. Dam closure and the resulting regulation of the
Peace River resulted in water levels being reduced in the delta area.
The Peace-Athabasca Delta Symposium (1971) presented information
related to the hydrologic, biologic and socio-economic impacts that
arose due to the Peace River regulation. |In depth studies were sub-
sequently carried out under the auspices of the Peace-Athabasca Delta
Project (1973) and remedial measures were implemented in an attempt
to restore lake levels to their pre-regulation means. Further detailed
studies have recently been completed as a result of the Slave River
Hydro Feasibility Study (1982). All of these studies, as well as
that of Sydor, et al (1979) contain some type of model for predicting
water levels and flows in the delta area. Since these models are
generally of the routing type, detailed circulation patterns in the
southwest end of Lake Athabasca are not available. The work of Neill,
et al (1981) was undertaken to describe how water and sediment from
the Athabasca River are distributed through the delta system. The
results included a detailed compilation of data relevant to the system
and provided estimates of sediment loading and outflow. The potential
of using satellite imagery for determining water quality and circula-
tion patterns was also demonstrated. As a result of this work, the
present broject was undertaken to further investigate the potential
utility of satellite imagery and to provide a mathematical model which

could prove useful for detailed examination of processes in the lake.



2. FIELD STUDIES

Field studies were undertaken to provide water quality data
contemporaneous with satellite overpasses, to obtain current data
required for model calibration and to conduct mixing tests to deter-
mine mixing patterns and mixing coefficients. Analysis of previous
LANDSAT imagery indicated that during the summer months there was a
25% probability of cloud free conditions during a satellite overpass.
As a result, four summer field trips were scheduled such that sampling
would coincide with either a LANDSAT 2 or a LANDSAT 3 overpass. In
addition, one winter field trip was mounted to conduct a mixing test
during ice-covered conditions.

The lake was sampled by boat on a four kilometer grid and
samples were analysed in the field for pH, conductivity, temperature
and dissolved oxygen using a Hydrolab System 8000 portable water
quality device. Vertical profiles of water quality parameters were
usually obtained. Samples were taken for subsequent sediment analysis
at the surface, as well as 0.3 m and 1.0 m below the surface. Sedi-
ment analysis included total suspended solids, volatile (organic)
suspended solids, total dissolved solids and volatile dissolved solids.
Bed material samples were obtained during one field trip and analysed
for grain size distribution. Wind speed and direction were measured
at a height of 2 m using a hand held anemometer. Position on the lake
was determined using a Motorola Miniranger |1l radar rangefinder which
employed two remote stations and one master transceiver mounted in
the sampling boat. The remotes were located on High Island and the
top of Point Basse, which enabled coverage of almost the entire study
area as shown in Figure 2. In those areas where the radar signal was
blocked or where the range of the radar was exceeded, compass bearings
were used for positioning. When conditions on the lake were favour-
able, velocity measurements were made at usually three vertical locations
using a Marsh-McBirney model 201 electro-magnetic current meter. Depths
were measured using a Raytheon echo sounder. These were the normal
measurements carried out during the summer sampling period. Other mis-

cellaneous measurements and the results of the dye tests are described
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subsequently. In this section, the results of the field studies are
presented and an attempt is made to explain the finding in terms of
circulation patterns.

-

2.1 JUNE 14-19, 1981 MEASUREMENTS

This trip was timed to coincide with a LANDSAT 2 overpass.
Because of the northerly location of the study area and the conver-
gence of the meridians of longitude, consecutive satellite passes
provide overlapping coverage for three days. Therefore, LANDSAT 2
overpasses occurred on June 16, 17 and 18. Flows in the Athabasca
River at Embarras Airport decreased from 1200 m3/s on June 14 to 997
m3/s on June 19. The peak flow at Embarras Airport was estimated at
1500 m3/s on June 9 (Environment Canada, 1982) which represents a
return period of under two years (Kellerhals, et al, 1972). Discharge
measurements made by Alberta Environment indicated that the flow dis-
tribution in the distributary channels, after adjusting to total 100%,
were Embarras River:6%, Fletcher Channel:16%, Goose Island Channel:34%
and Big Point Channel:44%. These distributions are very similar to
those reported by Neill, et al (1981). Inflow from the Fond du Lac
River in Saskatchewan decreased from 400 m3/s on June 12 to 387 m3/s
on June 19. Outflow on the Riviere des Rochers on June 29 was 1402
m3/s and 252 m3/s on the Chenal des Quatre Fourches although on June 9
the Chenal des Quatre Fourches was flowing toward the lake at a flow
of 133 m3/s. The difference in flows between the Slave River at
Fitzgerald and the Peace River at Peace Point was approximately 1900
m3/s during this trip so lake outflows exceeded inflow by a small
amount. Fond du Lac inflow represented about 21% of the lake outflow
while Athabasca River inflows contributed about 73% of outflow.

Water levels at Fort Chipewyan and Bustard Island as well
as wind speeds are summarized in Table 1. The wind speeds are the
average measured on the lake. In general, winds increased during the
day and decreased at night. Results of the water quality sampling are
shown in Figure 3 superimposed on a band 7 LANDSAT 2 image taken in

August, 1981. An equipment malfunction prevented water quality



Date

Water Level, Fort Chipewyan (m)
Bustard Island {(m)

Wind speed and direction at 2 m
elevation (m/s)

June 16

208.89
208.91

6-N.E.

June 17

208.84
208.88

7-N.W.

Table 1. Water levels and wind speeds, June 1981

June 18

208.87
208.90

7-W.



Specific Conductance
at0.3m Depth ({tS:m)

266

258 268 231

Figure 3. Water Quality Data, June, 1981
{continued in appendix)
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measurements in the vicinity of Bustard Island. Values of pH averaged
7.76 with higher values along the delta front and lower values toward
the north shore. Although the range in pH values was only 7.58 to
7.91, the variation may reflect the fact that water from the Athabasca
River tends to be more alkaline than lake water typified by the Fond
du Lac River inflow and consequently exhibits a higher pH.

The average temperature was 15.50 C ranging from 14.9o C to
16.9O C. Maximum temperatures occurred along the delta front and
probably reflect the increased heating due to the shallow depths. The
average dissolved oxygen level was 8.34 mg/L with a range of 8.15 to
8.95 mg/L. This is about 83% of the saturation level based on the
average temperature. As with the previous measurements, higher values
tended to occur along the delta front and are probably due to the fact
that Athabasca River water would be expected to have higher dissolved
oxygen levels than the lake water.

The conductivity data do not appear to exhibit any delinea-
tion between river and lake water. The average value was 261 uS/cm
ranging from 218 to 295 uS/cm. This is in contrast with the results
of Neill, et a! (1981) and Seidner (1979) whose data indicated that
specific conductance was useful in approximating the interface between
lake and river water. Since outflow exceeded inflow, one might expect
a clearer demarcation between the two water sources. However, the
week before sampling, inflow averaged 1850 m>/s while outflow averaged
1470 m>/s. Under these circumstances it would be anticipated that
river water could be found almost to the north shore and no large
differentiation in water quality in the lake would be expected, espe-
cially since the Chenal des Quatre Fourches was flowing toward the
lake. Since detention times average four days in the southwest end
of the lake, it would not be unreasonable to expect river water which
had reached the north shore to gradually become entrained in the out-
flow as the proportion of lake water in the outflow increased. The
conductivity data of Figure 3, although limited in extent, tend to
lend credence to this hypothesis since higher concentrations are found
on the north shore, perhaps indicating gradual release of river water.

The pH measurements also show high values along the delta, low values
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in the central portion of the lake and intermediate values on the
north shore which could be due to the gradual mixing of river and lake
water on the north shore.

The suspended sediment data in Figure 3 indicate that sedi-
ment concentrations were relatively low, the maximum being only 201.8
mg/L. Neill, et al (1981) measured concentrations as high as 1980
mg/L although flows were also significantly higher. It was found that
surface samples were invariably higher in concentration than any sub-
surface samples. This is contrary to what would be expected in quies-
cent water and must be attributable to wind effects. As shown in
Table 1, the winds were relatively strong throughout the sampling per-
iod so it is possible that wind-induced turbulence prevented settling
of the suspended load. The maximum concentration of 201.8 mg/L occurred
off Big Point Channel approximately 5 km northeast of the outlet while
concentrations in the dredged channel were in the order of 120 mg/L
at the surface. Investigation of the mud flats east of Big Point
Channel at the beginning of the sampling period indicated a fairly
strong current across the mud flats in a generally northerly direction.
Figure 4 shows this area and is taken from low level aerial photography
flown in May 1980. Photography was flown byothers in 1981 but, unfortunately,
did not extend into the lake. However, the higher concentrations east
of Big Point Channel are probably due to the flow across the mud flats
picking up material. This type of flow across the entire delta front,
combined with wind-induced turbulence, could account for the higher
surface concentrations which were measured.

Sediment concentrations generally decreased further north
into the lake and also decreased in a westerly direction. The decrease
to -the west along the delta front is probably due to the progressive
westerly decrease in flow in the distributary channels. The exception
to this pattern occurs along the north shore where surface concentra-
tions increase to over 100 mg/L. This is probably due to sediment
entrainment from islands and the sandy north shore caused by wind
effects. Grain size analysis showed the median grain size in the sand
range in the north shore samples. Although these data are limited,
it seems reasonable to anticipate sediment contribution from the sandy

shore deposits.
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In order to assess the penetration depth of the various
LANDSAT sensors, Secchi depths were also measured. Three coloured
Secchi discs were used. Whi}e was used to determine the standard
Secchi depth. A green disc was used to determine the effective pene-
tration of band 4, as describedmore fully in section 3, while a red
disc was used to determine the penetration depth of band 5. In all
cases no detectable difference in depth to extinction of visibility
was noted and all were around 0.3 m. Wave action made these measure-
ments difficult but the results do give an indication of the effective
depths sampled by the band 4 and 5 LANDSAT sensors.

Unfortunately, cloud cover during the surveys precluded
assessment of satellite imagery. However, Figure 5 shows two LANDSAT
3 band 5 images taken on June 9 and June 27, 1981, which straddle the
sampling period. The June 9 image, when inflows exceed outflows,
indicates a generally uniform tone to the lake. However, the June 27
image, when outflows exceed inflows, shows a somewhat lighter tone
on the north shore, possibly indicative of higher sediment concentra-
tions. Since this image postdates sampling by one week, it is diffi-
cult to be conclusive concerning the reasons for the tonal differences.
As discussed subsequently, they may be due to a combination of grain

size variation and variations in suspended sediment.

Wind and wave conditions precluded current measurements
except at one point between Bustard lIsland and the north shore. A

southwest current parallel to the north shore was measured at 0.08 m/s.

2.2 JULY 14-18, 1981 MEASUREMENTS

This trip was timed to coincide with LANDSAT 3 overpasses
on July 14 and 15. Only two days of coverage were obtainable with
LANDSAT 3 because the sensors producing the western quarter of the
image were inoperative. The sensors on LANDSAT 3 had been turned off
earlier but a request was made to reactivate the satellite for this
project. Unfortunately, further problems with the sensors resulted in
the system being turned off on July 13 and no notification was received

until after the trip was complete. Evaluation of LANDSAT 2 imagery



June 27, 1981

Figure 5. LANDSAT 3 Band 5 Images
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for the week after the sampling showed cloud cover so no satellite
coverage was available for this trip. |In addition, winds had been
variable so the applicability of later imagery is questionable.

Flows in the Athab;sca River at Embarras Airport were esti-
" mated to have dropped from 1030 m3/s on July 15 to 755 m3/s on July 18.
Measurements by Alberta Environment in the distributary channels
indicated an inflow of approximately 916 m3/s with the flow distribu-
tion being Embarras River:9%, Fletcher Channel:16%, Goose !sland
Channel:33% and Big Point Channel:42%. These flow distributions are
very similar to those in June, 1981. Inflow from the Fond du Lac
River was about 340 m3/s giving a total inflow averaging 1256 m3/s.
Athabasca River water comprised approximately 73% of the inflow. The
difference between flows in the Peace River at Peace Point and the
Slave River at Fitzgerald averaged 1640 m3/s while Alberta Environment
gauging of the Riviere des Rochers and the Chenal des Quatres Fourches
indicated an outflow of 1575 m3/s. In this case, outflow exceeded
inflow, as had been the case since the sampling in June, 1981. Table 2
shows the water levels at Fort Chipewyan and the wind speeds during the
sampling period. No data are available for Bustard Island water levels.

Figure 6 shows the results of the water quality sampling.
The temperature measurements indicated that heating of the upper layer
of the lake had taken place. Surface temperatures were as high as
27.8°C 5 km northeast of Big Point Channel while temperatures were as
low as 18.1°¢ 3 m below the surface 10 km east of Bustard Island.
Temperature variations were greatest east of Bustard Island, showing
the thermocline to be less than 1 m below the surface and a temperature
differential of up to 8 c°. Temperature variations with depth were
only about 1.2 c® to the west of Bustard Island, although caution
must be used in interpreting these data. Sampling to the east and
southeast of Bustard Island was done when winds were calm and air
temperatures were above 30°C while the points south and west of Bustard
Island were sampled in windy conditions. As the data of August 1981
will show, it does not appear that stratification in this area of the

lake is stable since the wind induces fairly uniform vertical mixing.



Date July 15
Water level, Fort Chipewyan (m) 208.96
Wind speed and direction (m/s) 5-N.E.

Table 2. Water levels and wind speeds, July,

July 16

208.88

calm

1981

July 17

208.80

L-S.W.

July 18

208.98

1-S.W.

Changing to 10-N.E.
in afternoon



Specific Conductance
at 0.3 m Depth {{tS mi ;

Figure 6. Water Quality Data, July ,1981
(continued in appendix)
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This can be seen by comparing the data obtained on a calm day to those
obtained during windy conditions. There appears to be no discernable

pattern to the temperature measurements which would indicate the sources

of water.

The dissolved oxygen data indicate a decrease with depth of
about 0.4 mg/L for those sites where there appeared to be temperature
stratification but there was otherwise no significant variation with
depth. Values were typically 87% of saturation levels and no trends
are evident in the data.

The pH values ranged from 7.21 to 8.04 with the smaller
values generally occurring in the lake water. Values tended to decrease
with depth. Some anomalies occurred at the sites furthest east and at
one site 8 km southeast of Bustard Island where levels were as high
as 7.78. Winds prior to July 14 had been sustained from the south-
west so it is possible that river water had been forced out past
Bustard !sland. Northeast winds resumed on July 14 and lasted until
July 15 so these anomalies could be a result of river water trapped on
the east side of the main lake current.

The conductivity data also show higher values at the sampling
sites furthest east of Bustard Island as well as at the site 8 km south-
east of Bustard Island. River water exhibits a conductivity in the
order of 280 uS/cm while the lake water is about 80 uS/cm. The anom-
alous sites have concentrations as high as 260 uS/cm and there appears
to be little variation with depth. Otherwise, conductivity decreases
to the north and appears to provide a good indication of the boundary
between river and lake water. Since sampling was carried out on dif-
ferent days, the effects of wind can be seen and shows, as expected,
that the Athabasca River water is found further to the north during
periods of southwest winds but recedes when the winds are from the
northeast.

Comparison of the conductivity data and the total dissolved
solids data yields some unexpected results. Conductivity is a measure
of a water's ability to pass an electric current and, therefore, is
related to the number of ions in solution. Since the Athabasca River

has more ionized species in solution than does Lake Athabasca water,
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specific conductance is a good indicator for differentiating lake and
river water. However, un-ionized species do not carry a current and
therefore do not affect conductivity. Examples would be weak acids
or bases or soluble organic haterial. During the July sampling, sev-
eral very high dissolved solids concentrations were measured. Typical
measurements in the lake were 120 mg/L but along the delta front in
the shallows and in the small bay east of Big Point Channel values as
high as 600 mg/L were obtained. The increase probably represents a
larger proportion of dissolved organic material and could be related
to increased biological activity in the shallow delta front during
the summer. Further evidence of the fact that there is an increased
proportion of dissolved organic material can be found in Neill, et al
(1981) in their evaluation of LANDSAT imagery. Since organic material
tends to absorb incoming radiation, the image received should be darker
in areas of higher organic content. Satellite imagery frequently
indicates fingers of darker water leaving the delta area. These effects
could also be a result of local areas of ground water or swamp water
discharge.

However, high dissolved solids concentrations were also
found around the southwest end of Bustard Island. The results are
not thought to be due to analytical error because of their consis-
tency. Further, a plot of specific conductance against dissolved
solids shown in Figure 7, excluding the three sites around Bustard
Island, indicates a correlation coefficient of 0.841 but the correla-
tion is only 0.116 when these three sites are included. There is no
increase in conductivity at these three sites so the increased solids
content must be due to some un-ionized matter, possibly organic. The
source of the high concentrations is not clear. They could be due
to circulation of water from the bays east of Big Point Channel in
a counter clockwise direction during periods of southwest winds.
Unfortunately, no satellite imagery is available with which to attempt

to identify the possible source.
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Suspended sediment concentrations had decreased since June
and showed a maximum of 130 mg/L 6 km north of Fletcher Channel and a
minimum of 12.2 mg/L 4 km north of Goose Island. The data indicated
an increase in concentrationwith depth. The sites furthest west,
sampled on July 15, showed the highest concentrations, in the order
of 100 mg/L. Winds during sampling were from the north east. These
high concentrations could then be due to entrainment of course sedi-
ment from sandy shore deposits. The conductivity of the site with
the highest concentration was only 160 uS/cm which indicates that
the water was a mixture of lake and river water. Since thedistributary
channels had concentrations of only 40 mg/L, it appears that the
source must be from other than the Athabasca River. Wind-induced
entrainment from the bottom can probably be excluded as an explanation
since the shallower water along the delta front does not show higher
sediment concentrations.

Samples taken east of Bustard Island on July 16 during calm
wind conditions showed variable levels of suspended sediment ranging
from 12.9 mg/L to 41.5 mg/L. The lowest concentration was found south-
east of Bustard Island in water originating from the Athabasca River,
based on a conductivity of 260 uS/cm. Sediment concentrations at this
site nearly doubled at a depth of 1 m. |t appears that this river
water could have been pushed out during the previous period of south-
west winds and been trapped on the east shore as winds reversed. Water
apparently originating from the Athabasca River was also found 8 km east
of Bustard Island with sediment concentrations of 23.8 mg/L. Other
sites in the area also showed relatively high suspended sediment con-
centrations although the water appeared to be lake water. This sedi-
ment could have originated from the shores of Bustard and Burntwood
islands. |t is difficult to be conclusive because sediment concentra-
tions are all relatively small.

The volatile fraction of the suspended load was determined
for all sites to determine the nature of the sediment and to determine
if there were a significant variation in organic content which could
affect the interpretation of satellite imagery. Organic content was
consistently in the order of 10% of total suspended sediment concen-

tration and there was no significant variation.
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Current data, shown in Figure 8, could only be obtained to
the south and east of Bustard Island due to wind conditions. A counter-
clockwise current from Big Point Channel of about 0.03 m/s was detected
which extended to about 6 km‘east of the outlet.lLake currents were also

in the order of 0.03 m/s.
2.3 AUGUST 8-12, 1981 MEASUREMENTS

This trip was timed to coincide with LANDSAT 2 overpasses on
August 9, 10, and 11, 1981. Flows in the Athabasca River at Embarras
Airport decreased from 1210 m3/s on August 8 to 1000 m3/s on August 11.
During this period, Fond du Lac River inflows decreased from 311 to
302 m3/s. Alberta Environment gauging indicated an inflow from the

Athabasca River of 979 m3/s with the distribution being Embarras River:

6%, Fletcher Channel:16%, Goose lIsland Channel:34% and Big Point Channetl:

L4%. The flow distribution in the distributary channels had remained
relatively constant all summer. Outflow based on the difference in
flows between the Slave River at Fitzgerald and the Peace River at
Peace Point averaged 1590 m3/s while Alberta Environment measured an
outflow of 1448 m3/s. Outflows exceeded inflows and the proportion
of Athabasca River water in the outflow had apparently declined to
about 65%. Water levels at Fort Chipewyan and wind speeds on the
lake are shown in Table 3.

Results of the water quality sampling are shown in Figure 9.
The pH data ranged from 6.94 at a 4 m depth east of Bustard Island to
8.37 northeast of High Island. In contrast to previous sampling,
there is no apparent pattern to the variations. Temperatures were in
the order of 24.0°C with a maximum vertical variation of 2.6 C°.
There was no strong stratification at any sampling site and no patterns
were evident. Similarly, dissolved oxygen levels showed no systemic
horizontal variations and ranged from 6.32 mg/L at a 4 m depth to 8.02
mg/L at the surface. Some depletion at depth was evident in the deeper
water east of Bustard lIsland.

Winds had been fairly steady from the south and southwest

prior to and during the sampling. The conductivity data show that
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Date Aug. 8 Aug. 9 Aug. 10
Water level, Fort Chipewyan (m) 208.78 ' 208.73 208.72

Wind speed and direction at 3.5-S.W. 8-5S. 4-S.W.
2 m elevation (m/s)

Table 3. Water levels and wind speeds, August, 1981

Aug. 11

208.77

8-S.W.



Specific Conductance
at the Surface (S m)

Figure 9. Water Quality Data, August, 1981
(continued in appendix)
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river water was found up to 8 km north of the delta front and up to

8 km northeast of Big Point Channel. In contrast to previous sampling,
no river water was found east of Bustard !sland. However, lake water
generally has a conductivity in the order of 80 uS/cm. The water
"east of Bustard lIsland had levels around 140 puS/cm which could mean
that river water had moved northeast and mixed with the lake water.
Assuming that river and lake water have conductivities of 270 and 80
uS/cm respectively, the water east of Bustard lsland was 32% river
water.

Water quality profiles in the inlet and outlet channels are
shown in Figure 10. It is evident that lateral variation in water
quality existed in the Riviere des Rochers with increasing proportions
of river water further south. The discharge weighted mean fraction of
river water in the Rochers is 53%. The Chenal des Quatres Fourches
was essentially 100% river water which shows that the total fraction
of river water in the outflow was 60%. However, river inflow was
about 68% of outflow so river water could have moved to the northeast
to gradually mix with the lake water. In contrast, Neill, et al (19871)
found that, for a much higher inflow, the Rochers comprised almost
100% river water. Therefore, as river inflows decline, the Rochers
draws a larger fraction of lake water.

Suspended sediment concentrations were approximately 100 mg/L
in Big Point Channel but were much lower elsewhere. East of Bustard
Island, concentrations were about 4 mg/L while on the north shore,
concentrations were up to 17 mg/L. Organic content was more variable
than the previous sampling, averaging 15% in the area north of the
delta and ranging from 0 to 100% east of Bustard Island. This high
variability could be due to the low sediment concentrations which
provides a largermargin for analytical error.

The dissolved solids concentrations were variable and, as
shown in Figure 11, show no correlation with conductivity. The organic

content is equally varied. No extremely high concentrations were
measured although marginally higher concentrations were found south of

Bustard Island. No conclusions were drawn from these data.
Bed samples were collected and analysed for grain size dis-

tribution. Figure 12 shows these data and the results indicate
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a decrease in material size north of the delta front but sizes along
the north shore and in the vicinity of Bustard and Burntwood islands
tend to increase. This variation is probably due to near shore
sediment sorting processes.

Current data are shown in Figure 13 and indicate fairly
strong currents of 0.15 m/s along the north shore with weaker currents
of 0.04 m/s north of the delta.

Satellite coverage was available for all three days of over-
pass. Band 5 images are presented in Figure 14 for the overpasses on
August 9, 10 and 11. Sampling took place on August 8 east and south
of Bustard Island with light south winds. High south winds on August 9
prevented sampling. Winds moderated on August 10 and sampling was
done west of Bustard Island. It is probable that conditions east of
Bustard Island on this date were similar to those on August 8 so the
total data set can be compared to the August 10 image. The tonal
patterns are similar to the sediment distribution although the plume
along the north shore appears brighter than that further south. This
could be due to the fact that the sediment along the north shore had
generally larger grainsizes which could affect the reflected signal.
There is evidence of a plume along the south shore originating at the
William River. The movement of river water from Big Point Channel
and Goose Island Channel to the northeast is evident and comparison of
the August 9 and 10 images shows the retraction of river water as
winds decreased. Also evident is the improved delineation of the north
shore lake current as winds decreased. On August 11, strong southwest
winds prevented sampling. The image for this date shows the marked
eastward movement of river water from Goose island Channel and Big
Point Channel although both the Fletcher Channei and Embarras River
are discharging westward to the Chenal des Quatres Fourches. The
wind effects are also clearly seen in Mamawi Lake. Further comparison
of the satellite imagery and water quality data will be discussed in

section 3.
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2.4 SEPTEMBER 11-17, 1981 MEASUREMENTS

This trip was timed to coincide with LANDSAT 2 overpasses
on September 14, 15 and 16. ‘The objective was to carry out two dye
tests which had been prevented previously due to equipment malfuctions.
Flows in the Athabasca River at Embarras Airport declined from 557
m3/s on September 11 to 507 m3/s on September 16. Flows in the Fond
du Lac River were relatively steady around 253 m3/s giving an average
inflow of 780 m3/s. The outflow, based on Peace River and Slave River
flows, averaged 1270 m3/s. The only flow data from Alberta Environ-
ment indicated a discharge of 220 m3/s in the Chenal des Quatre Fourches.
Winds and water levels are shown in Table 4.

Minimal water quality sampling was carried out due to minor
equipment breakdowns and wind conditions. Operations were further
hampered by dense forest fire smoke which reduced visibility to under 10m
at times and prevented satellite coverage. It was decided to pro-
ceed with the dye tests in spite of the lack of satellite coverage.

One test comprised dye injection in Goose Island Channel and the second
injection was made south of Bustard Island. [t was hoped that by
monitoring the dye clouds, the circulation patterns of river and lake
water would be clarified. Permission to carry out the tests was
granted by Standards and Approvals Division, Alberta Environment.

A 15 kg slug of 20% Rhodamine WT fluorescent dye mixed with
8 L of methanol was injected at 14:25 hrs. on September 15. The
methanol was added to ensure neutral buoyancy of the tracer. The
injection location is shown in Figure 15. Measurements of fluorescence
were made with a Turner Designs Model 10-000 fluorometer capable of
detecting concentrations as low as 0.01 ug/L. Continuous sampling
was accomplished by mounting a small pump outboard of the sampling
boat and using the flow-through mode of the fluorometer. Results
were recorded on an Esterline-Angus model M5413B three channel chart
recorder and were later digitized.

Once the dye had entered Big Point Channel it became evident
that the dye cloud was going to be moved westward across the delta
front where the shallow depths would prevent sampling. Longitudinal

and lateral profiles were made as long as depths permitted access by boat.
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Date Sept. 11 Sept. 12 Sept. 13

Water level, Fort Chipewyan (m) 208.56 208.47 208.25

Wind speed and direction at 2 m 8-W. 8-W.

calm
elevation (m/s)

Table 4. Water levels and wind speeds, September 1981.

Sept. 14

208.29

3-S.E.

Sept. 15

208.28

6-S.E.

Sept. 16

208.20

7-S.W.



Figure 15. Location of Channel Injection Site
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These results are shown in Figure 16. The maximum concentration was
50 ug/L on the west side of the dredged channel. The dye cloud then
moved west across the delta front. This occurred two hours after
injection. Continuous traverses were made across the delta measuring
. fluorescence in hope of finding the dye as it entered deeper water.
No dye was found. It appears that, under the prevailing wind condi-
tions (southeast winds), all the flow from Goose Island Channel,
after merging with Big Point Channel, moves across the delta front
rather than into the lake. This could also be due to the larger pro-
portion of lake water in the outflow resulting in relatively stronger
lake crossflows. Because of deteriorating weather conditions, it was
decided to proceed with the second injection the next day rather than

monitor the outlet channels in an attempt to detect the dye as it left
the lake.

A second 15 kg slug of 20% Rhodamine WT dye mixed with 7 L
of methanol was injected 4.5 km south and 2.0 km east of the southwest
end of Bustard Island at 11:57 hrs on September 16. Figure 17 shows the
location of the injection site. Both longitudinal and lateral traverses
of the dye cloud were carried out. The measured contours are shown in
Figure 18. The dye was tracked for 8 hrs at which time it had moved 2 km
in a northwest direction and had a surface area of approximately 70,000 m2,
The maximum concentration at this time was 45 g/L. The average velocity of

the dye cloud was about 0.075 m/s. This velocity is somewhat larger than

those previously measured in this area of the lake and is likely due
to the southeast winds. By this time, dense forest fire smoke had
reduced visibility to under 10 m so operations were curtailed in the
interestAof safety. The next day the lake was traversed along the
anticipated path of the dye cloud for 7 hrs. but no dye was detected.
Based on the apparent velocity, three days should have elapsed before
the dye left the lake. However, currents previously measured along
the north shore were as high as 0.15 m/s which, once the dye entered
this current, would have reduced the detention time by one half. The

southeast winds could have increased the surface velocities and further

reduced the detention time.
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The mixing, or spread, of the dye cloud is characterized by
the variance of the concentration distribution. If x is the longitu-
. 2 2

dinal direction and y the lateral direction, the variances s, and Sy

are defined by

4 N 2
Jm x2 ¢ dx J X ¢ dx
2 - -co _ -0
Sy - -
J c dx J c dx
p 2
[+¢] [+
L y2 c dy x c dy
2 © -0
and sy = _
r c dy Jm c dy

where ¢ is the dye concentration. The dye cloud was typically

2
X

and si is made along the major and minor axes of the cloud. A mix-

elongated in the longitudinal direction so the calculation of s

ing coefficient in each direction can be calculated from the rate

of growth of variance(Fischer, et al, 1979) from the relationships

2

1 dsX

€x=_— ——
2 dt

2

1 dsy

e 2 — —

y

2 dt

where €x and ey are the mixing coefficients in the x and y directions
and t is time. Figure 19 shows a plot of s% versus t for the lake
mixing test. The data indicate a lateral mixing coefficient of 0.016
m?/s. Figure 20 shows the longitudinal variance plotted with time.
There is considerable scatter in these data, probably due to sampling
difficulties due to waves during the longitudinal profiles. The

longitudinal mixing coefficient, based on the first two data points,
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is estimated around 0.24 m?/s. These values are of the same order as
those determined by Neill, et al (1981). Recovery ratios for the dye
were about 70% for the first three traverses and 40% for the last tra-
verse. The relatively low récovery is probably due to poor definition
of the low concentrations around the edges of the dye cloud. The
uncertainty in this area also affects the variance calculations and
accounts for some of the scatter in Figures 19 and 20.

Although it was not possible to track the dye from either
injection to the lake outlet, some characteristics of the mixing patterns
in the lake were clarified. For example, as river flows decline over
the summer, river water does not extend as far north, which is obvious.
However, most of the flow from the Embarras River, Fletcher Channel and
Goose Island Channel, which represents about 56% of the Athabasca River
discharge, moves west across the delta front. The August data further
indicate that most of the river water in the Rochers probably originates
from Big Point Channel. Under conditions of west or southwest winds,
the Goose Island Channel flow may move further into the lake. Mixing

characteristics will be discussed further in section 4.
2.5 FEBRUARY 24 - MARCH 4, 1982 MEASUREMENTS

This trip was undertaken in order to conduct a dye test under
ice-covered conditions. Flow in the Athabsca River at Embarras Airport
was estimated at 98 m3/s, which is well below the February mean of
169 m3/s reported by Neill, et al (1981) and is the lowest flow of
record since 1958 (Environment Canada, 1979). Flow in the Fond du Lac
River was estimated at 128 m3/s, which is also below the February mean
of 201 m3/s. Flow measurements by Alberta Environment indicated that
of the four main distributary channels, only Big Point Channel had any
detectable currents, these being in the order of 0.06 m/s. Of the out-
let channels, only the Riviere des Rochers had any measurable flow.
Based on the work of Lipsett and Harrington (1981), outflow in the
Rochers was estimated at 200 m3/s. Throughout the test, temperatures
were extremely low and hampered operations. Daytime highs rarely
exceeded -30°C and nighttime lTows were always below -40°C. North winds

of up to 6 m/s were common.
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Since it was anticipated that sampling would be carried out
over a 24 hr. period, a base camp was established by a crew of four
people on the ice 5 km southwest of Bustard Island on February 24,

On February 25 the injection‘site was drilled 3.5 km south and 1 km
east of the southwest end of Bustard Island as shown in Figure 21.
In addition, a line of sampling sites was established for 5 km north
of the base camp and spaced every 250 m. At 1600 hrs. on February 26
a 15 kg slug of Rhodamine WT dye mixed with methanol was injected
under the ice. Ice thickness on the lake averaged 0.8 m while the
depth of water below the ice averaged 1.2 m. Velocities were measured
at all sampling sites and ranged from 0.015 m/s to 0.035 m/s with the
average velocity being 0.025 m/s. The direction of flow was generally
west to southwest. Water quality measurements indicated dissolved
oxygen levels in the lake of 10 mg/L and a temperature of 0.4°C.
Specific conductance was 112 yS/cm, indicative of predominantly lake
water and the pH was 7.27. The outflow, based on the mean depth and
velocity, and assuming a flow width of 8 km, was estimated at 240 m3/s
which is reasonably close to the estimated flow in the Rochers.
Sampling for dye started on February 27. Samples were taken
in a 2 km arc around the injection site to cover the expected trajectory
of the dye, as well as along the sampling line north of the base camp.
Samples were taken just below the ice, just above the bed and at two
intermediate points. The samples were prevented from freezing and
returned to the base camp for fluorescence analyses. Sampling was
carried out every three hours until March 1. No samples exhibited
any trace of dye. To check that the dye had not remained in the
injection hole or frozen to the underside of the ice, the injection
site was redrilled and no significant quantities of dye were found.
On March 1, two people were dispatched to Fort Chipewyan to monitor
the outlet channel in the event that the dye had missed all the sampl-
ing sites. Sampling at the outlet was maintained at 2 to 4 hr. inter-
vals for the duration of the test. On each of March 2, 3 and 4, a
crew returned to the sampling site and worked its way back to Fort
Chipewyan collecting samples for analyses. No dye was found in any

samples. On March 4 operations were terminated.
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The results of this test were disappointing in that no dye
was recovered. There are two possible explanations for not having
recovered the dye. One is that the low velocities inhibited spread-
ing of the dye cloud to the extent that none of the sampling holes
intersected the dye's path. This possibility is unlikely, however,
since the location and approximate size of the cloud can be estimated
from the summer dye test and the mean velocities. The lateral dis~
persion coefficient from the summer data was 0.016 m2/s. |If it is
assumed that the winter conditions had a mixing coefficient of only
one third of this value, the variance of the concentration distribution

can be estimated from the relationship.
= 2
2 ey dt = ds

Measurable dye concentrations should be found over a width of approxi-
mately 6s, which, after only two days travel time, is about 250 m.
Since this was the spacing of the main sampling line, it is unlikely
that the dye cloud missed the sampling holes. Further, after two

days, the dye would have moved approximately 4 km which would put it

at the location of the main sampling line. Since sampling was carried
out for over three days and included several auxiliary sampling sites,
it seems unlikely that the dye was missed. The second, and more likely
explanation is that the dye simply sank as a result of the low velocities.
Although methanol had been mixed with the dye prior to injection, the
stoichiometric quantity was reduced somewhat to ensure that the dye was

not buoyant and could not freeze or stick to the underside of the ice.

2.6 SUMMARY OF FIELD STUDIES

As previously stated, the field studies were undertaken to
achieve two goals, the first being collection of water quality data
contemporaneous with LANDSAT overpasses and the second to acquire data
that could be used in calibration of a mathematical model. To varying
degrees, both objectives were satisfied. The initial assessment of
25% probability of success in obtaining simultaneous satellite coverage

and lake sampling was correct and only one set of data was suitable
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for detailed comparison to satellite data. The remaining data did
prove useful in assessing the circulation patterns in the lake and
provided further insight to the sources of sediment and the degree
to which lake and river water could intermix. The current data were
not as extensive as initially planned but wind and wave conditions
precluded any additional measurements. The mixing tests provided
information concerning the mixing coefficients in the lake and the
mixing characteristics in various parts of the lake. The extremely
low flows during the winter test rendered those results least satis-

factory in terms of meeting the test objectives.
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3. ANALYSIS OF SATELLITE IMAGERY

This phase of the project was undertaken to assess the util-
ity of using remotely sensed satellite imagery for evaluating water
quality and inferring circulation patterns. The work of Neill, et al
(1981) has demonstrated the potential of using this technique and part
of this project's objectives was to gather additional data and more

fully investigate the pogential for quantitative interpretation.
3.1 LANDSAT [IMAGERY

The satellite imagery analysed in this study were obtained
from LANDSAT satellites. These satellites (LANDSAT 2 and LANDSAT 3)
each operate on 18 day cycles with a nine day phase difference. Thus,
overpass of a particular site occurs every nine days. In addition,
as previously stated, the northerly location of the study area results
in overlapping coverage for three days.

The LANDSAT satellites employ multi spectral scanners (MSS)
which sense the electro magnetic energy which is reflected from or
emitted by the target body. The energy reflected from a water body
comprises three components: some energy is reflected from the water
surface; energy not absorbed by the water may be reflected from the
bottom; and energy may be reflected from suspended particles. Since
the LANDSAT MSS receive this energy in four separate wavelength bands,
the nature of the signal received by each band varies. Band 4 (0.5-
0.6 um) and band 5(0.6-0.7 um) receive energy in the visible range
while band 6(0.7-0.8 um) is in the near infrared range and band 7
(0.8-1.1 um) is in the infrared range.

Energy in the band 7 wavelengths is almost completely absorbed
in the top one or two centimetres of the water so the scanners receive
no reflected signal unless there is floating or exposed surface mate-
rial to provide reflection. As will be discussed, this band was used
to delineate the land-water interface for later analysis. Energy in
the band 6 range penetrates to a greater depth before it is totally

absorbed and can, therefore, be used in analysing near surface sediments.
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Bands 4 and 5 exhibit larger and more variable depth penetration.
Factors affecting the depth penetration include the concentration of
suspended sediments, in that higher concentrations reduce the pene-
tration depth. Bartolucci, et al (1977) show that the penetration
" depth is about 0.30 m at sediment concentrations of 100 mg/L. These
results are similar to the concentrations and Secchi depths measured
in June. Blanchard and Leamer (1973) indicate that band 5 is probably
most useful for discerning variations in suspended sediment although
they point out that the nature of the spectral response depends on
the sediment type. For example, red and black sediments can exhibit
reversals in response at high concentrations. They suggest for
suspended sediment concentrations above 75 mg/L, detection of sedi-
ment may not be feasible, although this limit is a function of sedi-
ment type. On the other hand, Ritchie, et al (1976) suggest that
band 6 is the best spectral region for detecting sediment and their
data included sediment concentrations up to 350 mg/L. In addition,
LANDSAT data have been used sucessfully to observe the occurence of
estuarine fronts {(Klemas and Polis, 1977), the occurence of internal
waves (Apel, Charnell and Biackwell, 1974) and to map the distribution
of water containing industrial waste (Klemas, Bartlett and Philpot, 1978).
Products available from LANDSAT data include both paper
copies and computer compatible tapes (CCT). Black and white pictures
for each MSS band are available in various scales. |In addition, colour
composites can be obtained. The C1 composite is produced by combining
band 4 with a blue filter, band 5 with a green filter and band 7 with
a red filter. This composite is useful in assessing sediment patterns
and results in clear water appearing dark blue and sediment laden water
appearing lighter blue or grey. The C2 composite is not as useful for
sediment analysis and comprises band 5 (green filter), band 6 (red
filter) and band 7 (blue filter). Other colour composites are avail-
able on special request. The CCT product contains the digital record-
ing of the measured response of each MSS band. Each picture element
(pixel) covers a ground area of 80 m x 80 m and the entire image covers
an area approximately 185 km x 185 km. Each pixel has associated with

it a number from 0-255 for each band, with the larger number indicating
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a higher value of reflected energy. This product is well=-suited to

quantitative analysis, as described by Lodwick (1979).
3.2 IMAGE ANALYSIS

As previously discussed, satellite coverage and lake sampl-
ing were obtained simultaneously only once, in August. Ildeally,
sampling should occur within a few hours of overpass. However, the
size of the area to be sampled and the inability to venture onto
the lake on some days prevented such sampling to occur. Satellite
overpass occurred on August 9, 10 and 11 while sampling was carried
out on August 8 and 10. Because conditions on August 8 and 10 were
similar, it was decided to use the entire data set in analysis of
the August 10 imagery. Obviously this will introduce some measure of
error to the results and they should be interpreted with these facts
in mind.

The main constituents of the image analysis phase of the
project were as follows. The LANDSAT image was enhanced using princi-
pal components analysis (Lodwick, 1979). This reduced the complexity
of the LANDSAT 4 band multivariate data set. The image was then recti-
fied to the ground using a third order polynomial modelling technique
and spatial resection to ground control points (Lodwick, 1978). The
ground-truth data were then compared to the LANDSAT data using a simple
linear regression algorithm and computing the correlation coefficients.
A principal components analysis was also performed on the groundtruth
data and this was then compared to the enhanced LANDSAT data using the
same linear regression algorithm as above.

The data used in the comparison to the satellite imagery were:

(1) conductivity at the surface,

(2) pH at the surface,

(3) suspended organics at the surface (mg/L),

(4) bed material Dgq (um)

(5) bed material Dgg (um)

(6) total suspended sediment-at the surface (mg/L),

(7) total suspended sediment at 0.3 m depth (mg/L),
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(8) total suspended sediment at 1.0 m depth (mg/L),

(9) total dissolved solids at the surface (mg/L),

(10) total dissolved solids at 0.3 m depth (mg/L) and

(11) total dissolved solids at 1.0 m depth (mg/L).

LANDSAT 2 images of Lake Athabasca were obtained for August
9, 10 and 11, 1981. Copies of the imagery for bands 4 to 7 and a CI
composite are shown in Figure 22. The August 10 image used for analysis
is 2239217500 of track h6_frame 19. Time of overpass was 1750 GMT
or 1050 MST. Perusal of the original photographic imagery shows clear
sedimentation patterns in the lake.

Another feature which shows up clearly on the imagery is the
effect of haze. At the time of overpass there was much smoke in the
atmosphere due to the effects of forest fires. Because the atmosphere
selectively scatters the shorter wavelengths of light, LANDSAT band &4
(0.5 to 0.6 um) will contain the highest component of scattered light,
and band 7 (0.8 to 1.1 um) the least. This effect to the north of
Lake Athabasca can be clearly seen in Figure 22.

As well as the photographic imagery, a magnetic tape contain-
ing digital information from all four bands was obtained. This enabled
the analytical manipulation of the LANDSAT data.

The computer system used for the enhancement has been described
in Lodwick (1981). The system was developed at the University of New
South Wales and is available for use on the Honeywell 66/80 computer
at The University of Calgary. A schematic of the system is given in
Figure 23. The computer programs are written in Fortran and carry out
the following procedures:

(1) reformatting the original Canada Centre for Remote Sensing

(CCRS) tapes for the Honeywell computer, and selection and
storage of a 600 x 600 pixel study area,

(2) presentation and display of the data and results by shade-

prints, characterprints and video displays,

(3) correction of the data by use of image statistics,

(4) calculation of principal components and scores,

(5) geometric rectification of the image section by least-

squares reduction,
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(6) calculation of image position and response levels of

specific field sites in the image,

(7) correlation of the response values with field data.

The 600 x 600 pixef image segment selected for detailed
study is situated at the southwest end of Lake Athabasca. |Its posi-
tion is marked on band 7 of the August 10 image in Figure 22. Shade-
prints for bands 4 and 7 produced from the CCT for this segment are
shown in Figure 24. Note again, the clear sedimentation features
discernable in band 4 as compared to band 7.

For the image segment, histograms of the response levels for
all four bands were produced. These are displayed graphically in
Figure 25. Here there are two aspects to note. First of all, for band
6 and 7, the form of the distribution is bimodal. The node of higher
response values corresponds to the more brightly reflecting land sur-
face, whereas the other node corresponds to the highly absorbent water
surface. Second, saturation has not occurred for any of the bands.
Also, there is a good measure of discrimination in the response values.
in band 7 for example, there is a dynamic range in the water node of
around 35 pixel response values.

One of the requirements, however, to carry out a meaningful
principal components analysis is that the form of the response dis-
tributions should be symmetrical. As indicated above, for the infrared
bands, there is a bimodal distribution, formed because of the two dis-
parate componets, water and land. An initial step was, therefore,
carried out to separate these two components. This was done on the
basis of the band 7 response values. A cut-off was set in each pro-
gram whereby only those pixels with a band 7 value less than or equal
to 35 were considered in the analysis. Figure 26 displays all these
lower values as black and higher values as white. It can clearly be
seen how well the land-water interface is delineated based on the
band 7 data.

The only video data correction that had to be considered
in this study was to account for sixth-line banding. Other effects
which may occur (e.g. atmospheric scatter, or haze) are substantially

eliminated by the enhancement process itself, which standardizes the
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data. The effect of sixth-line banding can be seen in Figure 24.

This shows the band 7 response values for the image segment. A strip-
ing effect can be seen across the lake surface in the across track (or
sensing) direction and is dué to the fact that each band is sampled by
a six sensor array. Because the segment measures approximately 15 cm
in the along track direction (corresponding to 600 lines or 100 swaths)
each band will appear to be around 1.5 mm wide on the image.

Correction for sixth-line banding involves an analysis of
the whole image segment, by calculating the means and standard devia-
tions for each of the four detectors for each of the six lines. The
philosophy behind this method of correction is that, for a large
enough segment (in this case, 196376 pixels for the water surface,
giving over 32000 values for each of the six lines) the average response

levels recorded should be the same. The formula for adjustment is:

-
1]

c SX(PO-mi)/Si+M
where

= corrected pixel value

Pe

P, = original pixel value

M = mean of the whole data set

S = standard deviation of the whole data set

m; = mean of the data set for band i

S; = standard deviation of the data set for band i

The detector differences are quite small. Both the means and the
standard deviations for individual lines are shown in Table 5. For
the means, the largest difference for the band is less that 0.4 (mea-
sured on a scale 0 to 255) whereas the maximum difference for a band
for the standard deviation (equal to S/S;) ranges from 0.950 to 1.042.
Despite the fact that striping was removed using this statis-
tical approach, the important conclusion from this analysis is that
sensor calibration differences are quite small as compared to the

dynamic range of the response values.
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Sensor means Band 4 Band 5 Band 6 Band 7
line 1 40.811 36.763 22.347 9.296
line 2 41.006 - 36.844 22.776 9.375
line 3 40.981 36.856 22.585 9.210
line 4 40.902 36.761 22.632 9.667
line 5 40.780 36.497 22.817 9.512
line 6 40.626 36.948 23.102 9.583

averages 40.851 36.778 22.709 9.440

Sensor SD's

line 1 4,831 4.325 4.307 4.262
line 2 5.086 4,524 4.215 4,287
line 3 4.791 4.584 4.190 4.272
line 4 4.757 4.432 4.350 4,292
line 5 4.968 4,641 4,602 4.645
line 6 4.791 4,555 4,623 4,489
averages 4,874 4.514 4.391 4,380
Table 5: Sensor Means and Standard Deviations for the

24 Detectors for the Lake Athabasca Image
Segment
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Detailed investigation of LANDSAT data requires analysis of
a b band data set. Principal components analysis (PCA) is useful for
this purpose because it can usually reduce the spatial complexity of
multivariate problems. (A theoretical discussion on the use of multi-
" variate techniques in the earth sciences is given by Davis (1973)).

The technique involves an orthonormal transformation which produces a
rotation of the image data set but individual points retain their
relative positions through the transformation. The method involves
setting up a variance-covariance matrix énd recalculating scores for
the samples along the principal components (or eigenvectors) which
represent new variables. These new variables, identical in number to
the original ones, are linearly independent and the total variance
calculated for the scores is identical to the variance in the original
bands. However with LANDSAT data, because of the high correlation
between the original bands, the first (PC1) and second principal com-
ponents (PC2) typically account for more than 95 per cent of the
original variance. Thus the original spectral position of a particular
data element can be defined in terms of a vector in two dimensions with
negligible loss of information, and this can be compared to those of
other elements.

For Lake Athabasca, both the non-standardized and standardized
components were calculated. Standardization is carried out simply by
adjusting the distribution of each band to a mean of zero and a stan-
dard deviation of one. |In this way bands which have a greater dynamic
range (usually bands 6 and 7) will not contribute a disproportionate
amount of the variance. The eigenvalues and eigenvectors in both stan-
dardized and non-standardized form are given in Table 6.

As indicated above, when a PCA is performed on LANDSAT data,
the first and second principal components together usually contain
over 95 per cent of the information from all four bands of the original
data. This is due to the high degree of correlation between the origi-
nal spectral bands. However, these results are typical for LANDSAT
images involving mostly land and vegetation (Lodwick, 1977). In con-
trast, the results of the standardized data for this study showed that
PC1 contained 47% of the total variance, PC2 almost 38%, PC3 over 12%

and PC4 around 3%. The non-standardized values were similar.
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Non-Standardized Data

Eigenvalues

36.4075
33.0447
10.6638

2.4725

Eigenvectors

-0.0015
-0.7675

0.6320
-0.1074

Standardized Data

Eigenvalues

1.8814
1.4967
0.4946
0.1273

Eigenvectors

0.0336
-0.7131
-0.6889
-0.1257

Table 6:

A4.17%
40.0%
12.9%

3.0%

0.3440 0.7014 0.6243
~-0.5839 0.0544 0.2588
-0.6499 -0.0527 0.4188

0.3439 -0.7088 0.6065
47.07%

37.4%
12.4%

3.2%

-0.3005 -0.7043 -0.6423
-0.6530 0.0122 0.2549
0.5960 0.0817 -0.4044

0.3580 -0.7051 0.5991

Eigenvalues and Eigenvectors for the
Lake Athabasca Image Segment
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In both methods, the form of the transformations is also of
interest. PC1 can be seen to be emphasizing bands 6 and 7 as shown in
Table 6 since the weighting of each band to the principal component is
the corresponding value of the eigenvector. These bands represent
the infrared part of the spectrum, and together contribute approximately
90 per cent of the information contained in PC1. (Their contribution
is calculated by squaring the appropriate coefficients in the eigen-
vector.) Similarly, PC2 can be seen to be émphasizing bands 4 and 5
which represent the visible end of the spectrum. These bands contri-
bute over 90 per cent of the information contained in PC2. With PC3,
bands 4 and 5, which contribute over 80 per cent of the information,
have different signs. Therefore PC3 is emphasizing the difference
between the two visible bands. In the same way PC4 emphasizes the
difference between the two infrared bands, but is much less important
because it contains only around 3 per cent of the total variance.

The scores for each component were calculated and the data
displayed by means of histograms and shadeprints. Shadeprints for
PC1, PC2, PC3 and PCL scores are shown in Figure 27.

Imagery rectification involved spatial resection to ground
control points using cubic polynomials. Image rectification using
polynomials has been discussed by Derouchie and Forrest (1974) and
Wong (1975). The particular method used in this system has been out-
lined by Lodwick (1978) and Trinder and Smith (1979). With this
approach certain known geometric errors need to be taken into account
before rectification. There are the swath discontinuous errors (sensor
delay and earth rotation). The swath continuous errors (e.g. non-
linear mirror velocity) and the global continuous errors (e.g. roll,
pitch, yaw) are fully accommodated by the modelling procedure.

Usually control points comﬁrise naturally occurring features
that are clearly identifiable in the image, although methods have been
reported for producing artificial control points by generating identi-
fiable landmarks imaged by the satellite at the time of overpass (e.g.
Evans (1974), Evans (1976), McCloy (1977), and Thomas, Allcock and
Child (1979)). However, as Forrest (1970) points out, the control
points need not be points on the earth's surface that have been pre-

cisely surveyed. The important requirements are that the location
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accuracy be commensurate with the scale of the mapping to be done
from the image, and that the control points be easily and uniquely
identifiable.

Overall, 23 point; were identified for control using a char-
acter print of band 7, because it best delineates the land/water
interface. Twenty six control points were originally selected. How-
ever three were deleted because of problems with identification.
Points were identified from both 1 : 50 000 topographic mapping and
a 1 : 250 000 topographic map of the area.

The polynomial equations used for the modelling are:

m
[

= apg + a;x + a2x2 + a3x3 + ayy + a5y2 + asy3 + a;xy + a8x2y + agxy2

= 2 3 2 3 2 2
N=b,+ blx + bzx + b3x + bqy + bsy + b6y + b7xy + b8x y + ngy

where
E and N are East and North coordinates
x and y are pixel column and row coordinates
and a0 to 3y b0 to b9 are the transformation parameters

These third order polynomials are solved by a least-squares
procedure, both ground and image coordinates being considered subject
to error. Appropriate variances are assigned to the image coordinates
according to the estimated accuracy of measurement, and to the ground
coordinates according to the assigned map accuracies and estimated
pointing errors. Because the computer program allows a selected pro-
portion of the error to be allocated to the ground data, the adjusted
ground control values are likely to be better approximations of the
actual positions that the original estimates.

Twenty three control points gives a redundant solution for
the resection problem so that a statistical determination of the fit
and the reliability of the control points can be determined. In fact,
at the end of the adjustment process the root mean square (rms) accu-
racy of the fit of ground control was 50 metres in X and 48 metres inY.
This reduced level of accuracy is probably due to the smaller scale of

the base maps used for control point selection. Interestingly, the
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quality of control points scaled off the 1 : 250 000 map was better
than the quality of control points scaled off the 1 : 50 000 topo
map. Once the parameters for the cubic polynomials are calculated,
the ground coordinates for all pixel centres can be calculated dir-
ectly.

The ground coordinates of the 29 data sites were read off
the 1 : 50 000 topographic map and their corresponding pixels were
calculated. The reflectance values for each band for each of the 29
ground-truth sites were calculated to be the mean of the reflectance
values in the 3 x 3 pixel area surrounding the corresponding ground-

truth pixel.
3.3 COMPARISON OF IMAGE AND SITE DATA

To compare the LANDSAT data to the groundtruth data, a
simple linear regression algorithm was used. From this, correlation
coefficients were computed, which measured the linear relationship
between the LANDSAT data and the groundtruth data. Prior to the com-
parison, however, a PCA was also performed on the groundtruth data,
using the standardized variance-covariance matrix for the 11 sets of
groundtruth data. Standardization removes the units associated with
the raw data, making each parameter contribute equally to the result.
This facilitates the mathematical manipulations involved in doing the
PCA. (Standardization also has the effect of making the variance of
each data-element equal to unity, therefore the variance of the data
set, equal to the trace of the variance-covariance matrix, is equal
to 11.) The eigenvalues and eigenvectors of the standardized field
data set are given in Table 7, from which the contribution of each
variable to the principal components can be seen.

Table 8 shows the calculated correlations between the raw
field data and the individual LANDSAT bands. The only strong correl-
ation which exists is between total suspended sediment and band 6
responses. Correlation coefficients for band 6 are 0.87, 0.80 and
0.84 for suspended sediment at the surface, 0.3 m and 1.0 m depths

respectively. These relationships account for from 63% to 75% of the



STANDARDIZED DATA

Eigenvalues
4.5648 2.0176 1.3795 0.8763 0.7810 0.6192 0.3805 0.2189
41.52 18.4% 12.42 8.0% 7.1% 5.6% 3.5% 2.0%
Eigenvectors
~0.2102 0.0629 -0.3706 -0.2891 -0.2683 -0.4486 -0.4305 -0.4366
0.0958 0.2004 -0.0455 0.3357 0.3493 ' 0.0237 0.0797 0.0192
0.4398 0.6239 -0.1602 0.1849 0.3023 -0.1457 -0.2064 -0.2002
-0.3289 0.3443 0.1701 0.0950 0.0442 0.0058 0.0341 -0.0065
0.5544 0.2929 -0.0532 -0.4203 -0.4891 0.1550 0.2111 0.1914
0.5069 ~0.5381 -0.1645 0.4404 -0.1130 -0.0666 -0.1682 -0.1421
~-0.1454 -0.0500 -0.8639 -0.0843 0.2212 0.1998 0.1972 0.2641
-0.1958 0.2049 -0.1332 0.5364 -0.5857 0.0107 0.1139 0.0829
=0.1400 0.1624 -0.1011 0.3035 -0.2604 0.1260 -0.0209 -0.0174
0.0382 -0.0384 -0.0174 0.0361 0.0294 -0.7018 0.6925 -0.0562
0.0158 0.0191 0.0395 0.0416 0.0022 -0.4472 -0.3999 0.7949
Table 7: Eigenvalues and eigenvectors for the Lake Athabasca Site Data

0.1337

1.2%

-0.0754
-0.3907
0.0629
0.7920
0.0800
0.3807
0.1486
-0.1873
-0.0020

0.0414

0.0122

0.

-0
-0

0217

0.27%

.2001
.5272
.2458
.2876
.1734
.1134
.0023
.2336
.6520

0.1240
0.0304

Ol

0068

0.17%

.1899
.5254
.3127
.1484
.2158
.0953

0.0582
0.4019

.5850
L0474
.0565

08



81

Site Data Landsat Data Correlation
(Observations) (bands) Coefficient

.2904
L2771
.3201
.1715
.3465
.2925
.2089
.0390
.3160
.5616
.6326
.2897
.0904
.2710
.3555
.2902
. 0409
L1415
.2693
.2093
.1960
.6951
. 8655
.5523
.1372
. 5821
.7965
.5818
L1711
.6225
.8399
.5648
.3567
.3865
L2774
.1380
.3079
L4739
.4393
.0212
.2950
.3899
.3746
. 0445
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Table 8: Correlation coefficients between
the raw site data and the raw
Landsat data
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variance observed in the measured data. While the band 5 correlations
with suspended sediment (0.58-0.70) are significant at the 95% con-
fidence'level, they do not explain over 50% of the variance. This is
interesting bacause examina%ion of the bands 5 and 6 images of Figure
22 tends to imply that band 5 would be more useful in interpretation
of sediment patterns. These results are consistent with those of
Ritchie, et al (1976) who indicated that a more consistent relation-
ship between reflectance and sediment was observed in band 6. Another
interesting, but perhaps unimportant, feature concerns the band 7
correlations with total suspended sediment which range from -0.55 to
-0.58. Although the correlations only explain from 31% to 34% of the
variance, they are significant at the 95% confidence level. The inter-
esting feature is that the relationships indicate a decrease in reflec-
tance with increasing concentration. There is no apparent reason for
this to occur and could be strictly a result of the low correlations
and the fact that sampling was not truly synoptic. No other relation-
ships in Table 8 explain over 50% of the variance and the only other
significant correlations are between suspended organics and bands 5
and 6, which is expected since the organics are a subset of the total
suspended concentrations. Thus the only band which shows a strong
correlation with any of the measured water quality parameters is band 6
and it is correlated to suspended sediment. There is a weaker cor-
relation between band 5 and suspended sediment.

Table 9 shows the relationships between the raw field data
and the LANDSAT principal components. There are two strong correla-
tions evident here. The total suspended data show correlations of
from -0.84 to -0.77 with PC1 which accounts for from 59% to 70% of the
variance. MNote that the negative correlation is due to the negative
values in the eigenvectors of Table 6. The main contributions to PC1
are band 6 (50%) and band 7 (41%) with band 5 contributing only 9%
and band 4 being negligible. This reflects the strong correlation
between band 6 and the suspended sediment data previously derived.

The other strong correlation is between PC3 and conductivity, with a
coefficient of 0.83, which explains 68% of the variation. This prin-
cipal component emphasizes the difference between band 4 (47% contri-

bution) and band 5 (36%) with some contribution of band 7 (16%) and
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Site Data Landsat Data Correlation
(Observations) (PC Scores) Coefficient

. 3494
.1722
.8267
.2085
L2217
.4967
.2061
.1489
.6411
L2272
0.3644
.2576
.3112
.0181
L4266
.2164
.2183
. 0636
.3351
.2169
.8368
. 3520
0.5754
-.4956
-.7665
-.2609
0.4552
-.4801
-.7992
-.3155
0.4745
.5110
.2976
.3473
.0790
.0943
L4473
.3807
.2987
-.1377
-.3680
-.2797
0.2488
-.0993
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Table 9: Correlation Coefficients Between
the raw site data and the Landsat
PC scores
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negligible contribution from band 6. This relationship is interesting
because conductivity did not correlate well with any single LANDSAT
band. Further, PC3 contains the same bands that are used in a C1
composite. Comparison of F{gure 22 and 27 shows the similarity between
PC3 and the C1 composite. PC2 reflects primarily band 4 (51%) and
band 5 (43%) with a small contribution from band 7 (6%) and shows no
strong correlation with any of the raw data. PC4 also shows no cor-
relation with the raw data, although this component accounts for only
3% of the information content.

Table 10 shows the relationship between the principal com-
ponents of the field data and the four LANDSAT bands. As seen in
Table 6, PC1 has 71% of its contribution from the suspended sediment
data. A correlation coefficient of 0.83 exists between PC1 and band
6, accounting for 68% of the variance. In contrast, only 45% of the
variance is explained by the correlation of 0.67 between PC1 and band
5. None of the other principal components show a dominant contribution
from any particular water quality parameter or a significant relation-
ship to any one LANDSAT band.

Table 11 shows the correlation between the field and LANDSAT
principal components. A coefficient of 0.80 is found between the
field PC1 (mainly sediment data) and the LANDSAT PC1 (bands 6 and 7).
There is no significant correlation between the field PC1 and LANDSAT
PC2 (bands 4 and 5) and, although the field PC1 and LANDSAT PC3 cor-
relation is significant at the 95% level, it only accounts for 36%
of the variance. There are no other relationships of any significance.

These results indicate that there is a strong correlation
between the field and LANDSAT data sets. The sediment data seems to
correlate best with either band 6 or the LANDSAT PC1. The advantage
of using principal components analysis becomes evident when the field
conductivity correlations are examined. No relationships exist with
the individual LANDSAT bands but PC3 shows a strong correlation with
conductivity. Although the principal component analysis cannot change
the amount of information in the original data, the orthonormal trans-
formation effectively maximizes the information's distribution. The

principal component analysis is not as fruitful when applied to the
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Site Data Landsat Data Correlation
(PC Scores) (Bands) Coefficient

-.1905
-.6709
-.8274
L4795
-.4183
-.3155
-.1853
-.1957
-.2762
.1202
.1362
.1634
.1863
.0720
.0433
.0793
L2464
.0784
L1467
.1623
. 0453
.1682
.0074
.1332
.0528
.0051
.1019
-.1701
-.1477
-.0589
.0190
.2578
.0494
.1288
.1084
. 0493
<1423
.2543
.1683
0.0496
-.1463
-.2318
-.0111
0.1158
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Table 10; Correlation coefficients between
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Site Data Landsat Data Correlation
(PC Scores) (PC Scores) Coefficient

0.8002
0.2904
-.6006
0.4087
0.2173
0.4244
0.0733
~-.0414
0.1365
0.3491
0.4234
0.2852
-.0376
-.0563
~.1369
0.0233
-.1905
0.1616
0.3768
0.1661
-.0415
-.1170
0.2393
0.3107
-.0399
-.1863
-.0813
-.2686
0.0213
0.1126
-.0487
-.1983
-.1073
-.1335
0.0736
=.1737
0.1540
0.2020
-.2996
0.1909
0.1075
0.1821
-.1978
-.0427
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Tablell: Correlation Coefficients Between
the site PC scores and the Landsat
PC scores



87

field data. Only PC1 shows a dominant contribution from any one water
quality parameter and the contribution of conductivity, which is effect-
ive in delineating lake and river water, is not predominant in any prin-

cipal component.

3.4 DISCUSSION OF RESULTS

The spectral response of water varies with wavelength, accord-
ing to the energy - matter interactions taking place. For water bodies,
the interactions are a result of the nature of the water itself and are
further affected by the various conditions of the water.

An indication of the relationship between wavelength and water
penetration using satellite sensing has been shown in some of the work
with LANDSAT 1 data. Lepley, Foster and Everett (1975) estimated depth
penetration for clear water to be 10 metres for band 4, 3 metres for
band 5, 1 metre for band 6 and only 10 cm for band 7.

In the natural world, water bodies are usually not clear but
contain a variety of organic and inorganic materials, some of which
are in suspension. These materials cause scattering and absorption
of incident energy and consequently cause significant variations in
the transmission of energy through water. Specht, et al (1973) showed
that transmittance of water in bays could be reduced as much as tenfold
over ocean water, at certain wavelengths.

The shadeprint of PC1 (in Figure 27) shows what appear to be
distinct sedimentation patterns similar to those seen on the black and
white LANDSAT images and the C1 colour composite. Because the first
principal component is emphasizing infrared bands 6 and 7, depth pene-
tration can be expected to be no more than 0.1 to 0.5 m. Therefore,
what is likely being seen is sedimentation in the surface layers of
the water. The response is most marked where the distributaries from
the Athabasca River enter the lake. Dark channels are clearly appar-
ent where lower sedimentation occurs, as can be seen by comparison to
the suspended sediment data of Figure 9.

The shadeprint of PC2 is similar to that of PC1, except

that the smaller lakes surrounding Lake Athabasca are darker and so
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less reflective, possibly indicating lower sediment levels. This
effect could also be due to absorption by organic bottom material.
For example, the bay west of the Embarras River appears grey, as does
Richardson Lake, the bay east of Big Point Channel and several areas
along the delta front. These areas are all shallow (under one metre)
so penetration of bands 4 and 5 should reach the bottom and result

in a stronger reflected signal. The lack of return could be due to
absorption by organic material. Dark tones on the Cl composite are
found in the same areas. The change in response of the pond on
Bustard lIsland between PC1 and PC2 indicates that there are distinct
bottom effects in these shallow areas which apparently decrease the
response values for bands 4 and 5. Also the sedimentation pattern

in the lake is generally more extensive. Since PC2 emphasizes the
visible bands, likely penetration in this case can be expected to be
no more than a few metres. Thus PC2 is highlighting sedimentation
down to deeper levels than PC1. Because the shadeprint of PC2 corre-
sponds closely with that of PC1, it could be inferred that sediment
near the surface of the water also corresponds closely to the sediment
at deeper levels. Another specific difference on the shadeprint
between PC1 and PC2 is that the responses to the northeast of Bustard
Island appear more dense for PC2 than for PC1. This possibly indicates
more sediment in this area at deeper levels in the lake, which, in
fact, can be seen to some extent in Figure 9.

However, PC2, which emphasizes bands 4 and 5, did not cor-
relate well with the total suspended sediments. Even though the
shadeprints of PC1 and PC2 appear similar, the quantitative response
values at the sample sites must differ significantly. One possibility
is that the poor correlation may be due to the fact that the total
suspended sediments were only taken to a depth of 1.0 m and bands &4
and 5 may penetrate even sediment laden water for several metres.

In particular, because many of the sites are located in shallow water,
and complete penetration may occur, the PC2 scores may be corrupted
by bottom effects.

PC3, which correlates with conductivity, very clearly indenti-
fies the area where the Athabasca River enters the lake. The uniform

pattern that covered almost the entire study area in PC1 and PC2 is gone.
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Since PC3 emphasizes the difference between the two visible bands,
bands 4 and 5, this pattern could indicate an area where the response
exhibits some variation with depth. For example, the pond on Bustard
Island and the small lakes té the north appear dark, indicating little
difference between bands 4 and 5. The bay west of the Embarras River
and Richardson Lake, however, both show higher PC3 responses. The
reason for this is unclear, but could be indicative of the relative
penetration depth of these two bands. The correlation with conduc-
tivity could be due to the different depth penetrating characteristics
of lake and river water associated with their respective sediment
loads.

This analysis has demonstrated that the LANDSAT data and
selected water quality parameters, primarily suspended sediment, cor-
relate quite well. Principal component analysis indicated that addi-
tional relationships existed between conductivity and PC3. Because
of the short project duration and lack of additional synoptic data,
verification of the relationships on an independent data set was not
possible./ Surprisingly, band 5 data did not correlate very well with
the water quality data, although this may be due to the fact that the
field data were only quasi-contemporaneous with the LANDSAT overpass.

As a result of this work, it is possible to review the anal-
ysis of LANDSAT imagery undertaken by Neill, et al (1981) and provide
additional information concerning some of the questions and interpre-
tive difficulties which were presented. The imagery assessed is repro-
duced in Figure 28. The 26 August 1973 C1 composite shows a sharp and
distinct boundary between lake and river water. Winds were westerly
and inflows were similar to those in August 1981 although outflows were
nearly double those experienced in 1981. The possibility that the
muddy blue tone of the inflow was a result of contamination of river
water by sources other than sediment was investigated with Pollution
Control Division of Alberta Environment (Masuda, personal communication).
There were no records of any spills or unusual releases around the time
of the imagery, so this possibility was discounted. It is likely that
the tonal differences simply indicate the boundary between lake and

river water. The sharpness of the boundary is probably due to the
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combined effect of high lake outflow and west winds. There are some
similarities to the August 1981 imagery in that the river water seems
to be seen entering only the Chenal des Quatres Fourches.

The 22 May 1974 C1 composite showed apparent river water
penetrating almost to the north shore. Based on the June 1981 data,
it now seems evident that, particularly for high inflow relative to
outflow, more distant penetration of river water into the lake occurs
and that penetration to the north shore is possible.

The 2 August 1974 band 5 image showed apparently high
turbidity levels in Lake Athabasca whose origins were unclear. It
now appears that this turbidity originates from erosion of islands
and local sand or till areas along the shoreline.

The C1 composite of 1/2 July 1975 raised questions concerning
the bands of dark water originating in 01d Fort Bay and in various
locations along the delta front. While the sources are not completely
clear, it seems from the July 1981 data that part of the explanation
has to do with high volatile dissolved solids concentrations. The
sources along the delta may be due to swamp water or groundwater
discharge. The water in 0ld Fort Bay could also be due to inflows
originating on the Canadian Shield from the Harrison and 0ld Fort
rivers. The 13 September 1978 C1 composite raised a similar gquestion
concerning the reason for the darker water at the east end of the delta.
Rather than being a wind effect, this difference in tone appears to be

due to differing water quality parameters.



August 26, 1973



August 2, 1974

July 1, 1975
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4. MATHEMAT ICAL MODELLING

The previous section has indicated that it is possible to
discern some features of thg mixing and circulation characteristics
in the southwest end of Lake Athabasca from satellite imagery. How-
ever, in order to evaluate these characteristics in a more detailed
or quantitative manner, some type of modelling capability is required.
As previously described, various models for the study area have been
developed but they are generally of the routing type. For example,
the model of Sydor et al (1979) is of the reach-node type, whereby
a number of reaches are inter connected at specified nodes and the
routing computations are performed at each node. This type of model
is well-suited for riverine systems because the reaches (in this case,
the river channels) are usually uniquely defined. However, for lake
systems, this approach is unrealistic because the flow pattern is
predetermined by the reach-node layout. Thus, the modelling phase of
this project was undertaken to investigate the feasibility of employing

more sophisticated modelling techniques.
4.1 THEORETICAL DEVELOPMENT

Mathematical description of the circulation in bodies of
water is governed by the principles of conservation of mass and momentum.
The three dimensional set of differential equations describing such
motion is complex and generally defies analytical or numerical solution
for all but the simplest situations which often find little practical
utility. A solution to these equations can be determined in some cases
by physical modelling, although the shallowness of the area of interest
to this study would require such scale distortion that physical modelling
is probably not feasible. (Descriptions of physical modelling may be
found in Yalin (1971) and ASCE (1978, 1980)). In order to reduce the
complexity of the mathematical problem, simplifying assumptions are
sought which also preserve the main features of the system under consid-
eration, The shallowness of the southwest end of Lake Athabasca lends
itself to consideration of only horizontal motions, which is to say

that variations in the vertical direction are neglected. A description
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of the development of the vertically integrated momentum and continuity
equations can be found in Ippen (1966) or Simons (1980). These

equations can be written as

3g 9q og an
2 +u =+ v—=2 - fz +gh— - T+ P
at X oy Y Ix x
3 3g 3 3q 99
- —e, X . — e, (—2+ —Y) = 0 (x momentum)
X RS ax 4 oy X
9g g g an
___Y_.;.u_...Y. +V__\L +qu+gh——Ts+Tb
at I x dy y Y
0 oG d og 3q
-—_— X — e, (—= + —L) = 0 (y momentum)
sy 7 ay sy Y ey ax

on 3g 97
—_ 4 + —Y = (continuity)
3t Ix 3y

The terms appearing above are:
X, y: co-ordinate directions where x is east and y is north,
h: total depth of flow (m),
n: water surface elevation above some datum (m),
:x,gy: vertically integrated velocities or flow intensity (m3/s/m)
in the x and y directions,
u,v: vertically averaged velocities (m/s) (e.g. u = ;x/h) in the
x and y directions,
f: Coriolis coefficient, (s™!), equal to 2 w sin 0
where w = angular velocity of the earth and ¢ = latitude,
(for Lake Athabasca, f = 0.000124)

g: gravitational acceleration (9.81 m/s?),

v By Cry’ turbulent eddy viscosities (m2/s),

s .
T, ry: wind shear at the surface,
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rb, Tb: bottom shear, and
X Y
t: time.

The surface shear is defined as

s _._2_a 2 4 w2)1/2
TSY . (wx wy) W
where yz is a coefficient approximately equal to 0.0026 (Pollack, 1960)
o, and p are the densities of air and water respectively and W and w
are the wind velocities in the x and y directions at the standard
anemometer height. The value of T; is similarly defined. The bed

stress is defined using the Manning equation as

2¢(.2 2y1/2
b gn”(gy + qx? a,

X h10/3

where n is Manning's roughness coefficient. The value of 13 is
similarly defined.

The above equations were derived by making the assumption
that the pressure is hydrostatic and that density variations are
negligible. These assumptions are not unreasonable given the shallow
depths of the study area. Further, since no vertical stratification
exists, dealing with vertically-integrated velocities is appropriate.
Turbulence has been accounted for by use ofaneddy viscosity approach
wherein the turbulent and spatial deviation from the mean velocity
are represented by an apparent eddy viscosity. Although more
sophisticated approaches are available (Leschziner and Rodi, 1979)
which involve another pair of differential equations describing the
turbulence characteristics, the eddy viscosity formulation was deemed
appropriate for this initial work.

It is instructive to examine the relative magnitudes of

some of the terms of the momentum equation to determine if further

simplification is possible. |In particular, the convective terms
aqx
(i.e. u Fyv ) are examined since their inclusion often poses diffi-

culties in solving the equations. One measure of their relative
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importance is the Rossby number, R, defined as
-

where V is a typical velocity and L is a typical horizontal length
scale. The Rossby number is the ratio of convective (or inertial)
forces to Coriolis forces and a value much greater than unity (i.e. 10)
indicates a dominance of inertial forces while a value much less than
unity (i.e. 0.01) indicates a dominance by Coriolis forces. Typical
values for Lake Athabasca are V = 0.03 m/s and L = 10 km giving a value
for R of 0.02. This would imply that the convective terms could
possibly be neglected. However, in the vicinity of the distributary
channels, velocities can be an order of magnitude larger than that used
above so, in this area, both convective and Coriolis forces can be
significant.

Since the above equations cannot be solved analytically, the
objective is to obtain a numerical solution using a mathematical

model.
4,2 MATHEMAT ICAL MODEL

There are generally two types of mathematical models avail-
able for solution of the equations of motion, these being finite dif-
ference models and finite element models. Finite difference methods
involve overlaying the region of interest in which a solution is to be
obtained by a (usually) regularly spaced mesh of grid points. The
derivatives in the governing equations are then approximated by the
values of the independent variables at each grid point. For example,

a derivative §uch as Ei, with f any unknown variable, could be approxi-

Ix

mated as (f - fi)/Ax where fi+ and fi are values of f at grid points

i+1 1
i+l and i and Ax is the grid spacing. Finite difference models have

been popular for some time (see, for example, Leendertse (1967) or

Ponce and Yabusaki (1981)) but do suffer from some drawbacks, as described
in Wang (1975) for example. The main drawback appears to be the fact
that a regular grid must be used. This poses difficulties in dealing

with the irregular boundaries usually encountered in natural systems.
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More recently, the finite element method has been employed
to analyse circulation problems, for example, in Niemeyer (1979),
Walters and Cheng (1980) and Wang (1975). The finite element method
involves subdividing the domain of interest into discrete elements.
Within each element, the solution is assumed to follow some predeter-
mined distribution, i.e. linear, parabolic etc. The residual so created
is then weighted and the contribution of each element is summed. The
resulting integro-differential equations yield a system of linear
equations which may then be solved using standard numerical techniques.
The advantage of the method lies in the relative ease with which
boundaries can be defined and in the straightforward method in which
boundary conditions can be applied. This type of model was investigated
in this project, based on a model developed by Harrington et al (1978).

Figure 29 shows an idealized solution domain partially sub-
divided into elements. Linear triangles are used as elements mainly
because of their relative simplicity, which results in a linear varia-
tion of the solution field within the element. This variation of
a variable, say p, at any point x, y within the element can be described

as a linear function of the nodal co-ordinates, such that

p = [(ai+bEX+CEY)pi + (aj+bjx+cjy)pj + (a,+b x+cky)pk]/2A

k "k
The parameters a, b and c, above are defined at the nodes i, j and k
such that
TN T Yk
be =y, - Y;
c, = xj - X

and the values for nodes j and k are obtained by a cyclic permutation,
as shown in Figure 30. The area of the triangular element is A and
Pi pj'and pk are the values of p at the nodes. The above equation
can be written more compactly as

p = <N> {p}

where <N> is a row vector, called the shape function, given by



Discretization of Solution Domain
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<N> = <(ai+biX+ciy) (aj+bj+cjy) (ak+bk+cky)>/2A

and {p} is a column vector of the nodal values of p. This formulation
thus permits description of the variation of p within an element given
the nodal values of p. -

In order to obtain a solution to the momentum and continuity
equations, the element-wise continuous function describing the intra- .
element variation is substituted into these equations and a residual is
formed. For example, let L represent the differential operator (i.e.
the original equations) so that the governing equations may be written

as L(qx, qy, n)= 0

For briefness, denote Yy as the set of nodal values of dys qy, n.
Using the shape function and the nodal values of ¥, substitution of

the approximate solution <N> {¢} into L yields

L(<N>{¢}>) = R
where R is the residual created due to the approximation. The residual
is then weighted in some fashion, integrated over the element and set
equal to zero. Using the Galerkin method of weighted residuals (Crandall,
1956), the weighting function is chosen to be the shape function <N>.

Summing the contribution of each element yields

Ene J J <N>I L(<N>{y}) da =0

where ne is the number of elements, dA indicates integration over an
element and a superscript prime denotes the transpose. The integration
yields a set of simultaneous equations which may then be solved for {y}.
In order that L(<N>{y}) is an admissable solution, the values
of ¢ and its derivatives of one order less than those appearing in L
must be continuous across element boundaries (Zienkiewcz (1971)). Thus,
the second order terms in the momentum equation are integrated by parts.
Noting that <N> is only a function of x and y so, for example,
39y _ 3<t> ¢y} and that {4941, {qy} and {n} are only functions of t

ax ax

2{9%} , the finite element formulation can be written as

at ot

such that 32& = <N>
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) (G '
X momentum T J J [:<N> <N> 3lx) + <N> <N>{u} OsN> {9x)
Ne ot 2x

——— !
+ <N>‘ <N>{v} 3<N> {qx} -f<N> <N> {qy] +

3y
i ! !
g <N> <N>{h} 3<N> {n} - <N> <N>{sz} + <N> <N>{Txb}
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3 ax 3y 3y 9%
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e
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ay

!
+ 3<N> ey 3<N>{Ty} + 3<N> Exy [3<N>{qx} + g:ﬂi{qy}J da
9y dy 3x dy dx

' ! ~
- q & )
%e § [:<N> Ey a<N> { y}Qy + <N> Exy [3<N> {1y} + 3<N> { x}J R;] ds

ay 9x ay

t U |
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e
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t
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In these equations, %, and Qy are the direction cosines of the outward
normal, ds signifies integration over a boundary and 9n is the inflow
normal to a boundary side. The overbars indicate values which must be
linearized in some way, as discussed subsequently.

Using linear elements, the above integrals can be readily

evaluated. For example, direct integration yields

”N N> b

' by by by
JJB<N> <N> dA ! b2 b2 b2
ax 6 bj b3 bj

1
2

1

]
[

and

_ - N
[SC N

The advantage of using the flow intensity representation as opposed
to a velocity formulation is manifested in the continuity equation
which is rendered linear in the finite element formulation. Further,
integration by parts of the spatial derivatives in the continuity
equation results in a line integral which allows for easy application
of boundary conditions. Because evaluation of the line integral on
internal segments yields equal but opposite contributions from adjoin-
ing elements, the only non-zero contribution comes from the external
boundaries of the solution domain. Thus, flow boundaries are easily
treated by specifying the discharge integral of the continuity equa-
tion at flow boundaries, designated as B1 in Figure 29.

The integrals are calculated for each element and the con-
tribution of each element is summed or assembled. (See Martin and
Carey (1973) for a complete description of the mechanics of evaluation
and assembly.) The result is a system of simultaneous equations which

can be written as

[P Jtwr + [Kv} = {F)

where [:P:I is the mass matrix containing the assemblage of the inte-
, :
gral of <N> <N> and {y} is the time derivative of {¢}. The vector {F}

contains the wind stress terms and the known flow values along the boundary.
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The surface integrals along boundary segment B2 in Figure 29 in the
momentum equations are neglected since, as described by Walters and
Cheng (1980), their contribution is negligible. The matrix [:K:I con-
tains all the other terms appearing in the formulation.

A solution is achieved by approximating {¢} by a finite

difference in time such that the result is
Lrd w}tﬂ\t +ar [K] Wl = 88 {F}t+A_t+ Lrl bl
2

The matrix [ K | is nonlinear because of the contribution of the con-
vective and bed stress terms in the momentum equations. Linearization
is achieved by using an initial estimate of u and v to evaluate

t+At t+At
[ K] and iterating until successive iterates of {w}t+At do not differ
significantly. The initial estimate of u and v is obtaining using a
predictor based on substituting finite difference approximations into
an Adams Bashford second order predictor (Conte and de Bour, 1965) to

give

= 2.25 ut- 1.5 ut t + 0.25 u

Yt4at -A t-2At

This scheme is implemented after two time steps, a simple linear extra-
polation being used initially. Using the values of u and v at time t

has resulted in instability, necessitating extrapolation.

The fully implicit system then becomes

[A] Whippe = 1F

where EA]
Lrd

[P:[ + At [Kj and

BEAF} i ¥ [p] w3,

Since successive iterates of {y} may be of the same order of
magnitude, significant numerical error may accrue. It is, therefore,

advantageous to solve for the correction to {y} using a Newton

t+At
Raphson procedure such that

A8y} = {6F }



105

Wl - (°
F - y°

where {8y}
{8F}

and the superscript indicates the iteration number. Solution is obtained
by means of Gauss elimination. The iteration continues until the nor-
malized error is less than a specified tolerance, typically 0.1%, with

the error, e, defined as

2
z(8y)
()’

t+At

A separate error is calculated for flow intensity and water surface
elevation since the momentum equations typically require more iterations
than does the continuity equation and a better indication of relative
error is achieved using separate error calculations.

The implicit time integration scheme can shown to be stable

for a simple linear system defined by

dt
by substituting (yt+] - yt)/At for the time derivative and yt+1 for vy
to yieid

Yt (1+At)-yt=0

Assuming a solution of the form Yee1 = Ayt, stability is assured if
[x] < 1. Substitution yields

A= !

1+At

which is unconditionally stable. However, nonlinear instability can
arise due to short wavelength or sub grid size noise. This noise is
damped to some extent by the eddy viscosity terms but because of the
lack of reliable field estimates of appropriate values of eddy viscos-

ity, a second damping technique is incorporated (Ponce, 1981; Wang, 1976).
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This method is a smoothing technique whereby each nodal value, say f,

]
is smoothed to f based on the area A; of the elements surrounding the
node, the average value, fi, of f within each element and the distance,

xi, to the centroid of each element such that

f =af + (1 - a) [E fi Ai/x;:[/[g Ai/x; |

where n is the number of elements surroﬁnding the node and o is a
weighting factor of the order of 0.99. This scheme has the disadvant-
age that it lacks any basis in the physics of the flow phenomenon but
is a velocity averaging mechanism which produces a numerical eddy vis-
cosity which is a function of the spatial discretization of the solu-
tion domain.

The solution is marched in time upon specification of the
initial and boundary conditions. Initial conditions often take the
form of a flat water surface and zero velocities throughout the domain
for lack of other information. Boundary conditions include specifica-
tion of the water surface elevation on a portion of the boundary,
designated B3 in Figure 29. Flows are specified on inflow boundaries
as previously described. On land boundaries, shown as B2 in Figure 29,
the flow is tangential to the boundary. This poses some difficulties
when linear triangles are used because discontinuities arise when the
natural boundaries are curved. As shown in Figure 31, the discontinuity
results in flow leaving one side of the discontinuity and entering the
other side. To minimize this effect, an average direction of the out-
ward normal is specified such that the flow leaving is balanced by the

flow entering. This angle is given by the relationship

tan 6 = Ly - Ly cos ¢

Lo sin ¢

where L; and L, are the lengths of the element sides at the discontinu-
ity and L, the upstream boundary segment when the solution domain is
to the left of the direction of advance. The angles 8 and ¢ are defined

in Figure 31. The flow is made tangential using the method of Gray (197€).
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Thus, if B is the angle of the outward normal from the x axis, the calcul-
ated values of q*x and q*y are adjusted such that the flow is tangential

to the boundary using the relationships

= ® in2 - * i
q, = g%, sin B -gqg y sin B cos B
g = g*_ sinBcosB+ g¥ cos?
y X y y °
4.3 MODEL APPLICATION

The model was first applied to simplified examples to ensure
that there were no programming errors and to assess the stability and
continuity of the model. The first example comprises a rectangular
basin closed at one end and subject to a sinusoidal water level vari-
ation at the other. The analytical solution for this case (lppen, 1966)

is given by

_acos [wlx - L)//gH cos[wtj
cos [ wl/VgH ]

qx=:mgﬁ ﬁn[m&-ﬂ/@mj MnEwt]
cos [um//gﬁ]

where a is the amplitude of the water level variation, wis the fre-
quency of excitation, H is the undisturbed depth and L is the basin
length. The conditions used in the testing were a = 0.1 m, period =
200s,L = 160mand H = 5m. The tests were carried with the channel
aligned along both the x and y axes to ensure there were no program-
ming errors. The results are shown in Figure 32, in which a time step
of 10s was employed. Initial conditions were zero velocities and a
flat water surface. After two cycles, the solution repeated itself
and showed no signs of instability even after ten cycles of computation.
The results were identical for channel alignment along both axes. Some
phase shift is evident and is due to the relatively short period of

the forcing function. Similar phase shifts are reported by Partridge
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and Brebbia (1976) and Wang (1975) and reflect primarily the violation
of the assumptions underlying the analytical solution because of the
relatively steep water surface slopes induced by the short oscillation
. period. )

The second test involved calculation of flow continuity for
the 40% contraction shown in Figure 33. Flow is from the wide end of
the channel to the narrow end. The width changes from 20 m to 12 m and
the depth at the outlet is 1.0 m. The discharge was specified at 12m3/s.
The solution was calculated until a quasi steady state was achieved and
the amount of flow passing each tranverse section was calculated. These
amounts, normalized with the specified discharge, are shown in Figure 33.
Continuity violations did not exceed 5% at any one section and overall
continuity was within 2%. These tests were considered to have verified
the model integrity, although for production purposes, further testing
would be desirable using more complex configurations, for example those
described by Lynch and Gray (1979).

The model was applied to the southwest end of Lake Athabasca
using an idealizeddiscretization shown in Figure 34. This limited lay-
out was used because time constraints did not permit detailed analysis.
As a result, the boundary conditions, because of the proximity of the
boundaries to the area of interest, affect the results to some extent.
The conditions simulated were similar to those encountered during the
June 1981 field trip. The flow from the main body of Lake Athabasca
was set at 300 m3/s distributed uniformly along the upstream boundary.

A discharge of 900m3/swas applied at the location of Big Point Channel
and'300 m3/s at the location of the Embarras River. An outflow of 1500
m3/s was specified at the downstream end. A uniform depth of 3 m was
assumed.

Figure 35 shows the calculated velocity vectors for a north-
east wind of 8.5 m/s imposed on the system. Strong currents directed
towards the outlet and a suppression of the penetration of the Big Point
Channel’discharge is evident. However, boundary effects are evident,
particularly at the east end of the study area where the interaction of
the lake inflow and the Big Point Channel discharge are not properly

developed due to the proximity of the boundary.
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Figure 34. Discretization of Lake Athabasca



Figure 35. Model Resuits, Northeast Wind
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Figure 36 shows the model results for a southeast wind of
8.5 m/s. The movement of water from Big Point Channel in a westerly
direction along the delta front is evident and the flow pattern is
qualitatively similar to that encountered during the September dye
test. The calculated velocities are somewhat higher than those
observed in September but the wind speed of 8.5 m/s used in the model
is also larger than that of 6 m/s measured in September. The model
did not reproduce the stronger north shore current but this is thought
to be a result of the use of a uniform inflow across the lake boundary.

In an effort to reduce the effect of the boundary conditions
on the calculated results, the grid was extended past Bustard lIsland.
The lake inflow was altered so the flow distribution varied linearly
from zero to 01d Fort Bay at the south east corner to a maximum near
Burntwood Island and retained the total inflow of 300 m3/s. The model
was run with no wind and the results are shown in Figure 37. The most
obvious difference between the measured and observed results is the
clockwise circulation around Bustard Island. This is due to insufficient
inflow from the lake at the northern part of the lake boundary to
suppress the deflection of currents from the north shore. |In addition,
a portion of the lake was excluded from the simulation and it appears
that further refinement of the lake inflow distribution is necessary.
The counter clockwise circulation east of Big Point Channel which was
observed during July and August was reproduced as was penetration of
river water to the north shore. There are some indications of possible
instability in the western end of the lake which could be due to the
strong gradients which exist and the inability of the relatively coarse
grid to resolve them.

For application purposes, further verification of the model
should be undertaken to completely test and verify all the options.
Since the model was developed as a research tool, some programming
inefficiencies may exist which should be examined prior to production

run implementation.



Figure 36. Model Results, Southeast Wind



Figure 37. Model Results, No Wind
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5. CONCLUSIONS AND RECOMMENDATIONS

This project was undertaken to evaluate the use of LANDSAT
imagery for discerning water‘quality variations and to implement a
mathematical circulation model of the southwest end of Lake Athabasca.
To achieve these objectives considerable field data were acquired
which provided clarification of some of the aspects of the circulation
characteristics of the study area. The conclusions can be grouped into
three categories: 1) circulation patterns and water quality; 2) satel-

lite imagery and 3) mathematical modelling.
5.1 CIRCULATION PATTERNS AND WATER QUALITY

This study has indicated that water from the Athabasca River
distributary channels can extend further into the southwest end of
Lake Athabasca than had been previously thought. For moderately high
inflow to outflow ratios, river water can reach the north éhore of the
lake. In addition, river water was found up to 20 km northeast of Big
Point Channel. The results also indicated that the Embarras River and
Fletcher Channel water was found primarily in the Chenal des Quatre
Fourches while the Riviere des Rochers tended to comprise water from
Big Point Channel and lake water. In terms of environmental impact,
the extent of influence from contaminants introduced via the Athabasca
River can be better delineated as a result of this work.

The winter work was undertaken under conditions of very low
flow so extrapolation of the findings to more normal conditions is
tenuous. It was found that of the distributary channels, only Big
Point Channel had any measurable discharge and that lake currents were
very low. Thus, mixing of any contaminant introduced to the system would
be suppressed. The manner in which contaminants were distributed among
the delta channels would play a large role in determining how they would

pass through the system.

The results also indicated that more sediment is derived

from shoreline sand and till deposits than was previously thought.
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As a result, some aspects of interpreting satellite imagery were clari-
fied. It was found that the volatile fraction of the suspended sediment
was relatively small, indicating that the organic content probably does
not significantly affect thé water quality.

The water quality data indicated that the southwest end of
Lake Athabasca does not exhibit any stable stratification. Noevidence
of significant oxygen depletion was found and no diminution of pH values

was observed.
5.2 SATELLITE IMAGERY

The results of the study indicated that only suspended sedi-
ment concentration correlated well with the LANDSAT data. Band 6 pro-
vided the highest correlation while band 5 did not correlate very well
with the raw satellite data. Principal component analysis of the
digital satellite data indicated that PC1, which emphasizes bands 6 and
7, correlated well with suspended sediment. |In addition, PC3, emphasiz-
ing the difference between bands 4 and 5, was strongly related to con-
ductivity. |In addition, PC3 showed similarities to the C1 colour
composite. Thus, it appears that PC3 could prove useful in determining
the distribution of river water in the study area. Because only one set
of field data was available during a satellite overpass, it was not
possible to do any verification analysis with an independent data set.

As a result of these findings, some interpretive questions

raised in a previous study were resolved.
5.3 MATHEMAT ICAL MODELLING

A finite element model capable of solving the vertically
integrated momentum and continuity equations was developed. Applica-
tion of the model to an idealized representation of the southwest end
of Lake Athabasca yielded results similar to those observed in the field.
The model results could be used as input to a mixing model to predict

concentration fields in the study area.
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5.4 RECOMMENDAT I ONS

As a result of this study, the following recommendations for
further work are presented.- Since LANDSAT imagery has been shown to
correlate well with suspended sediment and conductivity, verification
of the relations presented herein could be undertaken. Additional
contemporaneous water quality data would be valuable to achieve proper
verification. These data could be collected either by remote samplers
or field crews. The number of water quality parameters measured could
be greatly reduced based on the results of this work. Application of
the techniques presented in this study could be made to water bodies
in other, more easily accessible, areas of the province.

Further mathematical model development could be undertaken.
Interfacing with existing routing models could provide better defini-
tion of boundary conditions. Development or application of a mixing
model could be carried out to provide detailed descriptions of con-
centration fields.

To assess winter conditions, sampling under the ice could be
undertaken to measure currents and conductivity in order to provide

better definition of the degree to which lake and river water intermix.
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7. APPENDIX

7.1 FIELD DATA

The detailed field measurements are presented as a continu-

ation of the figures presented in chapter 2.



Figure 3. Water Quality Data, June, 1981
(continued from text)
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Figure 6. Water Quality Data, July, 1981
{continued from text)
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Figure 9. Water Quality Data, August, 1981
(continued from text)
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