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ﬁBSTéACT

Long—term suspended sediment con;entration and
load records are available for twenty three Water
Survey of Canada sediment monitoring stations in
the Saskatchewan River basin with drainage areas
ranging from 10 km® to over 300 000 km=. Mean
annual sediment yield is greafest in the western
Albafta Flains along the Oldman and Red Deer Rivers
(over 100 tonnes km™=2 years—1) and tends to
increase downstream along the main rivers until
ma jor reservoirs in Saskatchewan intervene. Average
=ediment concentration shows a similar pattern of
variation to that of yield. Temporal aspects of
suspended sediment transport vary along the
drainage network. The range and skewness of the
yield and concentration duration curves are greater
in the intermediate size basins close to the Rocky
Mountains and in two small basins with Prairie
sources than they are in the large Frairie streams
with Mountain sources and the glacier—-fed upper
North Saskatchewan River. Similarly, infrequent
flows tranmsport a larger proportion of the annual
load in the smaller Foothills and western Flains
basins than in the large Prairie streams because of

differences in drainage area and discharge regime.



INTRODUCTION

Suspended sediment loads and their pattern of
spatial and temporal wvariability have been reported
at a variety of scales from all over the world
(Walling and Webb, 1983). Numerous studies of the
influence of climate, topograbhy, land use,
lithology, basin area and other factors have scought
to predict long—-term fluvial denudation rates as
well as assessing the impact of human activities on
short and long-term erosion rates. However, other
aspects of fluvial sediment transport have received
comparatively little attention. This is true of
some of the temporal aspects of suspended sediment
transport including inter and intra-basin contrasts
in the timing of sediment transpaort and the
relative impartance of events of different
magnitudes and frequencies (Webb and Walling,

13984). In part this is due to the lack of
sufficiently long data records.

In Canada, despite the fact that the Water
Survey of Canada has maintained a national sediment
monitoring program since the early 1360s there have
been few regiocnal summaries of sediment yield.
Ferhaps the best-known naticonal summary of

suspended sediment concentrations and yields is



that prepared by Stichling (1973) using Water
Survey of Canada data. Subsequently Dickinson and
Wall (1977) described contrasts in yield timing
and magnitude-frequency characteristics of selected
basins from several regions across the country.
Attempts to correlate sediment yield with the
physical properties of drainage basins include
FRobinson's (1972) study of basins with a wide range
of drainage areas from across Canada and
McPherson's (1973) study of relatively small basins
in south-western Alberta. In addition, there are
studies of the sediment yield of individual basins
ranging from small mountain catchments (e.g.
McFherson, 1271; Nanson, 1374) to large Flains
rivers sucth as the Fed Deer River (CZampbell, 1377).
However, there are no syntheses comparing spatial
and temporal aspects of suspended sediment
transport over a large area such as a major river
basin. Suspended sediment transport through large
river systems is not only of academic interest but
has more immediate environmental relevance in, for
instance, monitoring and understanding the routing
of sediment-attached pollutants through the
drainage basin. The basic data on sediment
transport is essential background information for

such problems.



The Water Survey of Cénada has operated a
netwark of sediment stations in the Saskatchewan
River basin for over twenty years. The present data
base includes more stations and a longer period of
record than was available to Stichling (1372). This
expanded data base is arguably the best available
for a major Canadian river basin. The Saskatchewan
Rivef basin is also of interest because of the
pronounced contrasts in the physical environment
within the drainage basin between the Rocky
Mountains and the Prairies and also because issues
of water quality and water supply, as well as the
physical aspects of erosion and sedimentation, are
of great importance to the region. This paper
summarizes the patterns of long—-term suspended
sediment load and yield, as well as differences in
regime and the magnitude-frequency characteristics
of suspended sediment transport between stream= in
the Saskatchewan River basin. Further details are

contained in Ashmare (138E).

PHYSICAL GEOGRAPHY OF THE SASKATCHEWAN RIVER BASIN

The Saskatchewan River drains an area of
approximately 383 000 km= extending from the
continental divide to Lake Winnipeg (Figure la).

The two branches of the river, the North and South



Saskatchewan Rivers, origihate in the Rocky
Mountains and flow eastward through the Foothills
and across the Alberta and Saskatchewan Plains
before Jjoining in central Saskatchewan. In eastern
Saskatchewan and western Manitoba the Saskatchewan
River flows through the Cumberland Delta area
upstream of Cedar Lake. This bartian aof the lower
Saskétchewan River is a complex anastamosed channel
network (Kuiper, 1360; Smith, 1383). Much of the
sediment locad is deposited in Cedar Lake which is
linked to Lake Winnipeg by a short bedrock channel.
There are few natural lakes along the main streams
of the basin except in the Cumberland Delta and and
the extreme north—-eastern portion of the basin
bordering the Canadian Shield. However, there are
several reservoirs, most importantly Lake
Diefenbaker and Taobin Lake, which influence the
flow regime of the rivers and are important
sediment traps.

A large proportion of the basin area is ccoccupied
by the Alberta and Saskat:chewan Flains but the
FRocky Mountains and Foothills along the western
margin of the basin not only present a strong
physiographic contrast to the Plains but are also
the major scource of runoff in the basin (Figure 1b

and d). For example, mean annual flow of the North



Saskatchewan River, Red Deer River, Bow River and
Oldman River in western Alberta is equivalent to
About 70%Z of the mean annual flaow of the
Saskatchewan River at The Pas, Manitoba.

Mean annual precipitation is lowest in the
central portion of the basin where it averages less
than 300mm. This increases no}thward and easuward
to aover 400mm and increases rapidly to over 800mm
towards the western margin of the basin. A similar
spatial pattern is seen in the mean annual runoff
which averages less than Smm in parts of south-
eastern Saskatchewan and exceeds 1000mm in the
Focky Mountains (Figure 1c).

The Rocky Mountains and Foothills are formed by
eastward thrusting and folding of the bedrock to
form a series of parallel ridges trending roughly
NW - SE. The lower slopes and valley bottoms are
often mantled with glacial, fluvioc—glacial and
lacustrine deposits into which the contemporary
streams are eroded and which are important sources
of sediment (Hudscon, 1983). Locally sediment yields
may be extremely high (McPherson, 1371) but along
the main river valleys there are often depositicnal
zones ( for example, upstream of tributary alluvial
fans ) which may trap much of the sediment eroded

from upstream (Shaw and Kellerhals, 1982).



The low relief of the Alberta and Saskatchewan
Plains has resulted in large areas qf poarly
integrated drainage which do not contribute water
or sediment to the main stream system. The main
rivers are incised into the glacial deposits and
ercdible Cretaceous sandstone’ clay and shale that
underly the Prairie surface. The steep valley sides
are often subject to gullying and mass movement and
consequently may be the most important sediment
sources in the basin (Campbell, 1977).

While the Focky Mountains and Foothills as well
as the north western portions of the FPlains retain
a forest cover up to an altitude of about Z0O00 m,
much of the natural grassland and parkland of the
Frairie portion of the basin has been replaced by

arable and grazing land (Figure le).

DATA

Since 13961 the Water Survey of Canada has
routinely collected suspended sediment samples at
hydrometric stations in Canada. Samples are
collected using standard U.S.5.S5. depth integrated
suspended sediment samplers at a single vertical in
the rated cross section (Stichling, 1373). There
are 112 stations in the Saskatchewan River basin at

which sediment samples have been collected.



However, the period and ffequency of sampling
varies greatly between sites and only twenty or
thirty stations may be active in a inen year.
Sixty four of these stations have oniy infrequent
sampiing programs in which only a few samples per
yeaar are collected and no calculations of load are
made. These stations have not‘been used in the
analysis.

The remaining stations have sampling programs
which caover either the entire year or the open
water seascon (March ar April to October) with
sample collection every few days under normal
conditions and maore frequently during high flow
pericds. A continuous plot of suspended sediment
concentration is interpolated by hand between
samples based on interpretation of the discharge
record. The daily mean concentration and daily load
are then calculated. This method differs fraom the
suspended sediment rating curve used in many
suspended sediment studies.

Several of these stations have sediment records
which are too short (three years or less) to give
reliable long-term lcad estimates, therefore this
paper concentrates on twenty three stations with
long-term records several, of which were

established at the inception of the national



10
program in the early 1360s. These stations are
listed in Table 1 and their location is shown in
Figure 2. Their drainage areas range from less than
10 km® to over 300 000 km=.

Nine of the stations shown in Figure Z are
situated on the main rivers of the basin several
hundred kilametres east aof thé Rocky Mountains. A
second group of eleven stations consists of streams
in the Rocky Mountains and Foothills and on the
Alberta Plains claose to their western margin. Most
of these are on major tributaries of the stream
system (Oldman River, Willow Creek, Elbow River,
Bow River, llighwood River, FEed Deer River and North
Saskatchewan River) but Marmot Creek is a small
evperimental basin in the Front Eanges of the Rocky
Mountains. The remaining two stations are situated
on streams with their sources on the Frairies

(Swift Current Creek and Carrct River).

SEAGONAL, SEDIMENT LOAD

It is not passible to calculate the mean annual
sediment load for the pericd of record at all the
stations because in some cases data have been
collected only during the open water season. In the
cases where year-round sampling has cccurred the

sediment load transported during winter (November
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to March) accounts, on average, for less than 5%
and as little as 0.5% of the annual load. Assuming
this applies to the remaining statiéns the seasaonal
(April to October) load is a close appraximation to
the annual leoad. In two cases (Bow River at Calgary
and South Saskatchewan River at Saskatoon) flow
regulation at upstream dams hés increased the
proportion of the annual load carried during
winter. At these twz staticons the annual loads have
been used. Table 2 displays the seascnal suspended
sediment loads together with the standard ervor of
the estimate of the mean and the skewness
Lima/mz)=7= where m= and mz are the second and
third moments of the frequency distributionl of the
distribution of annual loads. Variability in
seasonal load, as shown by the standard error of
the estimate of the mean, is considerable. Thus,
the standard erraor ranges from 6.1% to 61.3% of the
mean and tends to be greater for the smaller
Mountain and Foothills streams than for the large
Frairie streams. Differences in the length of
record are responsible for some ofr these
di fferences. The Mountain and Foothills streams, as
well as the two Prairie source streams, also tend
to have greater positive skewness of the annual

load series than do the large Prairie streams.
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Figure 3 shows the seasonal sediment load at the
sediment st;bions in the Saskatchewan River basin.
Frior to the construction of the Gardiner Dam
(completed in 1963) on the Scouth Saskatchewan River
the mean annual suspended sediment load of the
Saskatchewan River upstream of the Cumberland Delta
was approximately 9 million tonnes. Northwest
Hydraulic Consultants (1386) estimated that the
mean annual at The Pas was 4 million tonnes, but
there are few data on which to base this figure.
Fegardless, despite a considerable amount of
depositicon in the Cumberland Delta, a significant
load reached Cedar Lake. 0Of the 9 million tonnes
per year carvied by the Saskatchewan River,
appraoximately one third was derived from the North
Saskatchewan River and two thirds from the Scuth
Saskatchewan River.

The construction of the Gardiner Dam has
obviously had an impact on the sediment locad of the
rivers downstream. Much of the load of the South
Saskatchewan River is derived from the Alberta
portion of the basin and is now depaosited in Lake
Diefenbaker (Yuzyk, 1383). Thus the mean annual
load at Saskatoon (downstream of the Gardiner Dam)
is now less than 0.3 million tonnes (see alsa,

Rasid, 1979) compared with an estimated 6 million
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tonnes prior to the dam cénstruction. At the same
time the Sguaw Rapids Dam (Tabin Laﬁe), completed
in 1962 on the Saskatchewan River tfaps the load of
the North Saskatchewan River before it reaches the
Cumberland Delta. Yet despite the presence af these
two reservoirs, the Saskatchewan River at The Pas
still transports a mean annuai sediment load of 2
million tonnes, derived from the basin downstream
of Tobin Lake. The contribution of the tributaries
in this portion of the basin is not known but mast
of them drain Shield areas through a series of
lakes and are unlikely to carry significant loads.
The Carrot Fiver accounts for a small proportion of
the load but much of the remainder must be derived
from the Saskatchewan River itself by bank and lake
shoreline erosion in the Cumberland Delta region.

The absence of long—term sediment staticns in
the North Saskatchewan River basin between
Whirlpool FPoint and Frince Albert makes it
impossible to establish the pattern of sediment
contribution within that portion of the basin. In
the case of the Scuth Saskatchewan River, of the
mean annual locad of € millicn tonnes deposited in
Lake Diefenbaker, approximately Z.0 millicon tonnes
is delivered from the Fed Deer REiver basin and 1.5

million tonnes from the Oldman Fiver basin. The
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contribution of the Bow Rgver canncot be reliably
estimated from the existing station_network. The
discrepéncy between the combined loéds af the South
Saskatchewan River at Highway #41 (0S5SAK001) and the
Fed Deer River near Bindloss (OSCKOO04) with that of
the South Saskatchewan River downstream of the Red
Deer River confluence (near Lémsford, OSHEOO1)

arisés because of differences in the pericd of

record between the three stations. When the 1oads

for the common period 1967 to 13970 are compared the

combined mean seasonal load of the REed Deer and
South Saskatchewan River upstream of their
confluence is 6.6 million tonnes compared with 7
million tonnes downstream of the confluence.

In both the Oldman and Red Deer rivers much of
the annual sediment load is contributed in the
Alberta Flains region. In the case of the Red Deer
Fiver over 90% (l.é million tonnes of the tatal of
2.0 million tonnes) of the mean annual load at
Bindloss (OSCKQO4) is derived fraom the portion of
the basin downstream of FEed Deer (see also
Campbell, 1977). Similarly, approximately 82% of
the mean annual load of the 0Oldman River at
Lethbridge (0OS5AD0O07) is derived from the basin
downstream of Brocket. This contrasts with annual

flow caontributions of about 25-320% of the teotal in



both cases. The badlands éf the Red Deer River
valley are known to contribute largg amounts of
sediment to the main stream and Eimflar riparian
sources also are likely to be important in the
Oldman River basin (Kuiper, 1960).

Figure 4 plots the cumulative deviation from
the mean seasonal locad over tﬁe period of record at
représentative stations on the major rivers of the
Saskatchewan River basin. The pattern of variation
is similar in all cases. The period from the early
19€0s to the mid 1370s is one of above average
sediment loads while after 1975 a periocd of
consistently below average loads cccurred. The
variation in annual sediment load necessarily
follows that of annual flow. The fact that the
pattern of variation is similar on all the major
rivers of the drainage basin suggests that it is
primarily the result of natural flow variation
rather than flow reqgqulation and abstractiaon. This
trend in mean annual load over the 20 year period
from 13962 to 1383 again raises the difficulty of
comparing average load and yield between stations

with differing periods of record.

ANNUAL SEDIMENT YIELD

It is well—-known that sediment yield is highly
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spatially variable and thaf the use of sediment
yield as a measure of average denudation in a large
drainage basin gives a misleading impression of
spatial uniformity. Nevertheless, the mean annual
sediment yield of a drainage basin remains a useful
means of standardising the sediment locad of streams
with differing drainage basinhareas.

In the Saskatchewan River basin the definition
of the drainage area is problematic because of the
presence of large areas of internally drained land
on the Frairies. The Frairie Farm REehabilitation
Administration (13832) calculated the area of
internally drained land ("dead" drainage area)
upstream of each Water Survey of Canada gauging
station, from 1:50 000 topographic maps. When
subtracted fraom the total drainage area within the
drainage divide, the resulting "effective" area
gives an estimate of the area contributing runcff,
and therefaore potentially contributing sediment, to
the main stream system. The effective area was used
to calculate the sediment yield although in saome
cases the drainage area upstream of lakes and
reservoirs was also subtracted. The drainage area
calculated as a result of these adjustments is
referred to here as the potential sediment

contributing area.
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Figure S shows the patéern of sediment yield.
There is a general tendency for the smaller
headwater basins in the Rocky Mmuntgins and
Foothills to have relatively low yields and for
yields to increase downstream into the western
Flains region. The high yield from the glacierised
upper North Saskatchewan River basin (at Whirlpool
Poinf, 05DA00OT) is an exception. Further downstream
yields decrease slightly. The conseguence of this
pattern is that, when plotted against drainage
area, sediment yield shows a positive coarrelation
with drainage area (Figure &). Hudson (1383)
describes a similar pattern for the Elbow River as
it flows fram the Rocky Mountains through the
Foothills and out onto the Alberta Flains.

Existing data on the relaticnship between
drainage area and sediment delivery ratioc (see, for
example, Walling and Webb, 1983,Figure 4.8) imply
that sediment yield declines with increasing
drainage area. However, these results are derived
from basins with drainage areas less than 1000 km=
in presumably fairly uniform terrain. In much
larger basins in which there may be large contrasts
in geology, land use and relief it is to be
expected that the relationship between sediment

yield and drainage area would have a different form
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depending on the arrangeméﬁt of major sediment
source areas and sinks within the dtainage basin .
A more realistic model in such caseé would be
cone of fluctuating load and yield downstream along
the stream system in response to the juxtapaosition
af both point and non—-point sources and sinks such
as lakes and reservoirs. In tﬁis case the steep-
sidea valleys entrenched into glacial deposits and
weak bedrock of the Plains are primarily
responsible for the increase in sediment yield in
the Alberta Plains area and hence for the increase
in yield downstream along the main rivers.

In most cases it is possible to calculate the
mean annual sediment yield separately for the
portions of each drainage basin between adjacent
sediment statiocns on the same river. The result
of doing so (Figure 7) is that the relationship
between yield and drainage area is less apparent
and instead there is a distinction between a group
of stations with yields less than 40 tonnes km—=
years—*' and a second group with yields over S0
tonnes km== years—*. The first group are mainly
relatively small Mountain and Foothills catchments
while the second group consists primarily of larger
Flains rivers. This confirms the significance of

the sediment scources in the western Flains to the



variation in yield along the main streams of the

drainage basin.

AVERAGE ANNUAL CONCENTRATION

An alternative to standardising the sediment
loads of rivers with different drainage areas is to
consider the load relative ta‘the average annual
flow., The ratio of mean annual load to mean annual
flow volume is in effect a concentration and here
is referred to as the average annual concentration.
Figure 8 shows the pattern of variation of average
annual concentration at the long term sediment
stations in the basin.

The contrast between relatively laow
concentrations in the Mountain and Foothills
streams and the high concentrations in the
Alberta Flains portion of the basin parallels the
pattern of variation of sediment yield.
Concentration is also relatively high in the twa
streams with Frairie sources (Swift Current
Creek and Carrot FEiver). The effect of the
reservolirs in reducing suspended sediment
concentration in the Bow Fiver at Calgary
(OSBHOO4), the South Saskatchewan Eiver at
Saskatoon (0OSHGOO1) and the Saskatchewan River

downstream of Tobin Lake (QSEDOOZ) is alss
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apparent.

Concentration is highest in the downstream
portion of the FEed Deer River presumably as a
result of sediment ercded from the badlands along
this portion of the valley. Although sediment
vield appears to be greater on the Oldman Eiver
upstream of Lethbridge than ag the Red Deer River,
average concentration is lower in the Oldman Eiver.
Notice also that the average annual concentraticn
is relatively low in the upper North Saskatchewan
River at Whirlpool Foint in contrast to the high

yield recorded at this site.

ANNUAL SEDIMENT REGIME

The time distribution of suspended sediment 1cad
at a station is strongly dependent on the discharge
regime but is alsoc influenced by variaticon in
concentration which, while positively correl ated
with discharge, is indirectly related to it. The
annual discharge regimes, and therefore the
suspended sediment regimes, of the streams of the
Saskatchewan River basin are influenced by whether
the stream has a Frairie or Mountain source and, if
the latter, by the distance of the station from the
Mountains. Figure 9 shows examples of flow and

sediment regimes based on average monthly flow and



load over the periocd of r;cnrd which illustrate
this point.

Marmot Creek is a small (3 km=) éxperimental
basin in the Rocky Mountain Front Ranges at an
elevation of over 1600m. Both runoff and sediment
regime show a single peak in June. In the case aof
sediment load June is by far fhe dominant month.
The drainage basin of the Highwood River includes
areas of the Rocky Mountains, Foothills and the
western Flains. Here again discharge and load are
highest in June but runoff from lower altitudes
contributes to significant flow and sediment locad
in May and to a lesser extent in April.

This pattern of a single peak in early summer
prevails further downstream along the larger rivers
with Mountain sources. In some instances where the
station is several hundred kilometres from the
Mountains the peak is delayed until early July. The
North Saskatchewan River at Mrince Albert shows
this effect and also has a second smaller peak in
April resulting from the contribution of flow and
load from Frairie rivers such as the Battle River.
Bince 1275 flow regulation for power generation
upstream has resulted in the April peak becoming
the dominant sediment transporting event at this

station (Ashmore, 13987).




The regime of the Prairga source streams is
illustrated by Swift Surrent Creek which has a
single beak in April due to Prairie.snowmelt and
negligible load throughout the remainder of the
year.

The North Saskatchewan River at Whirlpool Point
has a regime that is influenced by glacier melt.
The fesult is that in contrast to Marmot Creek it
has a prolonged summer flow and load peak from May
to September with maximum average load in July.

When mean monthly load is plotted against mean
monthly discharge the resulting graph shows
hysteresis in the relationship such that, in maost
cases, load is greater at a given discharge on the
rising limb of the annual hydrograph than at the
same discharge on the fallinmg limb (Figure 10).
Such seasonal wvariation in concentration is
normally attributed to flushing of the sediment
sources close to the stream system by the early
season high discharges and to differences in the
relative contribution of high concentration
quickflow and low concentration base flow on the
rising and falling limbs of the annual hydrograph
(Gregory and Walling, 1973). The Highwood River
near the mouth and the South Saskatchewan River at

Highway 41 both show a simple clockwise loop.
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However, in other caseé the pattern is more
complex. For example the North Saskgtchewan Fiver
at Frince Albert has a loop with two peaks at high
discharge reflecting the April and July peaks in
the annual regime. In addition the North
Saskatchewan River has a counter-clockwise loop at
low discharges which may be dﬁe to the release of
wate% for power generation from upstream reservairs
resulting in slightly higher discharges with very
low sediment concentration during December,

January and February. The complex hysteresis
pattern aof the Socuth Saskatchewan Eiver at
Saskatoon illustrates the impact that upstream flow
regulation has on the sediment regime of some

portions of the stream system.

DURATION CURVES OF DAILY CONCENTRATION AND YIELD

Table 2 shows the values of graphical dispersion
and graphical skewness {[1/399] and logl(1x%33)/30=]
respectively, where the numbers are percentiles of
the distribution? of the daily concentration and
daily yield duration curve. Selected examples of
these curves, showing the range of variation in
their form, are displayed in Figures 11 and 1Z.
Considerable variability is apparent in the

dispersion and skewness of the distributions as



well as the actual values of concentration and
yvield.

The daily yield duration curves show the
difference in yield between the upstream Mountain
basins and the downstream Flains streams that was
discussed in the section on annual sediment yield.
Apart from these differences,’the duration curves
from different parts of the basin can also be
distinguished on the basis of their shape, as
defined by araphical measures of skewness and
dispersion. For example, the intermediate size
basins in western Alberta such as the Oldman River,
Willow Creek, the Elbow River and The Highwood
Fiver have duration curves with large dispersian
and high positive skewness. This can be seen in
Figure 11 in the curves faor the Oldman Eiver near
Brocket and nmear Lethbridge. The same is true of
Swift Current Creek, a relatively small stream fed
entirely by Frairie runoff.

By comparison with the smaller Foothills and
wastern FPlains basins the large Prairie streams
such as the North Saskatchewan Eiver at Prince
Albert, as well as some of the Mountain streams
(for example the Crowsnest River), have smaller
values aof graphical dispersic, and skewness. In two

cases the duration curves are negatively skewed.
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The first of these is the‘Narth Saskatchewan River
at Whirlpool Foint whose glacial regime has already
been shown to be distinct in other fespects and the
second is the Saskatchewan Eiver at The Fas in
which flow is strongly regulated by natural 1akes
and by reservoirs. The general pattern downstream
along the main streams is for‘skewness and
dispersion to be relatively low in the small
Mountain streams, to increase at the western margin
af the FPlains and then to decrease downstream.

A similar spatial pattern canm be seen in the
daily concentration duration curves (Figure 12).
Notice again that the daily duration curves show
the same general pattern of variation of average
concentration as the mean annual concentration.
Thus, the concentration tends to increase
downstream along the main rivers and the Eed Deer
Fiver at Bindloss has consistently higher
concentrations across the whole duration curve than
any other station. There are alsc differences in
the shapes of the duration cuwrves. Mountain streams
(for example Crowsnest River) are characterised by
low dispersion and skewness which are both greater
downstream at the stations on streams in the
western Plains such as those on the Oldman River,

Willow Creek, the Elbow River, the Highwood River



and the upstream stations an the Red Deer River.
The duration curves for the Prairie source streams
rsuch as Swift Current Creek are simiiar to those
from the western Plains stations.

Further downstream along the main rivers the
skewness and dispersion of the duration curves tend
to decrease again (for example, see the curve for
the Narth Saskatchewan Fiver at Prince Albert). In
some cases this effect is enhanced by the presence
upstream of lakes and reservoirs (for example, the
Saskatchewan River at The Fas). Thus, while
concentrations at the 95th percentile are greater
in the large FPlains rivers than in the smaller
rivers closer to the mountains, the concenlrations

at the Sth percentile of the duration curves are

greater in the smaller western Flains streams than

they are further downstream.

Table 4 lists average maximum 4 consecutive day
and 3& consecutive day loads as a percentage of the
seasonal load. Because only a small fraction of the
total load is transported during winter these
values are approximately equivalent to proportions
of the annual load and therefore represent 1% and

10% of the time respectively. The highest four



consecutive day load rangés from 4 to 40% of the
seasonal total lead is and averages about 204 for
the stations analysed. For individuél years the
range is éreater than this with a maximum of 72%
Willow Creek) and a minimum of 2.9% (Saskatchewan
Fiver below Tobin Lake). The highest 36 consecutive
days account for between Z5% and 30%Z of the
seasonal total load and in some years approaches
100% in Swift Current Creek and the Carrot River.
Generally speaking the highest proporticonal 4
and 36 day loads occur in the streams draining the
Focky Mountains and Foothills (the Oldman River,
Willow Creek, the Elbow River, the Highwood River
and the upper Fed Deer FEiver) and alsc in the two
Frairie source sitreams (Swift Current Creek and the
Carrot Fiver). The larger mainstem Frairie rivers,
as well as those strongly influenced by upstream
flow regulation (Bow River at Calgary, South
Saskatchewan River at Saskatoon and Saskabtchewan
Fiver below Tobin Lake), have much lower
proparticns of the total load transported during
short time pericds. The glacier—fed Narth
Saskatchewan River at Whirlpool Point also has
relatively small sediment lcads transported by peak

annual events.

Figure 13 shows some examples of cumulative load
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duration curves from the innguterm stations. Index
values from these and the cther long-term stations
are given in Table 5. The pattern of variation
between staticns is similar to that for the 4 and
26 day lcads. Greater proportions of the total load
are transported by short duration events in the
eastern slopes streams (partiﬁularly the Oldman
Rive% and Willaow Creek) and in the Frairie-scurce
streams (Swift Current Creek), than in the large
Frairie rivers (Scuth Saskatchewan River at Highway
41 and near Lemsford and the REed Deer River near
Bindloss). The consequence is that the proportion
af the total load transported in a given percentage
of the time decreases downstream along the main
rivers. For example, along the Oldman RFiver the
percentage of the total load transported in 0.1%

of the time decreases downstream from Z0% at
Brocket, to 184 at Lethbridge, 8% at Highway 41, 4%
near Lemsford, and 2% at Outloock. A similar pattern
can be seen on the Red Deer River. The curve for
the glacier—-fed upper North Saskatchewan River
resembles those of the main-stem Prairie streams.
It should be pointed out that these percentage
loads in percent time are calculated for seascnal
data only (i.e. for the period April to October) sa

that the staticns with only seascnal data could be



inzluded in the analysis. On average 394 of the
annual load is transported during the open-water
season and therefore, if the calculations were
made for the whole year the percentage of the
annual load transported in a given percentage of
the time would be greater than reported here.

This pattern of changing m;gnitudEHfrequency
characteristics across the drainage basin is
similar to that shown by Dickinson and Wall (13977)
in their analysis of regional differences in Canada
(see their Figure &) except that their Frairie-
sowrce streams plot to the right of the large
Frairie streams with Mountain sources rather than
on the extreme left as in Figure 132. The
explanation for this difference may lie in
Dickinson and Wall's (13977) choice of FPrairie-—
source streams. It is possible that the large
streams such as the Fed River or Assiniboine River
in Manitoba have cumulative duration curves of the
form shown by Dillinson and Wall (13977) far
Frairie-source streams.

The differences in the relative significance of
short duration events in the total sediment lead of
these streams may be related tao differences in
drainage area as well as the hydralogical regimes

(Wolman and Miller,1960). Thus, the eastern slcocpes
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have annual regimes in whiﬁh a large proportion of
the annual lcad is transported in only one or two
months (usually May and Juned. Simiiarly the annual
regimes of the Frairie-source streams are dominated
by a single spring runcff event. In caontrast, the
large Frairie streams have spring and summeyr peak
load periods of longer duratian than either of the
previous two groups. In addition, it is likely that
the smaller basins are more strongly affected by
intense storms that cover a limited area than are
the large Frairie basins.

The possible influence of differences in the
discharge regime on the magnitude-freqgquency
characteristics of sediment transport can be seen
in Figure 14. Here the percentage of the seasonal
total load transported by the highest 1% of daily
loads is plotted against the graphical dispersion
and skewness of the daily flow duration curve.
There is a clear positive correlation between the
proportion of the seasonal load transported in 1%
of the time and both the dispersion and skewness of
the flow duration curve. Fresumably these
di fferences in flow regime and discharge duration
may in turn be related to drainage area, and octher
physical properties of the drainage basins as well

as to differences in the precipitation and snow-—



melt inputs to the streams. Explanation of the
di fferences in temporal patterns of sediment
transpaft in these terms has not been attempted but

is an important future step.

SUMMARY AND CONCLUSIONS

The suspended sediment traﬁaport characteristics
of séreams in the Saskatchewan River basin show
considerable variation across the basin because of
differences in geclagy, physiocgraphy, hydrological
regime and drainage area.

Estimates of mean annual sediment locad are not
directly comparable between stations because of
differences in the length and periocd of record.
However, the estimates indicate that prior to the
construction of the Gardiner Dam on the South
Saskatchewan River and the Squaw Rapids Dam on the
Saskatchewan River, the combined mean annual 1load
of the North and South Saskatchewan Rivers was
about 3 millicn tonnes of which about two thirds
was derived from the South Saskatchewan River. The
Fed Deer River badlands and Oldman River basin
upstream of Lethbridge account for a large
proportion of the load of the South Saskatchewan
Fiver. Since the construction of the two dams, the

load of the South Saskatchewan River has been
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deposited in Lake Diefenbaker and that of the North
Saskatchewan River in Tobin Lake. Nevertheless, the
Saskatchewan River at The Pas stillrtransparts an
average of slightly over 2 million tonnes per year
most of which apparently is derived from banmk and
lake shoreline erosion in the Cumberland Delta.
Mean annual sediment yield’increases downstream
along the major rivers between the Rocky Mountains
and the Saskatchewan Plains. The highest yields are
recorded along the lower Eed Deer River and Oldman
Fivers. The high yield from the upper North
Saskatchewan River which receives a large flow
contribution from glacial melt is an exception to
this pattern. The pattern of sediment yield along

the Saskatchewan portions of the main rivers is

disturbed by the presence of the large reservairs.
There is a tendency among the stations analysed

for mean annual yield to increase with increasing

drainage area because of the large amount of
sediment contributed from the FPlains portions of
the Fed Deer and Oldman RFiver basins compared to
that supplied from the Mountain and Foothills
portions of these basins. This is contrary to the
decrease in yield with area normally found in
fairly small agricultural basins. In the case of

these much larger basins the changes in yield



across geclogical and physiographic boundaries and
the cccurrence of sediment traps such as reservoirs
leads to a more variable pattern cf-downstream
changes in sediment yield.

The annual sediment regime of a stream closely
follows the discharge regime stream except that
sediment transport peaks tend to be more pronounced
and ﬁf shorter duration than the annual peaks in '
discharge. In the Saskatchewan River basin the
annual sediment regime changes downstream along the
main streams. Generally, close to the Rocky
Mountains, there is a single peak in May or June
which is responsible for a large proportion of the
annual load. Further downstream on the large
Frairie streams this peal cccurs in June and July
and is often preceeded by a smaller peak in April
due to spring runaff from Prairie tributaries.
These tributaries have almost their entire annual
load concentrated in this one event. These
differences in regime have consequences for the
magnitude and frequency characteristics of sediment
transport in these streams.

The form of the daily concentration and yield
duraticon curves varies acoss the basin. In general
both the measures of graphical dispersion and

skewness for these curves are greatest in the



intermediate size basins Elase to the Rocky
Mountains and in the two small Prai(ie—gource
streams. Downstream along the main rivers, as
drainage area increases, the dispersion and the
skewness decline. Once again the glacier—fed upper
North Saskatchewan River is an exception to this
pattern and has duration curv;s very similar to
those of the large Prairie streams. It is not known
why these differences cccur but they are presumably
related to the hydrolagical characteristics of the
basin as well as to the sediment source dynamics.
The intermediate size basins close to the Rocky
Mountains as well as the small FPrairie-source
streams also tend to have the most skewed
cumulative load duration curves. This means that a
greater proportion of the total sediment load is
transported by short durztion events than is the
case far the larger Prairie streams. For example,
for the seasaonal pericd April to October the
highest 1% of the load duration curve is
responsible for between 40 and 74% of the total
load in the smaller basins and between 12 and 35%
of the load in the large Prairie streams and the
upper North Saskatchewan Fiver. Thus there is a
considerable change in the magnitude-frequency

characteristics of sediment transport downstream
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along the stream system. fﬁis is expected given the
changes in drainage area, topographg and discharge.
regime that cccur along these 5treaﬁs, and agrees

with previous analyses.
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. FIGURE CAPTIONS

Figure 1 Physical Geography of the Saskatchewan Fiver BRasin.
' (a) Drainage system and physicaraphic regions
(b) Relief
(c) Mean annual precipitation

(d) Mean annual runoff

(e) Natural vegetation

kR

Long-Term Water Survey of Canada Sediment Monitoring

Stations

3 Mean seasconal suspended sediment load at WSC sediment
stations

4 Cumulative deviation from the mean annual sediment

load from 19632 to 1383 at selected stations.

t

Mean seasonal suspended sediment yield at WSC

sediment stations.

= Mean seasconal suspended sediment yield versus
potential sediment contributing area. Stations are
identified by abbreviated WSC station numbers.

7 Mean seasonal suspended sediment yield versus

potential sediment contributing area for sub-basins.

Stations are identified by abbreviated WSC station

numbers.

8 Annual load/flow ratic at WSC sediment stations.
9 Annual flow and load regimes for selected stations.
10 Patterns of seasonal hysteresis in the relationship

between monthly flow and monthly load.
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13

14

Daily suspended sediment yield duration curves for

selected stations.

Daily suspended sedimeﬁt sediment concentration
duration curves for selected stations.
Cumulative load duration curves for selected

stations.

42

Felationship between the cumulative proprticon of the

total load transported in 1% of the time and the
dispersion and skewness of the daily discharage

duration curve.
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TA‘I: Long-Term Continuous and Seasonal Sediment Stations in the Saskatchewan River Basin

Station Drai Period of Sediment Record
Station Name Number Area (km") Continuous Seasonal
Crowsnest River at Frank 05AA008 402 1978 1976-77, 1979-80
Oldman River near Waldron's Corner 05AA023 1 440 1977-78 1976, 1979-83
Oldnan River near Brocket 0020 4400 1967-78 196, 1979-83
Willow Creek near Claresholm 05AB021 1100 1965-74 1%4
Willow Creek above Chain Lakes 05AB028 162 1967-77 1965-66
Oldman River near Lethbridge 05AD007 17000  1973-78 1972, 1979-83
South Saskatchewan River at Highway #41 05AK001 66 000 1967-78 1966, 1979-83
Marmot Creek Main Stem near Seebe * 05BFO16 9 1964-78 1963, 1979-83
Bow River at Calgary (058H004 7 80 1973-78 1972, 1981
Elbow River at Bragg Creek 058J004 792 - 1968-69, 1971-75
Highwood River near the mouth 058L024 399 1972-78 1970-71, 1979-80
Red Deer River at Red Deer 05CC002 11 600 1972-73, 1978 1971, 1974-77, 1979-83
Red Deer River at Drumheller 05CE001 24 800 1977-78 1975-76, 1979-83
Red Deer River near Bindloss 05CK004 44 700 19%7-78 1966, 1979-83
South Saskatchewan River near Lemsford 05HBO01 119 000 1962-70 1966
Swift Current Creek near the mouth 05HDO37 3 910 - 1965-72
South Saskatchewan River near Outlook 05HFO01 136 000 - 1948-52, 1955-61
South Saskatchewan River at Saskatoon 05HG001 141 000 1%62-71 1%1
North Saskatchewan River at Whirlpool Point 050A009 1 920 1973-75, 1977-78 1972, 1976, 1979-81
North Saskatchewan River at Prince Albert - 0565001 131 000 1963-75, 1977-78 1958, 1962, 1979-83
Carrot River near Smoky Burn d 05KC001 9 250 - 1972, 1974-79
Saskatchewan River below Tobin Lake 05KDOO3 289 000 1966, 1969-70 1965, 1967-68

tchewan River at The Pas 05001 347 000 1963-1983 1950-61, 1962



TA’Z: Mean Seasonal Sediment Load and Discharge

Station Name

Crowsnest River at Frank

Oldman River near Waldron's Corner
Oldman River near Brocket

Willow Creek near Claresholm

Willow Creek above Chain Lakes

Oldman River near Lethbridge

South Saskatchewan River at Highway #41
Marmot Creek Main Stem near Seebe

Bow River at Calgary

Elbow River at Bragg Creek

Highwood River near the mouth

Red Deer River at Red Deer

Red Deer River at Drumheller

Red Deer River near Bindloss

South Saskatchewan River near Lemsford
Swift Current Creek near the mouth
South Saskatchewan River near Outlook

South Saskatchewan River at Saskatoon

North Saskatchewan River at Whirlpool Point -
North Saskatchewan River at Prince Albert.
Carrot Ri-ver near Smoky Burn

@:tchenan River below Tobin Lake

Saskatchewan River at The Pas

Mean Seasonal

Station Total Discharge ~ Seasonal Sediment Load
Nurber (dam”) Mean (tonnes) Std. error (%) Skewness
05AA008 107 800 2 500 23.2 -0.41
05AA023 307 000 17 000 26.1 1.33
05AA024 1129 000 260 000 28.5 1.66
05AB021 9% 600 53 000 37.0 1.70
05AB028 31 800 6 000 45.2 1.86
05AD007 2015000 1451000 32.5 1.63
05AK001 4492 000 2786 000 18.3 0.%
05BFO16 3 740 25 24,5 2.64
05BH004 2 107 000 28 200 27.6 0.64
05BJ004 226 000 23 300 %.7 0.90
05BL024 561 000 124 000 28.2 0.67
05CC002 1 129 000 213 000 27.4 1.3
05CE001 1 174 000 572 000 20.8 - 0.35
05CK004 1 634 000 2 000 000 18.5 1.05
05HBOO1 7 022 000 6 020 000 18.3 0.21
05HDO37 80 000 67 000 52.2 1.41
05HFOO1 7 831 000 5 270 000 31.6 1.24
05HGOO1(1962-66 6 924 000 2 700 000 19.3 0.18

(1967-71 4 290 000 568 000 61.3 1.42
05DA009 1 480 000 235 000 6.1 -1.50
0565001 6 455 000 3 070 000 20,6 1.33
05KC001 294 000 156 000 3.7 1.9
05KD003 10 820 000 92 000 30.5 1.04
05KJ001 19 060 000 2 110 000 15.7 0.10



TA.3: Graphical Dispersion and Skewness of Daily Sediment Yield and Concentration Duration Curves

Station Name

Crowsnest River at Frank

Oldman River near Waldron's Corner
Oldman River near Brocket

Willow Creek near Claresholm

Willow Creek above Chain Lakes

Oldman River near Lethbridge

South Saskatchewan River at Highway #41
Marmot Creek Main Stem near Seebe

Bow River at Calgary

Elbow River at Bragg Creek

Highwood River near the mouth

Red Deer River at Red Deer

Red Deer River at Drurmheller

Red Deer River near Bindloss

South Saskafchewan River near Lemsford
Swift Current Creek near the mouth

South Saskatchewan River at Saskatoon

North Saskatchewan River at Whirlpool Point .

North Saskatchewan River at Prince Albert

Carrot River near Smoky Burn

Sagkatchewan River at The Pas

Station
Nurber

05AA008
05AA023
05AA024
05AB021
05AB028
05AD007
05AK001
058FO016
05BHO04
058J004
058024
05CC002
05CE001
05CKO04
05HB0O1
05HDO37

05HGO01 (1962-63
(1967-71

05DA009

05GG01
05KCO01
05KJ001

Daily Suspended Sediment

 VYield (thmT)
Dispersion Skewness
23.1 0.95
81.3 1.06
156.6 - 1.41
204.7 1.42
188.1 1,75
139.7 1.79
125.6 0.83
13.5 1,35
18.5 0.95
75.8 1.95
127.8 1.73
123.9 0.90
79.9 0.77
57.1 0.65
48.2 0.41
292.6 2.42
44.0 0.57
97.4 0.41
40.9 -0.85
46.6 1.02
145.1 Lol

18.1

-0,17

Daily Suspended Sedigent

Concentration (mg 177)

Dispersion Skewness
9.3 0.25
14.8 0.9
29.3 0.85
42,2 0.60
24,4 1.00
20.7 111
29.0 0.38
6.2 1.18
8.6 0.56
21.1 1.63
31.8 1.04
29.3 0.73
38.1 0.60
13.5 0.45
12.1 0.03
37.6 1.12
13.2 0.28
11X 0.31
11.0 0.3
8.8 0.41
14,3 0.64
6.9 0.3



TA‘: Percentage of the Seasonal Load Transported During the Higlest Four and Thirty-six Consecutive Days

Mean Percentage of Seasonal Load I’eanPercmtageofSeasmal Loac
Station Transported During Highest Four Transported During Highest Thirt

Station Name Namber  Consecutive Days six Consecutive Days
Crowsnest River at Frank 05AA008 13.7 . 2.7
Oldnan River near Waldron's Corner - 05AA023 22.5 65.3
Oldman River near Brocket 05AA024 ' 28.3 65.8
Willow Creek near Claresholm 05AB021 33.4 67.9
Willow Creek above Chain Lakes 05AB0Z8 39.8 70.2
Jldman River near Lethbridge _ 05AD007 22.7 66.2
South Saskatchewan River at Highway #41 05AK001 19.6 63.7
farmot Creek Main Stem near Seebe 05BF016 22.0 64.5
3ow River at Calgary 058H004 10.2 44,1
-1bow River at Bragg Creek 05BJ004 34.8 87.1
fighwood River near the mouth 058L024 32.4 70.8
ted Deer River at Red Deer 05CC002 24.3 6.6
ed Deer River at Drumheller 05CEQ01 19.6 45,2
ed Deer River near Bindloss 05CKOo4 15.6 43.9
south Saskatchewan River near Lemsford 05HB001 15.7 43.5
wift Current Creek near the mouth (05HDO37 el 0.2
outh Saskatchewan River near Qutlook 05HF001 10,2 41.2
outh Saskatchewan River at Saskatoon 05HGDO1 (1967-71) 10.0 47.9
orth Saskatchewan River at Wnirlpool Point 0SDAOCY 10,6 33.1
orth Saskatchewan River at Prince Albert ) 05GG001 11,7 45.7
arrot River near Smoky Burmn 05KkC001 24.5 84.8
Sas"hewan River below Tobin Lake 05KD003 3.9 24.4

askatchewan River at The Pas 05KJ001 72 35.2
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TABLE 5: I‘!mageoftheSeasona]LoadTramportaiinO.l,larﬁS%ofﬂaeTine

Station Name

Crowsnest River at Frank

Oldman River near Waldron's Corner
Oldman River near Brocket

Willow Creek near Claresholm

Willow Creek above Chain lakes

Oldman River near Lethbridge

South Saskatchewan River at Highway #41
Marmot Creek Main Stem near Seebe

Bow River at Calgary

Elbow River at Bragg Creek

Highwood River near the mouth

Red Deer River at Red Deer

Red Deer River at Drumheller

Red Deer River near Bindloss

South Saskatchewan River near Lemsford
Swift Current Creek near the mouth
South Saskatchewan River near Outlook

South Saskatchewan River at Saskatoon

North Saskatchewan River at Whirlpool Point

North Saskatchewan River at Prince Albert

Carrot River near Smoky Burn
Saskatchewan River below Tobin Lake

S‘tchewan River at The Pas

05AB0Z8
05AD007
05AK001
058FO016
05BH004
058J004
058L024
05CC002
05CE001
05CK004
05HB001
05HDO37
05HFOO1

05HG001 (1962-63
(1967-71

05DA009
056G001
05KC001
05KDO03

05KJ001

Percentage of'Seasaﬂl Load

Transported in Percentage of Time

0.1%

5
18
20
15
20
18

8

15

11

12

1%
30
62
55
55
74
43
35
15

42
42
28
32
23
70

15

50

12

10
12

5%
60
82
8l

91
78
62
65
55
82
78
73
61
63

o2

32
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Mean Monthly Suspended
Sediment Load (tonnes)
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Daily Suspended Sediment Yield (tonnes per km? per year)
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Mean Daily Suspended Sediment Concentration (mg =)
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Cumulative Percentage of Seasonal Total Suspended Sediment Load

Transported by Sediment Flows = Selected Flow
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Percentage of Seasonal Load
Transported in 1% of the Time

Percentage of Seasonal Load
Transported in 1% of the Time
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