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EXECUTIVE SUMMARY
The Milk River Watershed Council Canada (MRWCC) retained AMEC Earth and Environmental
(AMEC) to undertake a study to review Milk River erosion and sedimentation that may result
from a potential future increase in St. Mary River diversion flows into the Milk River. The existing
diversion commenced in 1917, and the effects of the diversion on channel morphology have
previously been examined (Peters, 1910; Blench, 1954; McLean and Beckstead, 1981, 1987;
Bradley). This study attempts to update the original work conducted in the 1980s and to
examine the impact of increased diversion discharges on river morphological processes
(erosion and sedimentation) and the resulting effects on on ice processes, riparian vegetation,
water quality and fisheries.
The design capacity of the St. Mary diversion to the North Fork of the Milk River in Montana was
originally 24.1 m3/s (850 cfs); however, the diversion works have deteriorated to the extent that
the current operating capacity is in the range of 18.4 m3/s to 19.1 m3/s (650 to 675 cfs). Plans
for rehabilitation and possible enlargement of the diversion works are being undertaken with the
possibility that flows will be increased to 28.3 m3/s (1000 cfs) (TD&H Engineering Inc., 2006a
and 2006b; Ryan, 2006). This study investigated future scenarios with diversion capacities of
28.3 m3/s (1000 cfs) and 34.0 m3/s (1200 cfs).
Modelling of the future scenarios by Alberta Environment provided weekly average flows for the
North Milk River, and the Milk River at Milk River (characterizing the gravel bed reach) and at
the Eastern Crossing of the International Boundary (characterizing the sand bed reach). AMEC
then conducted hydrological analyses to determine flow duration curves and flood frequency
curves at these locations. The hydrological assessment concluded that seasonal and peak flood
discharges will increase. An increase of over 50% above historical flows (recorded flows) along
the entire length of the river within Canada in 20% to 30% of the weeks was projected. Peak
flood discharges could increase by as much as 65% beyond present values (for the median
annual flood event on the North Milk River) as a result of increased diversion discharges. The
effects on flood frequencies diminish for greater return period events and for locations further
downstream.
These hydrological results were used to develop and calibrate the U.S. Army Corps of
Engineers Sediment Analysis Model (SAM). The SAM model was used to conduct channel
stability analyses and evaluate the impacts on the Milk River morphology, resulting from: 1) the
existing diversion that has been operating since 1917; and 2) potential St. Mary diversion
increases to 28.3 m3/s or 1,000 cfs and to 34.0 m3/s or 1,200 cfs. The impact of the existing
diversion and potential future diversions on the morphology of the Milk River were assessed by
comparing historical surveys and air photographs as well as utilizing available hydrologic and
suspended sediment data to undertake sediment budget and regime analyses.
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Geomorphological changes to the river resulting from an increase in the diversion discharge to
1000 cfs and to 1200 cfs is expected to have the following effects:
a) For the North Milk River, the mean river width is predicted to increase from 20% to 30% (7 m
to 11 m).
b) For the Milk River Gravel reach, the mean river width is predicted to increase from 10% to
20% (6 m to 12 m).
c) For the downstream Milk River Sand Bed reach, the mean river width is expected to
increase from 15% to 25% (14 m to 23 m).
d) No significant change in depth or slope is estimated for the North Milk River and for the Milk
River Gravel Bed reach.
e) For the Milk River Sand Bed reach, the potential changes to depth and slope are expected to
be incrementally small in relation to the changes that have already occurred as a result of the
historical diversion (the increase in depth is expected to be less than the 0.2 m ‘recorded’
increase, and the channel slope is expected to decrease less than the 10% ‘recorded’
change).
The existing diversion to the Milk River has resulted in channel widening, increased channel
sinuosity, and an increase in cut-off activity immediately following the initiation of the diversion
(McLean and Beckstead, 1981, 1987). A comparison of previous river survey information from
1915 and 1979 / 1980 with the information from river channel cross-section surveys obtained for
this study in 2007 indicates that the channel is still widening, some 90 years after the diversion
was initiated.
As the channel continuously and gradually adjusts towards a new dynamic equilibrium, sediment
eroded from the upstream banks will be deposited to form point bars or deposited on the
floodplain and in oxbow lakes during periods of overbank flooding. In-channel sediment will
continue to move downstream and sediment deposited above bankfull level will be liberated
when bank erosion occurs or cut-off channels are created.
Ice jam activity along the Milk River is a regular occurrence. While it is not possible to make a
general conclusion on future trends in the frequency of ice jam occurrence, it is postulated that
increased flow rates increase the hydrodynamic forces acting on an ice cover. Where
conditions are favourable for the development of a break-up ice jam accumulation, an increase in
the discharge magnitude is expected to result in an incremental increase in the rate of erosion
due to ice jam activity. Sufficient information is not available to provide estimates on current
erosion rates or incremental changes in erosion rates from ice action due to diversion activity.
An increased diversion is expected to result in river channel widening by erosion processes that
could result in riparian vegetation (i.e. red fescue-needle-and-thread - northern wheat grass
type; needle-and-thread - northern wheat grass - bluegrass - buckbrush; sagebrush flats; and
saline meadows) losses of up to about 10% from existing values. The potential increased
diversion could also cause increased flooding, which could favour plains cottonwood (Populus
deltoides) regeneration with optimal flooding and seed dispersal conditions.
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A review and brief analysis of available water quality data indicated that increased flows would
likely decrease concentrations of nitrogen and salts, and increase concentrations of
phosphorus. Increased discharges will also result in greater total suspended solids (TSS),
particularly within the upper reaches of the river system. In the lower reach, the relationship is
poor, likely due to the input of sediment from the badlands areas bordering the river during
rainstorm. These additional inputs are not directly related to the river flow. There is a strong
positive relationship between TSS and total phosphorus (TP), as TP is mainly found in a
particulate form associated with suspended sediments). Increased discharge will increase
sediment transport and therefore total phosphorus concentrations in the water column.
Similar to channel stability, fisheries resources and aquatic habitat in the Milk River will undergo
a period of change following increased diversion flows until the channel approaches a new
dynamic equilibrium. Generally, an increase in flow is expected to result in increased suspended
sediment concentration that would negatively affect the fish population. Conversely, channel
width increases resulting from erosion will, in time, provide additional fish habitat, especially
within the Sand Bed reach of the Milk River.
Data gaps have been identified with respect to ice jam events, water quality data, information on
particular fish species and riparian vegetation surveys. Monitoring programs have been outlined
to aid in filling data gaps, which should include documentation of ice jam events, riparian
vegetation characterization along the entire river length, water quality parameters (monitoring
designed to specifically assess diversion effects) and fish populations and habitat use. General
guidance has also been provided on erosion mitigation strategies, traditional approaches as well
as bioengineering techniques, that can be employed at locations where important facilities or
infrastructure are potentially threatened due to channel widening or shifting.
Overall, the Milk River is a dynamic system that is in constant flux. Increases in diversion flows
will accelerate river migration and erosion and sedimentation processes. Understanding
governing processes of the Milk River channel dynamics and the aquatic environment, in
advance, will allow the Milk River Watershed Council Canada to consider and potentially
mitigate long-term impacts.
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1.0

INTRODUCTION

1.1

Background

The Milk River Watershed Council Canada (MRWCC) retained AMEC Earth and Environmental
(AMEC) to undertake a study to review Milk River erosion and sedimentation that may result
from a potential future increase in St. Mary River diversion flows into the Milk River. The existing
diversion commenced in 1917, resulting in channel widening, increased meander cut-off activity
and increased sedimentation (McLean and Beckstead, 1987).
The Milk River is unique in Alberta since it is the only watershed in the province that drains into
the Gulf of Mexico. The river originates in Montana and flows north-easterly into Alberta, then
turns east to parallel the international boundary for about 345 km (river kilometres), as shown on
Figure 1.1. Southwest of the Cypress Hills, the river turns southward to re-enter Montana. The
Milk River is a tributary of the Missouri River, which joins the Mississippi River and eventually
empties into the Gulf of Mexico. The Milk River Watershed is the smallest (6500 km2) of
Alberta’s seven major river basins.
A dispute between Canada and the United States on the use of the waters of the St. Mary and
Milk Rivers in the late 1800s and early 1900s led to the signing of the Boundary Waters Treaty
(BWT) in 1909 and establishment of the International Joint Commission (IJC). The Treaty
established (among other things) principles for sharing the water of the two streams for uses in
both countries. The IJC was given a mandate to prevent and resolve disputes along Canada-U.S.
boundary waters. In 1921, the IJC issued an Order that established the rules by which waters
of the St. Mary and Milk Rivers would be monitored and shared by Accredited Officers of the
two countries.
Article VI of the BWT provided the United States the right to use the channel of the Milk River in
Canada to convey water, diverted from the St. Mary River in the Montana headwaters, to users
south and east of the eastern crossing of the Milk River. Responsibility for property damages in
Canada caused by conveyance of United States water was the subject of discussion in drafting
the Treaty and, from time to time, since the diversion began in 1917. The Treaty provides that
legal redress for damages in Canada as a result of such conveyance could be pursued in
United States courts. This provision has never been undertaken.
The St. Mary diversion to the Milk River was initiated as part of the Boundary Waters Treaty of
1909 between the United States and Canada. Water from the St. Mary River is conveyed by a
canal to the North Milk River in Montana (Figure 1.1). After crossing the International Boundary
the water flows 80 km before meeting the larger unregulated south branch. The combined north
and south branches form the main stem Milk River, which flows an additional 235 km eastwards
before re-entering the United States at the Eastern Crossing.
Construction of the St. Mary diversion to the North Fork of the Milk River in the Montana
headwater was completed in 1917. The design capacity was 24.1 m 3/s (850 cfs). The diversion
works have deteriorated to the extent that the current operating capacity is 18.4 m3/s
to 19.1 m3/s (650 to 675 cfs). Plans for rehabilitation and possible enlargement of the diversion
works are being undertaken (TD&H Engineering Inc., 2006a and 2006b; Ryan, 2006).
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Previous studies have assessed the effects of the St. Mary diversion on the North Milk River and
Milk River since 1917. McLean and Beckstead (1981, 1987) and Bradley and Smith (1984)
compared pre-diversion discharges to those following diversion and determined that on the
North Milk River there was a twenty-fold increase in the average flow and a two-fold increase in
the mean annual flood discharge; on the main stem of the Milk River (i.e. downstream of the
confluence of the Milk River with the main stem Milk River) the average flow increased by a factor
of two and there was little change in the mean annual flood discharge. On the North Milk River,
McLean and Beckstead (1981, 1987) found a 55% increase in channel width (11 m), an
increase in channel sinuosity and an increase in cut-off activity immediately following the
initiation of the diversion that diminished over time. On the Milk River, the effects of the
diversion discharges are smaller; channel width increases were determined by Bradley and
Smith (1984) to have increased by 10% (5.5 m). The suspended sediment load carried by the
river has reduced the storage capacity of the Fresno Reservoir in Montana (U.S. Department of
the Interior, 1984).
1.2

Scope of work

The St. Mary diversion has significantly impacted the morphology of the Milk River. Equilibrium
in physical and ecological characteristics of the river have adjusted over the past 90 years.
Increased diversions in the future may result in another lengthy period of changes and impacts.
The Milk River Watershed Council Canada (MRWCC) has taken a proactive approach in
determining how future water management options may affect water quality, water quantity, the
aquatic and riparian ecosystems, existing water users and property owners. The MRWCC is
concerned that enlarging the diversion works and increased St. Mary River flows in the Milk River
will result in increased erosion, sediment transport and silt deposition. The morphological
characteristics of the Milk River may be significantly altered in a manner that will have negative
consequences for current water users, landowners, and environmental values along the river.
The MRWCC retained AMEC to conduct a study to assess potential impacts of increased
diversions.
The specific scope of work for the study includes the following tasks:
•

Document the extent of erosion and sedimentation along the river, and identify the processes
that have contributed to the morphologic changes. The intent is to increase the knowledge
of erosion processes, and the contributions of several drivers, such as the diverted flow from
the St. Mary River, peak flow events, groundwater infiltration from adjacent aquifers, valley
land uses, and ice effects. An improved understanding of morphologic processes will help
the MRWCC and water users to develop a watershed management plan and sustainable
developments along the Milk River.

•

Develop a model capable of predicting erosion and sedimentation processes to assist in the
protection of existing infrastructure, and plan future projects.

•

Identify critical erosion sites or hot spots and explore management options in order to develop
remediation plans to protect infrastructure and property. Remediation plans would include
bioengineering techniques.
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•

Utilize the model to project the future rate and extent of erosion, sediment transport and
deposition caused by increased diversions from the St. Mary River.

•

Predict how potential changes in river morphology will affect water quality, water quantity,
the aquatic and riparian ecosystems, existing water users and infrastructure, and property
owners.

•

Explore management options to alleviate some of the potential damage that could be caused
by erosion and sedimentation.

•

Provide a plan for future monitoring of river morphology changes through time.

•

Prepare a report on the study, documenting methodology, analyses, findings, conclusions
and recommendations.

•

Provide river geomorphic information and impacts in a manner suitable for inclusion in the
2007 Milk River State of the Watershed Report.
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2.0

HYDROLOGY

2.1

Streamflow data

The objective of the hydrology component is to provide the hydrological input necessary to
develop and calibrate the river morphology model. The morphology model would be utilized in
combination with regime methods to evaluate changes to morphological characteristics of the
Milk River due to potential increases in the St. Mary diversion capacity. The key hydrologic
requirements for model development, calibration and analysis of future scenarios are flow
duration and flood frequency relationships at representative reaches along the Milk River.
Long-term recorded or simulated streamflow data are required to develop these relationships.
2.1.1

Historic data

The United States Geologic Survey (USGS) and Water Survey of Canada (WSC) have monitored
streamflow for various periods at 15 locations in the Milk River Watershed. Of the 15 stations,
long-term records exceeding 90 years are available at 5 locations listed in Table 2.1. The
locations of these 5 hydrometric stations are illustrated on Figure 2.1. Data for the 5 station
locations provide sufficient hydrological input for model development and calibration, and for
projecting future changes in river geomorphology. Information available at the 5 stations
includes monthly, daily, and peak instantaneous flows. There were data gaps that were filled at
all stations, as discussed later.
TABLE 2.1
Long-Term Milk River Hydrometric Stations
Station
Number

Location

Drainage Area (km2)
Effective

Gross

Period of
Record

11AA032

North Fork Milk River above St. Mary Canal

149

156

1911 – 2005

11AA001

North Milk River near International Boundary

231

238

1909 – 2006

11AA030

Milk River near International Boundary
combined with
Milk River at Western Crossing of International
Boundary

739

747

1913 – 1930

946

1050

1931 – 2005

11AA025
11AA005

Milk River at Milk River

2460

2720

1909 – 2005

11AA031

Milk River at Eastern Crossing of International
Boundary

5280

6490

1909 – 2005

In addition to recorded flows, Alberta Environment (AENV) has reconstructed weekly natural
flows at the same 5 locations (shown in Table 2.1) for the period 1928 to 2001. Natural flows
are estimated by adding upstream recorded or estimated diversions to the streamflow record at
hydrometric stations to remove the effects of some of the larger human interventions on the
hydrologic regime. Available recorded and natural flow data are required for SAM model
development and calibration.
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2.1.2

Future Flow Scenarios

Montana Department of Natural Resources and Conservation (DNRC) and U.S. Bureau of
Reclamation (USBR) documents were reviewed to determine whether these agencies have
simulated stream flows representative of the future flow regime with an enlarged St. Mary River
Diversion capacity (TD & H Engineering Inc., 2006a and 2006b; Ryan, 2006). The objectives of
the work carried out by Montana appeared to be to determine changes in diversion canal capacity
and apportionment accounting procedures required to enable Montana to capture the full U.S.
share of the St. Mary River. While some simulation modelling has been done over a relatively
short period (25 years), the model did not extend to the lower reaches of the Milk River in Canada.
In the absence of the required data from DNRC or USBR, the MRWCC requested that Alberta
Environment utilize its Water Resource Management Model (WRMM) to simulate flows through
Canada for various future canal capacities. The simulated flow data would be analyzed to
estimate the flow duration and flood frequency relationships required to estimate future changes
in river morphology for increased St. Mary River diversion flow scenarios.
2.2

Data Analysis

2.2.1

Overview

The objective of the hydrology component is to provide the hydrological input necessary to
develop and calibrate the U.S. Army Corps of Engineers Sediment Analysis Model (SAM). The
key hydrologic requirements for model development, calibration and future scenario runs are
flow duration and flood frequency relationships at representative reaches along the Milk River.
For the proposed morphology modelling technique, a key requirement for comparing different
flow scenarios, is that the time period that is modelled and the hydrologic analytical techniques
used are the same for all scenarios and all locations. Hence, the 74-year period from 1928 to
2001 was selected for the analyses since this is the period that natural flows are available.
Future scenarios can be simulated for this period using the AENV Water Resource Management
Model (WRMM). The 74-year period is of sufficient length to derive meaningful streamflow
statistics.
The hydrologic analyses were restricted to flows during the period from 01 March to 31 October,
for the following reasons:
•

Flows were not monitored during the winter period at some of the stations.

•

St. Mary diversions to the Milk River were zero from the beginning of November to the end
of February.

•

Milk River flows are usually very low during the winter months and open water river
geomorphologic impacts are minimal. Ice impacts are addressed in a separate section of
the report.
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2.2.2

WRMM Analysis

Simulation modelling to provide flow data for the two future scenarios with enlarged diversion
capacities was conducted by Alberta Environment. Characteristics of the modelling and
assumptions used were as follows:
•

Flows were simulated over the period from 1928 to 2001. Climatic conditions were
incorporated within the simulations. A weekly time step was used in the simulation.

•

The current level of water use was assumed (irrigation, municipal, etc.). Water uses were
assumed to be at current levels.

•

Current apportionment arrangements as per the Boundary Waters Treaty (BWT) and 1921
Order of the International Joint Commission were applied. It was assumed that the diversion
works would be operated to divert as much of the U.S. entitlement as allowed, up to the
capacity of the diversion works.

•

The model simulated flows in the Montana headwaters and as far downstream as the Milk
River’s eastern crossing of the international boundary.

•

Future scenarios considered diversion capacities of 1000 cfs (referred to as “Scen 1000”)
and 1200 cfs (referred to as “Scen 1200”) as measured at the St. Mary syphon. This assumes
that seepage losses upstream of the syphon (reported to be 10%) will be controlled by canal
lining, or compensated for, by over-diversion upstream of the syphon. Seepage losses
upstream of the St. Mary siphon are assumed to return to the St. Mary River. As such, they
are not charged against the U.S. entitlement.

•

Output was in the form of weekly flow tables for Scen 1000 and Scen 1200.

2.2.3

Flow Duration

The streamflow data for Station 11AA005, Milk River at Milk River, were analyzed to determine
the influence of the time step used in the analysis on the flow duration relationship. Time steps
considered were monthly, weekly and daily flows. The flow duration data for the three time
steps are shown on Figure 2.2. The flow duration characteristics are essentially the same for
weekly and daily data for exceedance probabilities between 10 % and 50%, which is the range
of most interest for use in the SAM model. The time step used for the natural flow data and
modelling future scenarios is also weekly. For these reasons, it was decided to base the flow
duration analysis on weekly data, keeping in mind that it is comparative information among the
various scenarios that is most important rather than absolute values.
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Figure 2.2

Flow Duration for Milk River at Milk River for Monthly, Weekly and Daily
Time Steps
Discharge (m3/s)

Exceedance
Probability

Milk River At Milk River Recorded Flow
Flow Duration Relationships

(%)

Monthly

Weekly

Daily

1

29.95

40.89

43.90

45

10

21.80

23.04

22.90

40

20

19.60

20.23

20.20

35

30

18.07

18.83

18.70

40

16.00

17.40

17.20

50

13.80

15.76

15.50

15

60

10.80

12.89

11.50

10

70

7.07

7.69

6.23

80

4.04

3.63

2.89

90

1.86

1.50

1.25

99

0.313

0.288

0.227
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The recorded stream flows for the gauging stations were reviewed for missing data. Data gaps
were filled as follows.
•

North Fork Milk River above St. Mary Canal – data were missing for substantial periods in
March, April and October. It was decided to not use this station for flow duration analysis
since the natural flow for the station a short distance downstream, North Milk River near the
International Boundary, would provide similar information.

•

North Milk River near the International Boundary – missing data in early March 1928 was
estimated assuming that uses would be minimal at that time of year. Missing flows were
assumed to be equal to the natural flows estimated by AENV.

•

Milk River at Western Crossing of International Boundary – missing weekly flow data for
1928 to 1930 were estimated assuming that water uses in these years would be the same
as average uses for the same weeks for the period 1931 to 1935. Water uses for the period
1931 to 1935 were estimated as the difference between recorded flows and natural flows
estimated by AENV. Actual flows for 1928 to 1930 were then estimated by subtracting the
estimated uses from the AENV natural flow values.

•

Milk River at Eastern Crossing of International Boundary – missing daily flows for early March
in 1928 and 1931 were estimated by correlation with flows at Milk River with a one-day lag.
The Coefficient of Determination (R2) was 0.85.

Weekly mean flow duration decile values were obtained using Excel’s data analysis tool
(Tables 2.2 to 2.5). The exceedance probability indicates the percent of time weekly mean
flows are equalled or exceeded for the various scenarios under consideration. The flow
duration plots for these locations are included on Figure 2.3.
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TABLE 2.2
North Milk River near International Boundary Flow Duration Values (m3/s)
Exceedance
Probability
(%)

Natural

Recorded

Scen 1000

Scen 1200

TABLE 2.4
Milk River at Milk River Flow Duration Values (m3/s)
Exceedance
Probability
(%)

Natural

Recorded

Scen 1000

Scen 1200

1

36.5

40.9

52.8

57.9

1

6.05

21.0

31.9

37.4

10

12.2

23.0

35.2

39.4

10

2.17

19.4

29.3

34.5

20

7.68

20.2

30.2

31.0

20

1.52

18.2

26.0

26.0

30

4.85

18.8

21.5

21.5

30

1.13

17.0

16.6

16.6

40

3.54

17.4

14.9

14.9

40

0.888

15.5

10.1

10.1

50

2.50

15.8

9.83

9.83

12.9

6.46

6.46

50

0.716

12.6

60

0.544

70

60

1.81

6.33

6.33

70

1.32

7.69

4.64

4.64

5.39

4.62

4.62

80

0.867

3.63

3.58

3.58

0.442

1.98

3.68

3.68

90

0.401

1.50

2.51

2.51

80

0.349

1.04

2.80

2.80

99

0.000

0.288

0.729

0.729

90

0.256

0.482

1.49

1.49

99

0.124

0.183

0.306

0.306

TABLE 2.3
Milk River at Western Crossing of International Boundary Flow Duration Values (m3/s)
Exceedance
Probability
(%)
1

Natural
22.6

Recorded
22.0

Scen 1000
22.0

Scen 1200
22.0

10

8.37

8.11

8.11

8.11

20

4.86

4.60

4.60

4.60

30

3.01

2.86

2.86

2.86

40

1.93

1.87

1.87

1.87

50

1.26

1.18

1.18

60

0.877

0.825

70

0.565

80

TABLE 2.5
Milk River at Eastern Crossing of International Boundary Flow Duration Values (m3/s)
Exceedance
Probability
(%)

Natural

Recorded

Scen 1000

Scen 1200

1

59.4

60.6

71.0

73.2

10

15.6

24.8

38.4

42.3

20

10.3

20.7

31.5

33.6

30

6.69

18.7

23.7

23.7

40

4.71

17.0

16.1

16.1

50

3.11

15.6

10.8

10.8

1.18

60

2.24

13.7

0.825

0.825

70

1.56

0.517

0.517

0.517

80

0.329

0.292

0.292

0.292

90

0.076

0.041

0.041

0.041

99

0.000

0.000

0.000

0.000
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Daily Mean Flow Duration Curves

Frequency Flow Duration Curve
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Observations from Tables 2.2 to 2.5 are as follows:
•

There is no significant change from the natural condition for the flow duration relationships
for the Milk River at Western Crossing of International Boundary. This location is not
impacted by the diversion from the St. Mary River.

•

For the other three locations, the difference in the flow duration relationship between the
natural and recorded conditions is most pronounced for the North Milk River near the
International Boundary because of the relatively small drainage area at this location, and the
low flows under natural conditions. Diversions from the St. Mary River increased the median
flow for the North Milk River by a factor of 18. For the Milk River at the Town of Milk River
and Milk River at the Eastern Crossing, median flows were increased by factors of 6.3 and
5.0 respectively.

•

For the two future scenarios, Scen. 1000 and Scen. 1200, it is projected that there would be
a significant increase over historical flows (recorded flows) at all three locations in 20% to
30% of the weeks. However, it is projected that the median flows would be less than
recorded flows for the two future scenarios. This suggests that diversions under low natural
flow conditions on the St. Mary River are controlled by apportionment arrangements rather
than diversion capacity.

2.2.4

Flood Frequency

The flood frequency analyses were conducted generally following provincial guidelines developed
by Alberta Transportation (April 2001). The analyses were somewhat less rigorous than those
conducted by Alberta Environment for mapping flood risk areas within communities for purposes
of constructing flood control works and implementing land use controls. In such analyses, Alberta
Environment searches out evidence of unmonitored flood events to expand the database to the
extent possible. That level of effort was felt to be unnecessary for this project since data for less
extreme events are of greater interest, and it is the comparison of flood frequency events between
the various scenarios that is the key consideration rather than the absolute value.
The recorded flood frequency analysis was based on annual instantaneous flood peaks during
the 74-year period 1928 to 2001 at the four hydrometric stations. For all the stations peak
instantaneous flows were missing for some years. For all stations except North Fork Milk River
above the St. Mary Canal, the missing instantaneous flows could be estimated based on the
relationship between peak mean daily flows and instantaneous flows for years when both were
recorded. The Coefficient of Determination (R2) was 0.85 or higher. Monitoring for the North
Fork Milk River above the St. Mary Canal hydrometric station was somewhat sporadic. There
were over 30 years when both the instantaneous flow and peak mean daily flow were missing.
Flood frequency data at this station would be indicative of natural flow of the North Milk River.
However, the same information can be obtained from the reconstructed natural flow data for the
North Milk River near the International Boundary. Since the characteristics of North Fork Milk
River above the St. Mary Canal were not essential to the development and calibration of the SAM
model, it was decided to forego filling data gaps and conducting a flood frequency analysis for
this station.
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HYFRAN software was used to fit three mathematical probability distributions to the 74 recorded
and estimated data points at each station: the Log Normal, Pearson Type 3 and Log Pearson
Type 3 distributions. Best fit to the recorded flood peaks was determined by comparing the
standard deviations, the graphical relationships, and the confidence intervals. The recorded
data best-fit distribution determined at each station was utilized for all scenarios at that station,
eliminating the possibility that the variation in flood peak flows would be a function of the
frequency distribution used.
For the natural flow scenario (Scen. nat), Scen. 1000 and Scen. 1200, only mean weekly
databases were available, which necessitated determining relationships between weekly flood
peaks and instantaneous flood peaks. Two methodologies were tested for converting weekly
flood peaks to instantaneous flood peaks:
a. Regression equations were developed from the recorded weekly and instantaneous
databases for each of the four hydrometric stations. In all four cases an excellent relationship
was obtained (R2 equalled 0.99 in all cases). The instantaneous peaks were estimated for
the three scenarios based on the weekly flood frequency numbers and the instantaneous /
weekly relationships developed from recorded flows.
b. Flood peaks are a function of natural flow due to rainfall and/or snowmelt and the amount of
water diverted into the channel. For Scen. nat, the instantaneous peaks for recorded data
were decreased by the discharge into St. Mary River water diverted in the Milk River. For
Scen. 1000 and Scen. 1200 the instantaneous peaks were obtained by adding the incremental
diversion flow to the recorded discharges.
Method a) resulted in unrealistically high estimates of instantaneous flows for Scen. 1000 and
Scen. 1200, which suggests that the weekly / instantaneous flood peak relationships for
recorded flow does hold for the two scenarios with increased diverted flow. Method b) resulted
in reasonable estimates of instantaneous flows for all three scenarios. Method b) was adopted
for use in this study.
Flood frequency values for various return periods and probabilities are given in Tables 2.6
to 2.9. The probability of exceedance in any year is the reciprocal of the average return period.
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TABLE 2.6
Milk River near Western Crossing Flood Frequency Values
Instantaneous Peak Flow (m3/s)

Average
Return
Period
(years)

Exceedance
Probability in
Any Year
(%)

200

0.5

222

239

239

100

1.0

201

213

50

2.0

178

20

5.0

10

10.0

5

20.0

84.0

78.0

78.0

3

33.3

59.5

52.5

2

50.0

38.3

1.43

70.0

1.25

80.0

Exceedance
Probability in
Any Year
(%)

Instantaneous Peak Flow (m3/s)

Average
Return
Period
(years)

Probability
in Any Year
(%)

239

200

0.5%

312

317

328

333

213

213

100

1.0%

278

282

290

295

185

185

185

50

2.0%

243

245

252

256

144

145

145

145

20

5.0%

192

194

201

205

115

112

112

112

10

10.0%

152

154

161

166

78.0

5

20.0%

109

113

122

126

52.5

52.5

3

33.3%

76.6

82.8

92.8

97.1

32.7

32.7

32.7

2

50.0%

49.3

57.6

68.3

72.4

19.3

16.8

16.8

16.8

1.43

70.0%

24.9

35.5

46.3

50.4

10.9

10.7

10.7

10.7

1.25

80.0%

14.2

25.8

36.3

40.3

Natural
Flow

Recorded
Scen 1000 Scen 1200
Flow

TABLE 2.7
North Milk River near International Boundary Flood Frequency Values
Average
Return
Period
(years)

TABLE 2.8
Milk River at Milk River Flood Frequency Values

Instantaneous Peak Flow (m3/s)
Natural
Flow

Recorded
Scen 1000 Scen 1200
Flow

Natural Recorded
Scen 1000
Flow
Flow

Scen 1200

TABLE 2.9
Milk River at Eastern Crossing of the International Boundary Flood Frequency Values
Average
Return
Period
(years)

Probability
in Any Year
(%)

Instantaneous Peak Flow (m3/s)
Natural Recorded
Scen 1000
Flow
Flow

Scen 1200

114

130

133

200

0.5%

383

390

397

399

100

115

119

100

1.0%

349

355

358

360

101

105

50

2.0%

312

316

318

320

86.8

20

5.0%

256

260

260

263

67.5

73.1

10

10.0%

208

212

215

218

41.4

53.3

59.5

5

20.0%

155

161

167

170

32.4

43.6

49.8

3

33.3%

112

120

129

133

8.90

24.8

35.4

41.4

2

50.0%

75.4

84.2

95.7

99.5

70.0

3.00

19.2

29.3

34.5

1.43

70.0%

42.3

52.0

64.9

68.7

80.0

1.64

17.2

27.7

32.2

1.25

80.0%

27.9

37.7

50.6

54.4

200

0.5

107

100

1.0

91.8

50

2.0

76.5

86.3

20

5.0

56.5

68.2

81.9

10

10.0

41.6

54.7

5

20.0

27.0

3

33.3

17.1

2

50.0

1.43
1.25
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Observations from Tables 2.6 to 2.9 are as follows:
•

Flood frequency values for the Milk River near the Western Crossing for Scen. 1000 and
Scen. 1200 are the same as the values for recorded flows. St. Mary diversions do not affect
flows at this location. Flood flows for most frequencies are slightly lower for the recorded
flows than for natural flows because of upstream flow regulation and use.

•

Of the three other locations, the difference in the flood flows between the natural and recorded
conditions is most pronounced for the North Milk River near the International Boundary.
While there is only a modest increase in flood flows for events with a probability of 2% or
less, the more frequent flood events have increased substantially. For instance, there is
almost a three-fold increase in the annual flood with a 50% probability. The diverted flow
comprises a large portion of that flood event. For the Milk River at the Town of Milk River
and Milk River at the Eastern Crossing, the 50% flood event increased by 17% and 12%,
respectively.

•

For the two future scenarios, Scen. 1000 and Scen. 1200, it is projected that there would be
a modest increase over historical flood flows (recorded flows) at all three locations.
Increases over recorded flows would be most significant for North Milk River where the
range from about 15% for the 1% event, to about 65% for the 50% event.

2.2.5

Flow Monitoring

Long-term flow monitoring should be maintained at representative sites to aid in further
assessment of flow characteristics and erosion. As discussed above, flow monitoring is presently
undertaken by Environment Canada and the US Geological Survey at long-term stations along
the Milk River system. The present monitoring is driven by the need for an accurate measurement
of the flows diverted from the St. Mary River, and the flow entering and leaving Canada within
the Milk River Watershed. Supplementary to their long-term monitoring program in the Milk River
Watershed, Environment Canada is known to be gathering additional information on river flows
to estimate evaporation losses. Further information can be obtained from Vir Khanna at
(403) 292-5310. Alberta Environment is also examining losses due to irrigation withdrawals
along the River; contact Dave McGee of Alberta Environment in Lethbridge at (403) 381-5995.
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3.0

CHANNEL STABILITY ANALYSIS

Diversion of flow from the St. Mary River into the Milk River Watershed commenced in 1917,
resulting in significant impacts to the receiving channel. Previously documented effects of the
diversion included channel widening, increased meander cut-off activity and increased sediment
yield (McLean and Beckstead, 1987). Potentially, the St. Mary River diversion into the Milk River
could be increased in the future resulting in further channel changes.
The objective of the channel stability analysis is to evaluate the impacts to the Milk River
morphology, resulting from: (1) the existing diversion that has been operating since 1917; and
(2) potential future increases to the St. Mary diversion to 28.3 m3/s or 1,000 cfs (referred to as
“Scen. 1000”) and to 34.0 m3/s or 1,200 cfs (referred to as “Scen. 1200”). The impact of the
existing diversion and potential future diversions on the morphology of the Milk River were
assessed by comparing historical surveys and air photographs and utilizing available hydrologic
and suspended sediment data to undertake sediment budget and regime analyses.
3.1

Background Information

The following information sources were utilized for the channel stability analysis:
•

The report Sediment Data Milk River Watershed, M. 0. Spitzer, Water Survey of Canada,
Calgary, Alberta, January 1988 IWD-WNR(A) – WRB-SS872. Sediment data were collected
in the mid-seventies and the early eighties at seven gauging stations situated along the
reach of the Milk River from above the western crossing of the International Boundary to
immediately below its re-entry into the U.S.A. at its eastern crossing of the International
Boundary. The Spitzer report documents the available sediment information, presenting the
data in various tabular and graphical formats. In particular, for each gauging station, varying
amounts of the following data are documented and discussed:
o
o
o
o
o
o

descriptions of the gauging station sites (including air and ground photos);
hydrometric details at the gauging stations sites;
suspended sediment data (concentration, load and particle size);
bed material data;
dissolved solids data; and,
bed load data (only at the Eastern Crossing site).

The data are contained in individual appendices for each gauging station, while comparisons
among the sites are contained within the main body of the report. For the most part,
sufficient data are available to allow reasonable estimates of sediment loadings at various
points along the Milk River reach, but these estimates must be based on procedures other
than single line regression sediment discharge ratings.
•

Long Term Effects of an Interbasin Diversion on the Milk River, McLean and
Beckstead, (1987) proceedings of the Symposium on Interbasin Transfer of Water Impacts
and Research Needs for Canada, National Hydrology Research Centre, Canadian Water
Resources Association, Saskatoon, Saskatchewan, 09 and 10 November 1987. A copy of
this paper is attached in Appendix A. The McLean and Beckstead (1987) paper reviewed
many of the same issues as the current AMEC study and is discussed in greater detail in a
subsequent section of this report.
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•
•

•

•
•
•

3.2

Long Term Effects of a River Diversion on the Regime of the Milk River, 1981, D. G. McLean
and G. R. Beckstead is an earlier paper that covers similar material as the paper discussed
above. A copy of this paper is also attached in Appendix A.
The earliest surveys of the river are the legal surveys of 1898–1906 (Alberta) and 1906
(Montana). In 1909, F. H. Peters, Chief Hydrographer, Dept. of the Interior, established seven
hydrometric stations along the North Milk and Milk River (Figure 2.1) and made estimates of
bankfull channel geometry and discharge capacity (Peters, 1910). The hydrometric stations
on the North Milk River (llAAOO1), at Milk River town (11AAOO5), and at the Eastern Crossing
(11AAO31), have been maintained over the last 90 years. Between 6 July and 27 November
1915, Peters’ crews surveyed 131 cross-sections along the entire Canadian portion of the
river. A detailed planimetric map was prepared showing the channel and adjacent floodplain.
Bed and bank materials, vegetation and other cultural features were frequently noted.
The first air photo survey of the river was made in 1922 and photos are available for many
other years. In 2007, PFRA prepared a comparative overlay of channel location at Milk
River Town, which clearly shows historic channel migration. These overlays are presented
in Figures 4.4 and 4.5, and are based on the AENV maps attached in Appendix D.
AENV conducted repeat surveys in 1979 and 1980 at 20 of Peters’ cross-sections on the
North Milk River and at 26 cross-sections on the Milk River. Additional surveys were made
at three above mentioned hydrometric stations.
As part of the current study, AMEC undertook repeat surveys in 2007 at 10 cross-sections
on the North Milk River and 11 cross-sections on the Milk River.
Flow Duration Curves (FDC) and flood frequencies contained in the Hydrology section of
this report (Section 2.0).
Study Area

The study area is illustrated on Figure 1.1. The total length of Milk River channel in Canada
that conveys the diversion flow is 315 km. Figure 3.1 is a profile of the North Milk River and the
Milk River channel that conveys the diversion flows. The study area was sub-divided into the
following three reaches:
•
•

•

The regulated portion of the North Milk River from the U.S. border to the confluence with
mainstem Milk River. Hydrologic and streambed gradation characteristics for this reach are
based on WSC gauge North Milk River near International Boundary (#11AA001).
The regulated Milk River from the North Milk River confluence to 15 km upstream of Writingon-Stone Park, referred to herein as the ‘Gravel Bed Reach’. Hydrologic and streambed
gradation characteristics for this reach are based on WSC gauge Milk River at Milk River
(#11AA005).
The regulated Lower Milk River which extends from Writing-on-Stone Park to the Eastern
Crossing on the Alberta-Montana border, referred to herein as the ‘Sand Bed Reach’.
Hydrologic and streambed gradation characteristics for this reach are based on WSC gauge
Milk River at Eastern Crossing of International Boundary (#11AA031).

The South Branch Milk River, which is unregulated, from the U.S. border to the confluence with
North Milk River was not reviewed in this study since it is not subject to diversion flows.
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3.3

Physiographic and Channel Description

Spitzer (1988) contains the following physiographic description:
“The valley of the Milk River, broad in the western portion and canyon type in the
east, was not cut by the stream, but rather is the result of the last ice age some
10,000 years ago, when water from the melting ice cut a series of wide channels.
Because ice still blocked the natural runoff to the north, the Milk River received
meltwater from the Saskatchewan River drainage area and therefore became a wide
torrent, carving a large valley. Ultimately, the present drainage system became
established, leaving a much shrunken Milk River in an oversized valley.
Most of the physical landscape of the basin is a broad, gentle rolling plain through
which the Milk River valley is cut.
The North Milk River and much of the upper Milk River flow is in a stream cut valley
along the course of a much older pre-glacial drainage channel. As a result, the
valley is generally wide (up to about 2 km) and has walls composed of glacial till or
other valley fill sediments, underlain by sandstone. Occasionally, the river has been
deflected outside the course of its pre-glacial channel and in these places the valley
is steep-walled and narrow.
Downstream of Milk River townsite several wide coulees intersect the Milk River
valley. These coulees represent former glacial meltwater channels which flowed at
the end of the last continental glaciation. For most of its lower course the Milk River
flows in one of these meltwater channels. Throughout part of this lower reach the
combination of low rainfall, lack of vegetation and presence of erodible valley deposits
has produced extensive areas of badlands which contribute large quantities of silt
and sand sized sediment to the Milk River.”
In this study, existing channel conditions, which have resulted from diversion flows since 1917,
are referred to as ‘recorded’ since this is the same period that the WSC streamflow gauges
have been operational. Pre-diversion conditions (i.e. prior to 1917) are referred to as ‘natural’.
Typical channel characteristics for ‘natural’ and ‘recorded (existing)’ conditions for each of the
study reaches are listed in Table 3.1 and discussed in the following sections.
The channel slope for the Milk River ‘Gravel Bed’ reach changes from 0.0013 to 0.0019 m/m,
approximately 20 km downstream of Milk River Town (Figure 3.1). This distinct change in
channel slope is likely due to a geologic control (possibly bedrock or an armour layer) at this
location.
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TABLE 3.1
Natural (Pre-diversion) and Recorded (Existing) Channel Characteristics
Reach
Parameter

North Milk River

Milk River
Gravel Bed Reach

Milk River
Sand Bed Reach

Natural

Recorded

Natural

Recorded

Natural

Recorded

Depth (m)

2.2

2.2

2.6

2.6

1.85

2.2

Width (m)

14 to 30
mean 22

26 to 53
mean 33

32 to 83
mean 57

45 to 85
mean 59

38 to 96
mean 70

71 to 120
mean 96

Slope (m/m)

0.003

0.0035

0.0013 to
0.0019

0.0013 to
0.0019

0.0007

0.0006

Q1:2 year (m3/s)

8.9

24.8

49.3

57.6

75.4

84.2

Median Annual
(50% exceedance)
Discharge (m3/s)

0.72

12.6

2.5

15.8

3.1

15.6

20% exceedance
Discharge2 (m3/s)

1.52

18.2

7.68

20.2

10.3

20.7

1

Surface Gradation D50
(mm)

30

16

Sub-Surface
Gradation D50 (mm)

22

7

Daily Mean
Suspended Sediment3
(mg/L)

0.15

16.3

49.0

72.5

224.2

556.2

1168.0

Notes:
1. Depth is equivalent to maximum channel depth; it is measured from the top-of-bank to the channel
thalweg (minimum streambed elevation).
2. The 20% exceedance discharge provides some indication of the higher range of diversion discharges.
These discharges are equaled or exceeded 49 days of the year.
3. Daily Mean Suspended Sediment Concentration is based on the following sediment rating curves
from Spitzer (1988): Figures B-9 (North Milk), D-9 (Milk Gravel), G-9 (Milk Sand). The concentration
is based on the 20% exceedance discharges discussed above.

3.3.1

North Milk River

McLean and Beckstead (1987) contain the following description of the North Milk River:
“Prior to the diversion the North Milk River had an irregular, confined meander
pattern and displayed alternating pools and riffles. The channel was composed of
gravel and sand and the banks were described as predominantly sandy loam
(Peters, 1910). Abandoned meander scars on the floodplain indicate that channel
shifting and cut-off activity occurred prior to the diversion. Comparison of the early
township surveys with Peters’ maps showed five cut-offs took place, in the 15 years
before the diversion started.”
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3.3.2

The Milk River Gravel Bed Reach

McLean and Beckstead contain the following description of the Milk River ‘Gravel Bed Reach’:
“The Upper Milk River had a meandering gravel-bed channel with silty or sandy loam
banks. The channel was frequently confined by valley walls composed of stony clay
or sandstone. The channel was considerably larger than the North Milk branch due
to the large drainage area contributed by the South branch.”
3.3.3

The Milk River Sand Bed Reach

McLean and Beckstead contain the following description of the Milk River ‘Sand Bed Reach’:
“The Lower Milk River displayed a regular meander pattern in 1915 and contained
frequent sand waves, mid-channel bars and shoals. Due to a combination of
erodible valley wall deposits, lack of vegetation and the occurrence of hydraulic
piping in the canyon walls, extensive area of badlands have developed along the
Lower Milk River. These areas contribute large quantities of sand and silt sized
sediments to the river (Barendregt and Ongley, 1979).”
3.3.4

Sediment Transport

The following description of sediment transport is contained in McLean and Beckstead (1987):
“The Milk River was named by the American explorers Lewis and Clark on account
of its high sediment concentrations during spring runoff. Their journal entry for
08 May 1805 states:
‘The waters of the river possess a peculiar whiteness being about the colour
of a cup of tea with the admixture of a tablespoon of Milk. From the colour
of its waters, we called it Milk River.’
The first suspended load measurements were collected in 1905 and 1906 at Havre,
Montana, 85 km downstream of the Eastern Crossing near its confluence with the
Missouri River (Dole and Stabler, 1909; Stabler, 1911). These pre-diversion
measurements, which were collected during relatively low flows, provided an
estimated sediment load of 300,000 tonnes/year. Additional suspended load
measurements were collected at Havre in 1930 and 1931 to provide estimates of
sedimentation in Fresno Reservoir (U.S. Engineering Dept., 1933).
These
measurements indicated seasonal loads of 205,000 tonnes in 1930 and 300,000
tonnes in 1931.”
Spitzer (1988) contains the following discussion on suspended sediment loads on the Milk
River:
“A limited amount of suspended sediment discharge data are available for sites along
the reach of the Milk River. Sediment discharge data are available for North Milk
River near the international Boundary (11AAOO1) in 1975, 1976 and 1981; for Milk
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River at Milk River (11AAOO5) in 1981 and 1982; and for Milk River at Eastern
Crossing (11AAO31) in 1975, 1981 and 1982. These data are shown by month, in
Table 9, along with monthly mean discharges.
By reviewing Table 9 it readily becomes apparent that the sediment load increases
dramatically from the upper reach to the lower reach of the Milk River. The most
graphic illustration of this is May of 1981, when the recorded sediment discharge at
North Milk River near the International Boundary was 2,500 tonnes, at Milk River @
Milk River it was 31,000 tonnes, while at Milk River at Eastern Crossing it was
287,000 tonnes. The mean flows for May for the three sites respectively, were 16.7,
26.4 and 29.8 m3/s.
Another aspect of sediment discharge in this basin, which Table 9 highlights, is the
tendency for the suspended sediment discharge to decrease with the progression of
the year in spite of flows remaining fairly constant. Several examples are June to
July 1975 at North Milk River near the International Boundary, when the mean
monthly flow increased from 6.14 to 8.64 m3/s, but sediment discharge decreased
from 8,600 to 1,800 tonnes. Similarly, in 1982 the sediment discharge at Milk River
@ Milk River from April to May dropped from 87,000 to 22,000 tonnes, but the mean
monthly flow actually increased from 20.5 to 20.7 m3/s.
The data in Table 10 further exemplifies the large increase in sediment load in the
downstream direction of the Milk River. In 1975 the seasonal load at North Milk
River near the International Boundary was 18,900 tonnes, whereas at Eastern
Crossing it was 1,730,000 tonnes, nearly a 100-fold increase. The south fork of the
Milk River joins the north fork between these two sites, but it is evident from Table 10
that It is not a great contributor of suspended sediment (on average, approximately
one-half of the north fork contribution). Similarly, from Table 10, it is evident that the
greatest contribution to the suspended sediment load arises between the Town of
Milk River and Eastern Crossing.
Bed load measurements have only been made at Milk River Eastern Crossing
(11AAO31). In all, three measurements were made in 1976. The results of these
measurements indicated that bed load discharge composes less than 5% of the total
sediment discharge at the gauge site.
3.3.5

Findings of McLean and Beckstead (1987)

The McLean and Beckstead (1987) paper reviewed many of the same issues as the current
AMEC study. The findings of the paper included:
•

The St. Mary diversion induced substantial channel enlargement and cut-off activity on the
North Milk River. The greatest cut-off activity occurred up to 35 years after the diversion
started. This interval could be interpreted as the time required for the channel pattern to
respond to the change in flow regime. Some of the average cross-sectional changes
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observed on the North Milk River could have been predicted quite closely from simple
empirical regime methods. However, the cut-off activity and time period required for channel
changes to occur could not have been predicted at the present time. Present-day onedimensional mathematical models would not have provided very useful predictions since
most channel changes involved adjustments to the river’s plan form.
•

The greatest impacts from the diversion occurred on the North Milk River where the
magnitude and duration of floods were significantly increased. Comparison of the 1915
floodplain maps with historical air photographs and recent topographic maps showed 35 cutoffs occurred along the North Milk River after the diversion started. As a result, nearly 25%
of all meanders present in 1915 have developed cut-offs.

•

The main effect of the cut-offs has been to decrease the channel sinuosity by about 7% and
to increase the overall channel slope. Comparison of the channel cross-section surveys
showed the average bankfull width on the North Milk River increased from 23 m (range
14–32 m) in 1915, to 31 m (range 23–38 m) in 1980.

•

Some cross-sections indicated bankfull stage had also increased along the channel due to
overbank sedimentation. Comparison of bed elevations showed that general degradation
has not occurred along the river. The lack of significant degradation is probably mainly due
to the presence of relatively coarse gravel sediments in the streambed.

•

At the North Milk River hydrometric station the water level at the gauge lowered systematically
between 1917 and 1937. It is believed that this shift reflects the increase in the river’s
channel width rather than degradation.

•

The most active period for cut-offs and sinuosity changes occurred between 1939 and 1952,
up to 35 years after the project had started.

•

Comparison of historical air photos and maps showed that no major channel pattern changes
or cut-off activity occurred on the mainstem Milk River between 1915 and 1980. Furthermore,
no long-term channel pattern changes were observed on the unregulated South branch.

•

The repeat channel surveys showed no change in width occurred along the gravel bed Upper
Milk River (referred to as Milk River Gravel Bed Reach in the AMEC study) between 1915
and 1980. Some widening was measured along the sand bed Lower Milk River, although
these changes were not statistically significant (at α = 0.01). Net aggradation of approximately
0.5 m was also measured along this lower reach.

•

It appears the net bank erosion along the North Milk River has constituted only a small
fraction (less than 10%) of the total sediment yield in the Milk River Watershed. The most
important sediment sources in the basin appear to be situated along the lower reach of the
river in the badlands.

•

The changes in meander pattern, channel width and bankfull capacity observed on the North
Milk River are interpreted to represent the long-term response of the channel to the increased
discharges from the diversion. It appears the North Milk River required more than 50 years
to adjust its channel pattern to the change in the discharge regime.

P:\PROJECT\CW\2020\REPORTING\FINAL FEBRUARY 2008\MILK RIVER REPORT_FINAL_REV 0.DOC

Page 23

Milk River Watershed Council Canada
The Study of Erosion and Sedimentation
on the Milk River
February 2008

3.4

Channel Stability Approach for Current Study

The approach selected to evaluate existing and potential future diversion flow impacts to the
Milk River morphology is based on the following: 1) the results of the long-term continuous
simulation WRMM modelling, which determined stream flows for various scenarios for the
period 1928 to 2001; 2) compilation from a physical process model (SAM) to predict how changes
in stream flow will affect the physical structure of the channel; and 3) ‘regime’ approach analyses
to predict channel impacts and compare with the results of the SAM model. The first item is the
WRMM modelling as discussed in Section 2 of this report. The selected approach for the
channel stability modelling (i.e. SAM model) is discussed in this section.
The following conditions were evaluated within the channel stability analysis:
•

natural (pre-diversion) conditions;

•

recorded (existing) conditions; and,

•

potential future diversion scenarios.

Since channel cross-sections surveys are available for both natural and recorded conditions, the
validity of the SAM model and ‘regime’ estimates for these conditions can be compared to the
measured data. This comparison of predicted and measured values can be utilized as the basis
for evaluating the impacts from the potential future diversion scenarios.
3.5

Regime Theory and Definition of Channel Forming Discharge

Regime theory states that an alluvial channel adjusts its width, depth and slope in accordance to
the amount of water and amount and kind of sediment supplied. Regime channels are those
flowing in their own sediment. Regime theory is an important geomorphic concept to assess
channel stability.
An important aspect of regime theory is the use of a single representative discharge to determine
stable channel geometry. The following explanation of this single representative discharge is
contained in Biedenharn et al. (2000):
“This representative discharge has been given several names by different researchers
including dominant discharge, channel-forming discharge, effective discharge, and
bankfull discharge. This has led to some confusion. In this report the channel forming
discharge and the dominant discharge are equivalent.
Channel-forming discharge can be estimated using one of three prescribed
methodologies. One such deterministic discharge is the bankfull discharge, which is
the discharge that fills the channel to the top of its banks. Another deterministic
discharge used to represent the channel-forming discharge is a specified recurrence
interval discharge, typically between the mean annual and 5-year peak. This report
focuses on a third approach to determine the channel forming discharge, known as
the effective discharge. The effective discharge transports the largest fraction of the
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bed material load. Because of this, the effective discharge can be a good estimator
for channel-forming discharge.”
The terminology selected for this study, follow the definitions provided above and are summarized
below:
Qeff = effective discharge;
Qri = recurrence interval discharge = Q1:2 = 1:2 year recurrence interval flood;
Qcf = channel-forming discharge.
Doyle et al. (2007) summarize the importance of using an approach based on general physical
principals (i.e. Qeff) rather than relying strictly on an empirically defined and assumed equilibrium
state (e.g. regime method):
“The construction of a cumulative sediment discharge curve and associated
determination of Qeff allows quantification of the sediment budget of a channel for a
given hydrologic regime, which provides process-based insight of drivers of current
and future trajectories of channel stability, and is thus the recommended measure of
channel-forming discharge. Reliance on only return-interval or bankfull discharge for
channel design is not recommended for channel design activities.”
3.5.1

Sediment Budget Analysis and the SAM Model

This section describes the physical process model employed to predict how changes in stream
flow will affect the physical structure of the channel. The term ‘effective discharge’ is defined as
the discharge that transports the largest fraction of the bed material load (Biedenharn et al., 2000).
For example, although a single 100-year flood transports more sediment than a single 2- to 5-year
event, the cumulative amount conveyed over the long-term by the more frequent 2- to 5-year
events would be greater and would be the effective discharge.
The U.S. Army Corps of Engineers (1994) contains a summary of various methods available to
assess channel stability. Many of these methods are based on a single discharge (typically the
effective discharge) or a critical shear stress value related to bed material size. The ‘effective
discharge and sediment impact assessment’ approach was selected in this study to analyze the
impacts of increased diversion flows on the existing channels. The main advantage of this
method is the ability to simulate sediment transport for the entire range of discharges rather
than just a single effective discharge value. The U.S. Army Corps of Engineer hydraulic design
package, Sediment Analysis Model (SAM) (Thomas et al., 2002), provides the tools to apply this
method. The SAM approach includes both bed load transport and sediment yield equations.
The primary purpose of applying the effective discharge and sediment impact assessment
approach for this project is to provide indicators related to channel stability and erosion potential,
in relation to diversion discharges. This approach is not intended to provide accurate estimates
of sediment transport and yield.
The methods and discussion contained herein are based on Biedenharn et al. (2000) and
Thomas et al. (2002) and are shown schematically on Figure 3.2. Curve I is the frequency of
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various discharges and is derived from the flow duration curve, an example of which is shown
on Figure 3.3. Curve II, shown on Figure 3.2, is the sediment rating curve, which is the
relationship between discharge and sediment transport. Curve III, illustrated on Figure 3.2, is a
histogram of the sediment load conveyed by a stream over an extended period of time, which is
obtained by multiplying flow frequency (Curve I) by the sediment transport rating curve
(Curve II). The total sediment yield over this duration is the area under Curve III. Channel
stability can be evaluated by comparing sediment yields for ‘existing flow’ and ‘postdevelopment flow’ scenarios since sediment transport potential serves as a measure of erosion
potential (McRae, 1994), hence channel stability.
Figure 3.2

Derivation of Total Sediment Load Discharge Histogram

(Source: Biedenharn, 2000)

Figure 3.3

Daily Mean Flow Duration Curve

(Source: Biedenharn, 2000)
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3.5.2

Sediment Transport and Sediment Yield

To determine sediment transport for the entire discharge range, both an annual flow duration
curve and a sediment discharge rating curve are developed, as described below. The basic
approach is to divide the range of discharges into a number of equal arithmetic classes and then
calculate the total sediment load for each flow class. This is achieved by multiplying the
frequency of occurrence (Curve I on Figure 3.2) of each flow class by the median sediment load
for that flow class (Curve II on Figure 3.2).
•

Flow Duration Curve: grouping of the discharge data is accomplished using a flow duration
curve, which is a cumulative distribution function of discharges at a particular location. The
flow duration curve is based on approximately 74 years of weekly discharge data that were
developed from the WRMM modelling outlined in Section 2. Figure 3.3 is an example of a
flow duration curve. The flow duration curve defines the percentage of time a particular
discharge is equalled or exceeded. The frequency of occurrence of each discharge class is
calculated from this curve.

•

Sediment Rating Curve: suspended sediment data is available for the Milk River
(Spitzer, 1988) and these were used to ‘calibrate’ the U.S. Army Corps of Engineer hydraulic
design package, Sediment Analysis Model (SAM), (Thomas et al., 2002), by selecting
sediment transport equations that provided good agreement with the measured data. SAM,
also contains the “SAM aid” utility to assist in the selection of a suitable bed-load transport
equation.

A sediment yield analysis (the integration of the flow duration curve with the sediment discharge
rating curve) is undertaken to describe the distribution of sediment transporting flows for the
various scenarios (i.e. ‘natural’, ‘existing flow’, and ‘potential diversion’). Comparing ‘natural’ to
‘existing flow’ sediment load regimes provides an indication of the channel’s sensitivity to future
stream flow changes due to the ‘potential diversion’ scenarios. Various ‘potential diversion’
scenarios can be evaluated to determine their impact on sediment yield. This comparison of
scenarios is discussed in the next section.
3.5.3

Comparison of Flow Scenarios

The impact of diversion flows on long-term channel stability were evaluated using a sediment
budget analysis. A Capacity Supply Ratio (CSR) provides the means to compare the sediment
load regimes for: (1) ‘natural flow’ and ‘existing flow’; and (2) ‘existing flow’ and ‘potential
diversion flows’. Since the impacts of the ‘existing flow’ diversions to the channel morphology
are documented, an indication of future impacts can be determined by comparing the CSRs for
the two cases discussed above. The CSR definition and methodology are summarized below.
The ‘existing condition’ Capacity Supply Ratio (CSR) is defined as the bed material load
transported by the ‘existing diversion flow regime’ due to the sequence of flow events over an
extended time period divided by the bed material load transported by the ‘natural flow regime’’
over the same time period. These loads are calculated by a numerical integration of a sediment
transport rating curve and the flow duration curve. A CSR close to unity indicates similar existing
and past sediment regimes. Values greater than 1.0 indicate potential erosion and degradation
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(lowering of the channel bed) and values below 1.0 indicate potential aggradation (raising of the
channel bed due to sediment deposition). Diversion into a basin increases flows, resulting in
CSRs greater than 1.0, indicating that degradation and erosion will likely occur. The amount
that the CSR is greater than 1.0 provides a general indication on the severity of the degradation
and erosion.
The ‘potential diversion’ Capacity Supply Ratio (CSR) is defined as the bed material load
transported by the ‘potential diversion flow regime’ due to the sequence of flow events over an
extended time period divided by the bed material load transported by the ‘existing flow regime’’
over the same time period.
Channel stability can be evaluated by comparing sediment yields for ‘natural flow’ and ‘recorded
(existing) flow’ or ‘recorded (existing) flow’ and ‘potential future diversion’ scenarios since
sediment transport potential (i.e. the CSR) serves as a measure of erosion potential
McRae (1994), hence channel stability.
3.6

Channel Stability Evaluation Using SAM and Regime Methods

The two methods used for this study to evaluate the impact on the Milk River of the diversion
flows are the sediment budget approach, utilizing the SAM model, and the regime approach.
The following section contains a discussion of the SAM model calibration. Subsequent sections
contain a discussion of various conditions evaluated utilizing both the SAM model and regime
methods. Sample SAM model output is included in Appendix E.
3.6.1

SAM Model Calibration

Spitzer (1988) contains simulated estimates of mean annual suspended sediment discharge for
the period 1960 to 1985. These simulated estimates are based on sediment rating curve
regression equation for sites along the Milk River. An adjustment factor is used to provide load
estimates much closer to computed loads than does the unadjusted rating curves. The simulated
data contained in Spitzer (1988) is shown in Table 3.2. Spitzer (1988) contains the following
discussion of the simulated data:
Having stated that simulated data is available, extreme caution should be used in
utilizing these data. The simulated data are derived from simple single regression
curve fits which are gross simplifications of concentration versus discharge relations,
particularly where hysteresis is evident and where the flow regime is controlled. This
is particularly true for sites in the upper Milk River Watershed and in fact, a standard
regression equation should not be used for “North Milk River near the International
Boundary”. The procedure becomes somewhat more valid in the downstream
direction. In the upper reaches of the Milk River, there is a hysteresis effect where
spring flows carry more sediment than do summer flows of the same magnitude.
These loops diminish in the downstream direction, but are still evident even at Milk
River at Eastern Crossing. Much of this loop effect can be attributed to the relatively
constant summer diversion flow levels. As time progresses, less material becomes
available for suspension, but the diversion effect lessens in the downstream direction.
P:\PROJECT\CW\2020\REPORTING\FINAL FEBRUARY 2008\MILK RIVER REPORT_FINAL_REV 0.DOC

Page 28

Milk River Watershed Council Canada
The Study of Erosion and Sedimentation
on the Milk River
February 2008

A comparison has been made between simulated and computed seasonal loads. At
the North Milk River near the International Boundary, where three years of seasonal
load data are available, the simulated load data, as a percent of the computed load,
varied from 42 to 131%; needless to say, a wide disparity. For the Milk River at Milk
River, for two years of load data, the differences were 111% and 71%, and at Milk
River at Eastern Crossing the differences were 86, 96 and 186% for the three years
of available load data.
TABLE 3.2
Measured and Calibration Suspended Sediment Loads

Station

Reach

North Milk River nr
Int’l Boundary

North Milk River

Milk River at Milk River
Milk River at Eastern
Crossing

Measured Spitzer
(1988) Simulated Mean SAM Model Calibration
Annual Suspended
Estimated Mean Annual
Sediment Discharge
Sediment Discharge
1960 to 1985
1960 to 1985
(tonnes)
(tonnes)
15,100

6,600 to 15,700

Milk River ‘Gravel Bed’

111,000

28,300

Milk River ‘Gravel Bed’

642,000

331,500 to 767,000

The SAM model was utilized to estimate sediment discharge for the period 1960 to 1985, which
is the same as the period simulated by Spitzer (1988). The sediment transport equations in the
SAM model that provided reasonable agreement with the simulated Spitzer data were selected
for the channel stability modelling of existing, natural and potential future diversion scenarios.
The range of estimates for the selected equations from the SAM model are shown in Table 3.2.
The SAM model sediment transport estimates were based on the following:
•

The Flow Duration Curves derived for the period 1960 to 1985, for the WSC stations selected
to represent each reach.

•

Bed material gradation data contained in Spitzer (1988) for the WSC stations listed in
Table 3.2. Spitzer (1988) provides the surface and sub-surface gradations for both the North
Milk River and Milk River ‘Gravel Bed Reach’. The surface material is coarser grained than
the sub-surface material. The North Milk River surface gradation provided better agreement
with Spitzer’s simulated data and was used for this reach. As discussed in McLean and
Beckstead (1987), the bed of the North Milk River is armoured; hence, the use of the surface
gradation appears reasonable. The Milk River ‘Gravel Bed Reach’ sub-surface material
provided better agreement with Spitzer’s simulated data and was used for this reach. The
surface material for the Milk River ‘Gravel Bed Reach’ is mobile, based on shear stresses for
frequently occurring diversion flows. Hence, the use of the sub-surface gradation is
appropriate for the Milk River ‘Gravel Bed Reach’, for all diversion flow scenarios. The
surface and sub-surface gradations for the Milk River ‘Sand Bed Reach’ are similar.
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•

The “SAM.aid” utility in the SAM program was utilized for guidance in the selection of the
most applicable sediment transport function, based on the bed material gradations and
hydraulic parameters for a particular reach. The sediment transport equations recommended
by the SAM.aid utility are shown on Figure 3.4 for each of the three reaches. A detailed
description of these equations is contained in the SAM Users Manual (Thomas et al., 2002).

•

The sediment transport estimates from the SAM model include both suspended sediment
and bed load. In comparison, Spitzer estimated only suspended sediment and not bed load.
Hence, the SAM model underestimates the total sediment transport as bed load was not
accounted for by Spitzer’s dataset to which the SAM model was calibrated. For the Milk
River ‘Sand Bed’ reach, the bed load discharge composes less than 5% of the total
sediment discharge (Spitzer, 1988). Given the large range in sediment transport estimates
from the SAM model, it was felt that increasing the Spitzer data by ±5% to account for bed
load, would not significantly impact the results.

•

A typical cross-section (a composite based on all surveyed cross-sections for a particular
reach) was selected to represent each of the three reaches, based on existing conditions
(i.e. the 2007 AMEC surveys).
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Sediment Rating Curves for Recorded (Existing) and Potential Diversion Conditions

North Milk River Reach
Sediment Transport Rating Curve

Milk River Gravel Reach
Sediment Transport Rating Curve
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3.6.2

Natural (Pre-Diversion) Conditions

The sediment budget methodology for ‘natural’ conditions was generally similar to that described
previously for ‘calibration’. For the ‘natural’ scenario the Flow Duration Curves for the period
1928 to 2001 were utilized. The same bed material data as previously discussed for ‘calibration’
was utilized, except for the Milk River ‘Gravel Reach’, where the surface gradation was utilized
(see Table 3.1). For ‘natural’ conditions, the surface material for the Milk River ‘Gravel Bed
Reach’ was mobile during high flows and not during typical summer discharges (as is the case
for ‘calibration’). Hence, the use of the surface gradation is appropriate for the Milk River
‘Gravel Bed Reach, for ‘natural’ conditions. The typical (a composite based on all the surveyed
cross-sections for a particular reach) channel geometry used for ‘natural’ conditions was based
on the Peters’ 1915 surveys.
3.6.2.1

Effective Discharge and Predicted Regime Characteristics

The results for the ‘natural’ condition stability analysis are shown in Table 3.3. Figures 3.5 and
3.6 show a comparison of measured widths and channel slopes, for the three channel reaches,
and published ‘regime’ data. The above noted table and figures are discussed below.
•

For the North Milk River, the effective discharge estimated from the stability analysis was
10.7 m3/s, which corresponds well to the 1:2-year return period flood of 8.9 m3/s. Hence, the
effective discharge was selected as representative of the channel forming discharge. The
predicted regime width of 23.1 m based on the effective discharge and Figure 3.5, is in good
agreement with measured mean width of 22 m. The predicted regime slope of 0.0038 m/m
based on the effective discharge and Figure 3.6, is in good agreement with measured
channel slope of 0.003 m/m.

•

For the Milk River ‘Gravel Reach’, the effective discharge estimated from the stability analysis
was 50.4 m3/s, which corresponds well to the 1:2-year return period flood of 49.8 m3/s.
Hence, the effective discharge was selected as representative of the channel forming
discharge. The predicted regime width of 50.2 m based on the effective discharge and
Figure 3.5, is in good agreement with the measured mean width of 52 m. The predicted
regime slope of 0.0012 m/m based on the effective discharge and Figure 3.6, which is in
good agreement with measured channel slope, which ranges from 0.0013 to 0.0019 m/m.

•

For the Milk River ‘Sand Reach’, the effective discharge estimated from the stability analysis
was 12 m3/s, which is only 16% of the 1:2-year return period flood of 75.4 m3/s. The Milk
River ‘Sand Reach’ drains through the badlands, which contribute a large quantity of
sediment, even at relatively low flows. As stated by McLean and Beckstead (1987) there
was significant increase in sediment load “over a distance of 120 km that clearly reflects the
contribution of the badlands along the river’s lower canyon. The daily measurements
showed even minor local rainstorms produced large pulses of sediment. These short-term
pulses accounted for more than 50% of the total suspended load measured in 1981.” Due
to this somewhat anomalous sediment regime within the badlands, the effective discharge
for the Milk River ‘Sand Reach’ is not a good indicator of channel forming discharge. The
1:2-year return period flood is less than the channel forming discharge since the predicted
regime width of 61.3 m, based on the 1:2-year return period flood and Figure 3.5, is less
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than the measured mean width of 70 m. This difference between measured and predicted
regime width may be indicative of the additional width required to convey the large sediment
load that is conveyed at even relatively low flows. The predicted regime slope of 0.00015 m/m,
based on the effective discharge and Figure 3.6, is considerably flatter than the measured
channel slope of 0.0007 m/m. This steeper channel slope is likely the result of high sediment
loads; that is, the channel requires greater energy (channel slope) to transport the incoming
sediment load.
In summary, for natural conditions the 1:2-year return period flood is generally representative of
the channel forming discharge for all three reaches. The effective discharge has good agreement
with the 1:2-year return period discharge (and hence the channel forming discharge) for the
North Milk River and the Milk River ‘Gravel Reach’. Due to the large sediment input contributed
by the badlands to the Milk River ‘Sand Reach’, the effective discharge is significantly less than
the 1:2-year return period flood; neither of these discharges are representative of the channel
forming discharge.
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Note

TABLE 3.3
Natural (Pre-diversion) and Recorded (Existing) Condition –
Measured and Predicted Regime Characteristics and SAM Model Summary
Reach

North Milk River

Parameter

Natural

Recorded

Milk River
Gravel Bed Reach
Natural
Recorded

Measured Channel Characteristics
14 to 30
26 to 53
32 to 83
45 to 85
mean 22
mean 35
mean 52
mean 62
6 to 25
2 to 13
–
–
mean 15
mean 10.5
35 to 125%
2 to 41%
–
–
mean 69%
mean 25%
0.0013 to
0.0013 to
0.003
0.0035
0.0019
0.0019

1. Width (m)
2. Increase in Width (m)
3. Increase in Width (%)
4. Slope (m/m)

Milk River
Sand Bed Reach
Natural
Recorded
38 to 96
mean 70
–
–
0.0007

71 to 120
mean 91
5 to 34
mean 21
8 to 89%
mean 36%
0.0006

Discharge
5. Qeff (m³/s)
6. Q1:2 year (m3/s)
7. QCF (m³/s)
8.

Median Annual (50%
3
exceedance) Discharge (m /s)

9.

20% exceedance Discharge
(m3/s)

10.7

18.3

50.4

20.2

12

18.2

8.9

24.8

49.3

57.6

75.4

84.2

10.7

24.8

50.4

57.6

–

–

0.72

12.6

2.5

15.8

3.1

15.6

1.52

18.2

7.68

20.2

10.3

20.7

2

Sediment Transport
SAM Estimated Range of
10. Sediment Transport 1928 to
2001 (tonnes)

7,000 to
30,000

400,000 to
6
3 x 10

91,000

2 x 106

7 x 106 to
6
19 x 10

22 x 106 to
6
50 x 10

11. Capacity Supply Ratio (CSR)

–

130

–

22

–

2.0

Daily Mean Suspended
Sediment3 (mg/L)

16.3

49.0

72.5

224.2

556.2

1168.0

12.

Predicted Regime Channel Characteristics
13. Width based on QCF (m)

23.1

35.2

50.2

53.6

61.3

64.8

14. Increase in Width (m)

–

12.1

–

3.5

–

3.5

15. Increase in Width (%)

–

52%

–

7%

–

6%

Notes:
1. to 4.

Measured channel characteristics for Natural conditions (based on the 1915 Pre-diversion survey) and Recorded
conditions (based on the 2007 survey).
5.
Effective Discharge (Qeff) is the discharge that transports the largest fraction of bed material load.
6.
Q2 is the 1:2 year recurrence interval flood discharge.
7.
QCF is the channel forming discharge. Neither the Qeff or Q2 is representative of QCF for the Milk River ‘Sand’ Reach
for ‘natural’ and ‘recorded’ conditions.
8. to 9.
Median (50%) and 20% exceedance discharges.
10.
Range of cumulative sediment transported estimated for the period 1928 to 2001 using the SAM Model for various
sediment transport equations.
11.
Capacity Supply Ratio (CSR) is the sediment transported by: (a) the recorded discharges divided by the sediment
transported by natural discharges. The CSR provides an indication of the severity of impacts.
12.
Daily Mean Suspended Sediment Concentration based on the following sediment rating curves from Spitzer
(1988): Figures B-9 (North Milk), D-9 (Milk Gravel), G-9 (Milk Sand). The concentration is based on the 20%
exceedance discharges which is equalled or exceeded for 49 days of the year (i.e. the higher range of diversion
flows).
13. to 15. Predicted regime channel width based on USCOE (1994) formula: W = CQ0.5; where W = width (ft),
Q = discharge (cfs), and C = coefficient. 'C' was calculated based on measured widths and QCF for Natural and
Recorded conditions, as shown in Figure 3.5. For the Milk Sand reach, the Q2 was used to estimate regime
width.
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Comparison of Bankfull Widths for Published Regime and Study Reaches
Figure 3.5

Comparison of Bankfull Widths for Published Regime and Study Reaches
Channel-Forming or Bankfull Discharge (cms)
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Notes:
1. SOURCE FOR PUBLISHED DATA: U.S. CORPS OF ENGINEERS, 1994, FIGURE 5.9, EM1110-2-1418
2. FORMULA IN IMPERIAL UNITS: W=CQ0.5
WHERE W=WIDTH (ft), Q=DISCHARGE (cfs), C=COEFFICIENT (SEE NOTES 3,5)
3. FOR PUBLISHED DATA, C=1.6 FOR CURVE 1 AND REPRESENTS STIFF COHESIVE OR VERY COARSE GRANULAR BANKS
C=2.1 FOR CURVE 2 AND REPRESENTS AVERAGE COHESIVE OR COARSE GRANULAR BANKS
C=2.7 FOR CURVE 3 AND REPRESENTS SANDY ALLUVIAL BANKS
4. TWO POINTS (NATURAL CONDITIONS AND RECORDED CONDITIONS) ARE SHOWN FOR EACH OF THE THREE MILK RIVER REACHES
5. THE MILK RIVER CURVE (CURVE 4) HAS A 'C' VALUE OF 3.9. THIS IS THE CURVE THAT WAS USED TO PREDICT WIDTHS FOR FUTURE POTENTIAL DIVERSION SCENARIOS
6. RECORDED CONDITIONS FOR MILK RIVER SAND AND MILK RIVER GRAVEL REACHES PLOT ABOVE THE CURVE, POSSIBLY INDICATING THESE CHANNELS ARE NOT IN REGIME FOR
DIVERSION FLOW CONDITIONS (RECORDED AND POTENTIAL)
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Figure 3.6

Comparison of Channel Slopes for Published Regime and Study Reaches

Comparison of Published Regime and Study Area Data
Channel-Forming or Bankfull Discharge (cms)
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North Milk River Reach
D50 = 30 mm (Pre-Diversion)
D50 = 30 mm (Existing)
(see Note 2)
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(see Note 3)
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D50 = 0.15 mm (Pre-Diversion)
D50 = 0.15 mm (Existing)
(see Note 4)
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Notes:
1. SOURCE FOR PUBLISHED DATA: U.S. CORPS OF ENGINEERS, 1994, FIGURE 5.11, EM 1110-2-1418
2. NORTH MILK RIVER D50 = 30 mm IS FOR SURFACE GRADATION FOR BOTH NATURAL (PRE-DIVERSION) AND RECORDED (EXISTING) CONDITIONS. THE STUDY AREA DATA SHOWS GOOD
AGREEMENT WITH THE PUBLISHED DATA FOR NATURAL (PRE-DIVERSION) CONDITIONS
3. MILK RIVER GRAVEL REACH D50 = 16 mm IS FOR THE SURFACE GRADATION AND SHOWS GOOD AGREEMENT WITH PUBLISHED DATA. THE D50 = 7 mm FOR RECORDED (EXISTING) CONDITIONS
IS FOR THE SUB-SURFACE GRADATION SINCE THE SURFACE LAYER IS MOBILE DURING DIVERSION FLOWS. THE RECORDED (EXISTING) CONDITION DATA DOES NOT SHOW GOOD AGREEMENT
WITH PUBLISHED DATA.
4. MILK RIVER SAND REACH D50 = 0.15 mm IS REPRESENTATIVE OF SURFACE AND SUB-SURFACE GRADATIONS AND DOES NOT SHOW GOOD AGREEMENT WITH THE PUBLISHED DATA.
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Sediment Yield Histograms, Natural Conditions

North Milk River Reach
Natural Flows - Sediment Yield Histogram (1928 to 2001)

Milk River Gravel Reach
Natural Flows - Sediment Yield Histogram (1928 to 2001)
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3.6.3

Recorded (Existing) Conditions

The approach and results to model existing channel conditions are summarized below.
•

•
•

•

•

Existing condition flow duration curves (FDC’s) were developed for the period from 1928 to
2001, for each of the three Milk River reaches area. The FDC’s were based on stream flows
contained in Section 2, which were generated from the Water Resources Management Model
(WRMM) model for each reach.
The bed material gradation, channel geometry and sediment transport rating curves were the
same as that used for the calibration.
The total sediment yield for the period 1928 to 2001 was estimated for each reach using the
SAM model, which integrates the flow duration curve and sediment rating curve information
described above. Table 3.3 is a summary of the SAM model results for the Existing
Condition. A sample SAM input / output file for the Milk River ‘Gravel Bed’ Reach recorded
(existing) condition is attached in Appendix C.
The effective discharge for each equation was based on the mean value for the discharge
range with the greatest sediment yield. The selected effective discharge was the value upon
which the majority of the equations converged. Figure 3.8 shows the existing condition
sediment yield histograms.
The results for the ‘existing’ condition stability analysis are shown in Table 3.3.

An evaluation of the impact of the ‘recorded (existing)’ diversion flows on ‘natural (pre-diversion)’
conditions is based on the evaluation of Capacity Supply Ratio (CSR) and predicted regime channel
characteristics. These two methods were discussed previously and are summarized below.
3.6.3.1
•

•

Effective Discharge and Predicted Regime Characteristics

For the North Milk River, the effective discharge estimated from the stability analysis was
18.3 m3/s, which is somewhat less than the 1:2-year return period flood of 24.8 m3/s. The
predicted regime width of 35.2 m based on 1:2-year return period flood and Figure 3.5, is in
good agreement with the measured mean width of 35 m. Hence, the channel forming
discharge corresponds approximately to the 1:2-year return period flood. The measured
channel slope for ‘recorded’ conditions increased to 0.0035 m/m from 0.003 m/m for ‘natural’
conditions. This steeper channel slope is due to the accelerated development of meander
cut-offs resulting from the diversion flows (McLean and Beckstead, 1987). The predicted
regime slope of 0.0028 m/m, based on the effective discharge and Figure 3.6, is in good
agreement with a measured channel slope of 0.003 m/m.
For the Milk River ‘Gravel Reach’, the effective discharge estimated from the stability analysis
was 20.2 m3/s, which is only 35% of the 1:2-year return period flood of 57.6 m3/s. For the
Milk River ‘Gravel Reach’, effective discharge is not a good indicator of channel forming
discharge. The 1:2-year return period flood is a better indicator of channel forming discharge
since there is reasonable agreement between the predicted regime width of 53.6 m based
on the 1:2-year return period flood and Figure 3.5, in comparison to the measured mean
width of 62 m. The decrease in effective discharge from 50.4 m3/s for ‘natural’ conditions to
20.2 m3/s for ‘recorded’ conditions is due to the diversion flows, which convey significant
sediment and can result in erosion. The difference between measured and predicted regime
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•

width may be indicative of the additional erosion caused by the diversion flows, over and
above that required by the channel to convey the 1:2-year return period flood. That is the
diverted flows, while of smaller magnitude, are sustained for much longer periods of time
than flows associated with natural runoff events. As a result, a greater portion of the
theoretical sediment transport occurs at lower discharges that are sustained for long periods
of time, rather than larger discharges that are infrequent and are of short duration. There
was no measurable change in channel slope from ‘natural’ to ‘recorded’ conditions. The
predicted regime slope of 0.0007 m/m, based on the effective discharge, D50 = 7 mm and
Figure 3.6, is in poor agreement with measured channel slope, which varies from of 0.0013 to
0.0019 m/m. The increase in width that occurred in the Milk River Gravel Bed Reach, that was
determined in this study, is contrary to the findings of McLean and Beckstead (1987). The
detailed data used by McLean and Beckstead (1987) was not available to confirm their findings.
The previous paper by McLean and Beckstead (1981) discussing the Milk River ‘Gravel Bed’
and ‘Sand Bed’ reaches, stated that “actual increases in bankfull width averaged 10% to
20%”. The findings from the 1981 paper are consistent with the findings of the current study.
For the Milk River ‘Sand Reach’, the effective discharge estimated from the stability analysis
was 18.2 m3/s, which is only 22% of the 1:2-year return period flood of 84.2 m3/s. This
increase in effective discharge from 12 m3/s for ‘natural’ conditions to 18.2 m3/s for ‘recorded’
conditions is due to the diversion flows, which convey a significant sediment load. The
1:2-year return period flood is a poor indicator of channel forming discharge, since there was
poor agreement between the predicted regime width of 64.8 m based on the 1:2-year return
period flood and Figure 3.5, and the measured mean width of 91 m. This may be indicative
of the additional erosion caused by the diversion flows, over and above that required by the
channel to convey the 1:2-year return period flood. There was no measurable change in
channel slope from ‘natural’ to ‘recorded’ conditions. The predicted regime slope of
0.00015 m/m, based on the effective discharge and Figure 3.6, is considerably flatter than
the measured channel slope of 0.0007 m/m. This steeper channel slope is likely the result
of high sediment loads. That is, the channel requires greater energy (channel slope) to
transport the incoming sediment load.

3.6.3.2

Capacity Supply Ratio for ‘Recorded (Existing)’ Conditions

An indication of the severity of historical effects of diversion discharges is provided by the
previously defined Capacity Supply Ratio (CSR), which provides a comparison of existing and
potential diversion flow scenarios. The greater the magnitude of the CSR, the greater the
potential for erosion and degradation. Within the context of this study, the sediment transport
equations and the CSR are only utilized as a general indication of the severity of impacts.
The CSR values are 130, 22 and 2.0 for the North Milk River, Milk River ‘Gravel Bed’ Reach,
and the Milk River ‘Sand Bed’ Reach, respectively. The CSR reduces by an order-of-magnitude
between each reach in sequence. The corresponding percentage increase in measured channel
widths was 69%, 25% and 36% for the North Milk River, Milk River ‘Gravel Bed’ Reach, and the
Milk River ‘Sand Bed’ Reach, respectively. The Milk River ‘Sand Bed’ Reach had significant
changes, although it had by far the lowest CSR. This indicates that: (1) the Milk River ‘Sand
Bed’ Reach is very sensitive to changes, possibly due to fine-grained bed and banks; and
(2) CSR’s are not comparable between the gravel and sand reaches.
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Sediment Yield Histograms, Existing Conditions

North Milk River Reach
Recorded Flows - Sediment Yield Histogram (1928 to 2001)

Milk River Gravel Reach
Recorded Flows - Sediment Yield Histogram (1928 to 2001)
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3.6.4

Potential Future Diversion Scenarios and Estimated Channel Changes

A significant advantage of using the modelling approach taken in this study (i.e. WRMM to
model stream flows and the SAM model to predict how this will affect the physical structure of
the channel) is that various potential diversion flow scenarios can be assessed. Listed below
are the potential diversion flow scenarios reviewed:
•

an increase of the St. Mary diversion to 28.3 m3/s or 1,000 cfs (referred to as “Scen. 1000”);
and,

•

an increase of the St. Mary diversion to 34.0 m3/s or 1,200 cfs (referred to as “Scen. 1200”).

A similar methodology, as previously described for existing and natural conditions, was applied
to evaluate the potential diversion flow scenarios listed above. This methodology is summarized
below.
•

The flow duration curves (FDCs) for the potential diversion flow scenarios were input into the
SAM model for the same 73-year period of time (1928 to 2001) as previously modelled for
‘natural’ and ‘recorded (existing)’ conditions.

•

The total sediment yield for the period 1928 to 2001 was estimated for each reach with the
SAM model, applying the same sediment transport equations for the ‘natural (pre-diversion)’
and ‘recorded (existing)’ conditions. Table 3.4 is a summary of the SAM model results for the
various development condition scenarios. Figures 3.9 and 3.10 show the sediment yield
histograms for the diversion flow scenarios.

3.6.4.1

Effective Discharge and Predicted Regime Characteristics

For the North Milk River, the effective discharges estimated from the stability analysis were
30.8 and 34.8 m3/s (for Scen. 1000 and Scen. 1200, respectively) which are somewhat less
than the 1:2-year return period floods of 31.4 and 35.4 m3/s (for Scen. 1000 and Scen. 1200,
respectively). The predicted regime widths are 42.0 and 45.5 m (for Scen. 1000 and
Scen. 1200, respectively) based on 1:2-year return period floods and Figure 3.5. Hence, the
selected channel forming discharge was based on the 1:2-year return period flood, which is
slightly more conservative than the effective discharge.
For the Milk River ‘Gravel Reach’, the effective discharges estimated from the stability analysis
were 31.1 and 38.8 m3/s (for Scen. 1000 and Scen. 1200, respectively) which are only 46 and
53% of the 1:2-year return period floods of 68.8 and 72.4 m3/s (for Scen. 1000 and Scen. 1200,
respectively). For the potential diversion flow scenarios for the Milk River ‘Gravel Reach’, neither
the effective discharge nor the 1:2-year return period floods are good indicators of channel
forming discharge. As the diversion flows increase, the use of the 1:2-year return period flood
as an indicator of channel forming discharge becomes unreliable due to the additional erosion
that occurs due to the frequently occurring diversion flows. Therefore, the predicted regime
width of 58.4 and 60.1 m (for Scen. 1000 and Scen. 1200, respectively), based on the 1:2-year
return period floods and Figure 3.5, likely under-estimate potential channel width. The use of
the Capacity Supply Ratio (CSR), which is discussed below, is a more reliable indicator of future
channel changes in this instance.
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TABLE 3.4
Potential Diversion Flows – SAM Model Summary
and Predicted Regime Characteristics
Note

Reach
Scenario

North Milk River
Scen 1000

Scen 1200

Milk River
Gravel Bed Reach
Scen 1000 Scen 1200

Milk River
Sand Bed Reach
Scen 1000

Scen 1200

Discharge
1. Qeff (m3/s)

30.8

34.8

31.1

38.1

37.2

44.5

2. Q1:2 year (m3/s)

35.4

41.4

68.3

72.4

95.7

99.5

35.4

41.4

–

–

–

–

6.3

6.3

9.8

9.8

10.8

10.8

26.0

26.0

30.2

31.0

31.5

33.6

1 x 106 to
6
3 x 10

1.5 x 106 to
6
7.5 x 10

3 x 106

4 x 106

28 x 106 to
6
68 x 10

31 x 106 to
6
13 x 10

3

3. QCF (m /s)
Median Annual (50%
4. exceedance) Discharge
3
(m /s)
5.

20% exceedance
Discharge (m3/s)

Sediment Transport
SAM Estimated Range
6. of Sediment Transport
1928 to 2001 (tonnes)
7.

Capacity Supply Ratio
(CSR)

1.9

2.4

1.5

2.0

1.3

1.5

8.

Daily Mean Suspended
Sediment (mg/L)

57.4

57.4

358.7

358.7

1825.1

1825.1

42.0

45.5

58.4

60.1

69.1

70.5

10. Increase in Width (m)

6.9

10.3

4.8

6.5

11. Increase in Width (%)

19%

29%

9%

12%

Predicted Regime Channel Characteristics
9. Width based on QCF (m)

4.3
7%

5.6
9%

Notes:
1.
2.
3.

Effective Discharge (Qeff) is the discharge that transports the largest fraction of bed material load.
Q2 is the 1:2-year recurrence interval flood discharge.
QCF is the channel forming discharge. Neither the Qeff or Q2 is representative of QCF for the Milk River
‘Gravel’ and Milk River ‘Sand’ Reaches.
6.
Range of cumulative sediment transported estimated for the period 1928 to 2001 using the SAM Model
for various sediment transport equations.
7.
Capacity Supply Ratio (CSR) is the sediment transported by the future scenario discharges divided by
the recorded discharges. The CSR provides an indication of the severity of impacts.
8.
Daily Mean Suspended Sediment Concentration based on the following sediment rating curves from
Spitzer (1988): Figures B-9 (North Milk), D-9 (Milk Gravel), G-9 (Milk Sand). The concentration is
based on the 20% exceedance discharges which is equalled or exceeded for 49 days of the year (i.e. the
higher range of diversion flows).
0.5
9. to 11. Predicted regime channel width based on USCOE (1994) formula: W = CQ ; where W = width (ft),
Q = discharge (cfs) and C = coefficient. 'C' was calculated based on measured widths and QCF for Natural
and Recorded conditions, as shown on Figure 3.5. For the Milk Gravel and Milk Sand reaches, the Q2
was used to estimate regime width.
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Sediment Yield Histograms, Scenario 1000

North Milk River Reach
Scenario 1000cfs - Sediment Yield Histogram (1928 to 2001)

Milk River Gravel Reach
Scenario 1000cfs - Sediment Yield Histogram (1928 to 2001)
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Figure 3.9

Sediment Yield Histograms, Scenarios 1200

Milk River Gravel Reach
Scenario 1200cfs - Sediment Yield Histogram (1928 to 2001)

North Milk River Reach
Scenario 1200cfs - Sediment Yield Histogram (1928 to 2001)
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For the Milk River ‘Sand Reach’, the effective discharges estimated from the stability analysis
were 37.2 m3/s and 44.5 m3/s (for Scen. 1000 and Scen. 1200, respectively) which are only
39% and 45% of the 1:2-year return period floods of 95.7 m3/s and 99.5 m3/s (for Scen. 1000
and Scen. 1200, respectively). For the potential diversion flow scenarios for the Milk River
‘Sand Reach’, neither the effective discharge nor the 1:2-year return period floods are good
indicators of channel forming discharge. As the diversion flows increase, the use of the 1:2-year
return period flood as an indicator of channel forming discharge becomes unreliable due to the
additional erosion that occurs due to the frequently occurring diversion flows. Therefore, the
predicted regime width of 69.1 and 70.5.5 m (for Scen. 1000 and Scen. 1200, respectively),
based on the 1:2-year return period floods and Figure 3.5, likely under-estimate potential
channel width. The use of the Capacity Supply Ratio (CSR), which is discussed below, is a
more reliable indicator of future channel changes in this instance.
3.6.4.2

Capacity Supply Ratio ‘Potential Diversion’ Conditions

The CSR values for the ‘potential diversion’ conditions for the North Milk River and Milk River
‘Gravel Reach’ are considerably less than ‘recorded’ conditions. This suggests that the changes
for ‘potential diversion’ conditions should be less than for ‘recorded’ conditions.
The CSR values for the ‘potential diversion’ conditions for the Milk River ‘Sand Reach’ are slightly
less than ‘recorded’ conditions. This suggests that the changes for ‘potential diversion’ conditions
could be similar or slightly less than for ‘recorded’ conditions.
3.6.5

Discussion of the Use of Regime and CSRs for Predicting Channel Changes

For predicting channel changes, the use of the regime approach works best in the instances
where the effective discharge is representative of the channel forming discharge. This condition
is valid for the North Milk River for all conditions. Hence, the regime approach is the primary
method used for evaluating the potential diversion impacts on the North Milk River.
Both the CSR and regime approach can be used to provide an indication of channel change in
Milk River ‘Gravel Reach’. The regime approach tends to underestimate the change since the
frequently occurring diversion flows convey sediment and cause erosion, resulting in a channel
that is wider than predicted by the regime approach. Another indication of the severity of change
for the Milk River ‘Gravel Reach’ is provided by comparison with the other two reaches. The
severest changes occur on the North Milk River since the diversion flows are such a large portion
of the total flows. The next severest changes occur on the Milk River ‘Sand Reach’ since the
finer grained sediments are subject to erosion. The severity of change for the Milk River ‘Gravel
Reach’ is less than the other two reaches. The geological control located at the knick-point
between the flatter and steeper channel slope sub-reaches, may also influence channel
morphology and should be investigated in future studies.
The use of the regime approach for predicting channel change is poor in instances where the
effective discharge is not representative of channel forming discharge. This condition occurs for
the Milk River ‘Sand Reach’ for all scenarios (‘natural’, ‘recorded’ and ‘potential diversion’). The
frequently occurring diversion flows convey sediment and cause erosion (i.e. a disturbed
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condition) resulting in an over-widened channel. This wider channel is also due to the large
sediment loads contributed by the badlands as well as the weak banks. The most appropriate
approach for the Milk River ‘Sand Reach’ appears to be to compare CSRs for recorded and
future scenarios. Hence, the CSR is the primary method used for evaluating the potential
diversion impacts on the Milk River ‘Sand Reach’.
The above noted finding regarding the 1:2-year flood discharge not being representative of the
channel forming discharge, for the Milk River ‘Gravel’ and ‘Sand’ reaches, for diversion flow
conditions is in agreement with Blench (1954) who states:
“The writer’s opinion (on the effect of releases on the combined river) is that the 600
cusec (i.e. the existing 17 m3/s diversion flow) releases are likely to have a more
erosive effect than might be imagined from their ratio to peak flood, because they
cause sub-meandering that can attack pockets of silty soil that would escape the
effect of large floods.”
The sediment budget methodology used in this report to determine effective discharge provides
quantifiable support for Blench’s statement. For all diversion flow scenarios (‘existing’,
‘Scen. 1000’, and ‘Scen. 1200’), the effective discharge is approximately equivalent to the
diversion flow. For the Milk River ‘Gravel’ and ‘Sand’ reaches, although these effective
discharges are considerably less than peak floods (e.g. the 1:2-year flood discharge), they still
cause erosion, resulting in a channel wider than required to convey the peak flood.
3.6.5.1

North Milk River Predicted Channel Changes

Scen. 1000 – an increase in channel width in the order of 19% is predicted by the regime method,
which as discussed above is applicable for the North Milk River. The regime method somewhat
underestimated the ‘recorded’ changes. Hence, the predicted regime width is increased slightly
and a range of potential future widths is provided. This translates to a potential 20% to 25%
increase in mean width (7 to 9 m), which results in a future mean width for the North Milk River
between 42 m to 44 m. No significant change in depth is estimated since there weren’t any
‘recorded’ changes in bed levels. In the intermediate time-frame (say several decades), the
potential increase in slope is expected to be less than the 10% ‘recorded’ change that occurred.
In the long-term, the slope may decrease as the channel becomes more sinuous. This trend is
discussed in more detail in Section 4. Both the intermediate time-frame increase in slope and
the longer-term decrease in slope will result in erosion of the channel banks.
Scen. 1200 – an increase in channel width in the order of 29% is predicted by the regime method,
which as discussed above is applicable for the North Milk River. The regime method somewhat
underestimated the ‘recorded’ changes. Hence, the predicted regime width is increased slightly
and a range of potential future widths is provided. This translates to a potential 25% to 30%
increase in mean width (9 m to 11 m), which results in a future mean width for the North Milk
River between 49 m to 46 m. No significant change in depth is estimated since there weren’t
any ‘recorded’ changes in bed levels. The potential change to the slope will be similar to those
discussed above for Scen. 1000.
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3.6.5.2

Milk River ‘Gravel Bed’ Reach Predicted Channel Changes

Scen. 1000 – based on the CSR and regime approach, as well as a comparison with the other
two reaches, there could be a potential 10% to 15% increase in mean width (6 m to 9 m). This
could result in a future mean width between 68 m to 71 m. No significant change in depth or
slope is estimated since there weren’t any ‘recorded’ changes in bed levels.
Scen. 1200 – based on the CSR and regime approach, as well as a comparison with the other
two reaches, there could be a potential 15% to 20% increase in mean width (9 m to 12 m). This
could result in a future mean width between 71 m to 74 m. No significant change in depth or
slope is estimated since there weren’t any ‘recorded’ changes in bed levels.
3.6.5.3

Milk River ‘Sand Bed’ Reach Predicted Channel Changes

Scen. 1000 – the CSR is in the order of ±1.3 in comparison to the ‘recorded’ CSR of 2.0, which
resulted in a 36% ‘recorded’ increase in channel width. Based on the CSR comparison, there
could be a potential 15% to 20% increase in mean width (14 m to 18 m). This could result in a
future mean width between 105 m to 109 m. The potential increase in depth is expected to be
less than the 0.2 m ‘recorded’ increase. The impact on channel slope is expected to be less than
the 10% ‘recorded’ decrease in slope.
Scen. 1200 – the CSR is in the order of ±1.5 in comparison to the ‘recorded’ CSR of 2.0, which
resulted in a 36% ‘recorded’ increase in channel width. Based on the CSR comparison, there
could be a potential 20% to 25% increase in mean width (18 m to 23 m). This could result in a
future mean width between 109 m to 114 m. The potential change to .the depth and channel
slope will be similar to those discussed above for Scen. 1000.
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