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EXECUTIVE SUMMARY
1.

This document quantifies the hydraulic impacts of Lake Winnipeg Regulation and the
Churchill River Diversion on water levels and river flows on Nelson River between Lake
Winnipeg and the Nelson River Estuary as it enters the Hudson Bay.

2.

A hydraulic simulation model was developed and calibrated to simulate hydraulic
conditions on the Nelson River without Lake Winnipeg Regulation and the Churchill River
Diversion.

Model results were then compared against actual measured data to firstly

verify the model was adequately simulating hydraulic conditions and secondly to quantify
the impacts. Overall model verification results were good which confirmed the model is
able to simulate conditions without Lake Winnipeg Regulation and without the Churchill
River Diversion.

3.

The following conclusions can be made from the model results:


Lake Winnipeg Regulation has not changed the long term average water level of Lake
Winnipeg as it remains at approximately 217.6 metres (1978 to 2014) for both
conditions with and without regulation. Lake Winnipeg Regulation has however,
narrowed the range in water levels on the lake by reducing peak water levels during
flood conditions and increasing the lowest water levels during drought. The seasonal
timing of water levels with the highest water levels occurring in summer and
dropping through the winter is still preserved but there is some variation from month
to month.



Lake Winnipeg Regulation has reduced the overall range in Nelson River East
Channel flows. Flows are now higher during low inflow into Lake Winnipeg and
lower during high inflows.

The average annual East Channel flow remains

approximately the same at 340 cms with regulation and about 320 cms without
regulation (1978 to 2014). The seasonal pattern of higher flows in the summer and
3

lower in the winter is still preserved with Lake Winnipeg Regulation but there is
some variation from month to month.


Lake Winnipeg Regulation has had a significant impact on Nelson River West
Channel flows. Lake Winnipeg Regulation has caused a seasonal reversal of West
Channel flows where average flows are typically higher in the winter and lower in the
summer when compared against conditions without regulation. In addition Lake
Winnipeg Regulation has increased the annual range and variability in flows where
flows are higher during flood conditions and lower during drought conditions and the
flows fluctuate more. The average annual flow remains approximately the same at
1900 cms with regulation 1920 cms without regulation (1978 to 2014).



Lake Winnipeg Regulation has altered the Cross Lake water regime by changing the
seasonal timing of water levels and increasing the water level fluctuations. The Cross
Lake weir was constructed in 1991 to mitigate some of the effects of Lake Winnipeg
Regulation by increasing the average water level and reducing the range of water
levels on the lake. Water levels on Cross Lake are now higher with the weir and there
is less variation. The average water level since 1991 with regulation has been 207.8
meters and without regulation and without the weir would have been 207.6 meters. A
seasonal reversal of water levels is still found to occur in low to average flow years,
while in high flow years the seasonal water level pattern remains similar to conditions
without Lake Winnipeg Regulation (i.e. higher water levels in the summer and
decreasing though the winter).



Kelsey Generating Station flow is affected by the operation of Lake Winnipeg
Regulation. The effects are similar to those described for Cross Lake except there is
more day to day variability in flow due to Kelsey forebay operations which are used
to support the Lower Nelson generating stations. The average Kelsey flow without
regulation would have been 2354 cms and is 2344 cms with regulation (1978 to
2014). A seasonal reversal of flows is still found to occur in low to average flow
years, while in high flow years the seasonal flow pattern remains similar to conditions
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without Lake Winnipeg Regulation (i.e. higher flows in the summer and decreasing
though the winter).



Split Lake water levels are affected by both the operation of Lake Winnipeg
Regulation and the Churchill River Diversion. The Churchill River Diversion has
added an average flow of 767 cms via the Burntwood River which has increased the
average water level of Split Lake by approximately 0.7 meters (1978 to 2014). The
combined effect of both projects typically produces higher water levels in the winter
than would have occurred without regulation. Water levels during the summer months
are similar to what would have occurred without regulation in many years. Water
levels during severe flood events such as the floods of 2005 and 2011 are
approximately 0.5 metres higher with regulation and the Churchill River Diversion.



Kettle Generating Station flow is affected by Lake Winnipeg Regulation, the
Churchill River Diversion and the operating requirements of the Manitoba Hydro
power system.

The effects at Kettle are similar to those described for Split Lake

except there is more day to day variability in outflow to meet power requirements.
The Churchill River Diversion has increased the average Kettle flow by
approximately 767 cms (1978 to 2014).

The combined effect of both projects has

typically produced higher flows in the winter than would have occurred without
regulation. Average outflows during the summer months are similar to what would
have occurred without regulation in many years but there is more day to day
variability. Kettle flows during severe floods like the 2005 and 2011 flood events are
higher with regulation and the Churchill River Diversion.
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INTRODUCTION
The following is a report on simulated water levels and river flows for the Nelson River without
the Lake Winnipeg Regulation and without the Churchill River Diversion projects. Simulated
water levels and river flows are required to estimate their hydraulic impacts on Lake Winnipeg
and on the Nelson River for the purposes of Regional Cumulative Effects Assessment (RCEA)
and for other purposes including for operations and resource planning.

Lake Winnipeg Regulation has changed the river flow and water level regimes for Lake
Winnipeg and the Upper Nelson River. Lake Winnipeg Regulation construction began in 1972
and was completed in 1976. The project included the construction of the 2-Mile Channel, the 8Mile Channel and the Ominawin Bypass Channel to increase the outflow capability of Lake
Winnipeg, the Jenpeg Control Structure to regulate outflows and a dam at the outlet of Kiskitto
Lake to prevent water from backing up into the lake.

The Churchill River Diversion changed the river flow and water level regimes of the Churchill
River, the Burntwood River and the Lower Nelson River. Churchill River Diversion
construction began in 1972 and was completed in 1976. The project included the construction
of control structures at Missi and Notigi Falls and the excavation of a diversion channel from the
South Bay of Southern Indian Lake to Isset Lake which allowed diverted water to enter the
Nelson River system via the Rat and Burntwood Rivers.

Both Lake Winnipeg Regulation and Churchill River Diversion projects are operated in
conjunction with one another to meet Manitoba Hydro system power demand requirements.

In this study, a lake routing and water balance spreadsheet model was developed to simulate
conditions without Lake Winnipeg Regulation and without the Churchill River Diversion.
Simulated results were then compared against historic observations for select periods to assess
the hydraulic impacts of the projects on the water regime of Lake Winnipeg and the Nelson
River.
9

A study period from 1914 to 2014 was selected because of data availability and because the long
analysis period permits maximum flexibility of data usage for RCEA and other purposes. Prior
to 1914 there is virtually no hydrometric data available for Lake Winnipeg and the Nelson River.

These model results can be used to assess trends and patterns and overall hydraulic
characteristics but caution should be exercised when comparing precise day to day results
because the model does not explicitly capture localized events such as heavy rain or wind nor
does it simulate the day to day variations in winter ice that can and do occur. Also the model
uses a lake routing approach which does not capture channel routing effects.

Similar assessments for the Burntwood and Churchill Rivers are available and documented in
separate reports entitled “An Assessment of the Impacts of the Churchill River Diversion on the
1

Rat and Burntwood Rivers” and “An Assessment of the Impacts of the Churchill River
2

Diversion on the Upper and Lower Churchill Rivers” .

HYDROLOGY
Lake Winnipeg collects runoff water from a drainage area of approximately 1,000,000 square
kilometres. The basin extends from the Canadian Rockies in western Canada to within 19 km of
Lake Superior in eastern Canada, and south to 4 states in the USA.

The waters of Lake Winnipeg flow north and leave the lake via the Nelson River, which
eventually flows into Hudson Bay. The main tributaries of Lake Winnipeg are the Winnipeg and
Saskatchewan rivers. Combined, these 2 rivers account for 75 per cent of the inflow, while the
waters from the Red, Dauphin, Bloodvein, and Berens rivers, plus other smaller tributaries, make
up the remaining 25 per cent.

The natural inflows to Lake Winnipeg are greatest in the spring and summer, due to the snow
melt during warmer weather combining with the naturally heavier rain falls in spring and
summer. By fall, the tributary waters abate as a result of drier conditions. With winter's onset,
10

inflows decrease as snow does not contribute to the runoff until the following spring. Because of
its relatively large surface area and storage volume, Lake Winnipeg's level rises and falls very
slowly as a result of the difference between inflow and outflow.

The Lake Winnipeg Regulation projects provides more reliable flows from the lake for
generating stations on the Nelson River in northern Manitoba as well as flood reduction and
drought support on Lake Winnipeg. Prior to Lake Winnipeg Regulation, the shallow natural
outlets of Lake Winnipeg from Warren Landing to Cross Lake were subject to ice blockages in
the winter and weed blockages in the summer. The Lake Winnipeg Regulation project
constructed new channels to increase the outflow capability from the lake and a control structure
100 kilometres downstream from the lake's outlet. Relative to natural conditions, the new
channels provide approximately 50 per cent more outflow capacity under ice cover conditions.

The project is licensed under the Manitoba Water Power Act. The Licence sets requirements for
the control of outflows from Lake Winnipeg, based on its elevation:
•

When lake levels are between 711 to 715 feet, outflows are set as required for power
production purposes on the Nelson River.

•

When lake levels are above 715 feet, outflows are set at maximum discharge until the
lake drops below 715 feet.

•

When lake levels are below 711 feet, outflows are set as directed by the Minister
responsible for the Water Power Act.

Lake Winnipeg Regulation is operated in conjunction with the Churchill River Diversion to
maximize overall power benefits while adhering to the terms of the projects licenses. Typically,
Churchill River Diversion outflows at Notigi Control Structure are maximized to maximize
hydro electric power production at the Lower Nelson River generating stations.

This analysis quantifies the impacts of Lake Winnipeg Regulation on the Upper Nelson River
and the combined effects of Lake Winnipeg Regulation and the Churchill River Diversion on the
Lower Nelson River. Secondary impacts on the Upper Nelson River due to Churchill River
Diversion operations and on Lake Winnipeg and the Nelson River due to Grand Rapids and the
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Winnipeg River generating stations are not differentiate and not included in the model
simulation.

STUDY METHOD
In this study, a lake routing and water balance spreadsheet model was developed to simulate
hydraulic conditions on the Upper Nelson without Lake Winnipeg Regulation and on the Lower
Nelson River without Lake Winnipeg Regulation and without the Churchill River Diversion.
Key features of the model are: it is Excel spreadsheet based; it uses a daily time step and it
covers a timeframe from January 1, 1914 to December 31, 2014. This start date was chosen
because it coincides with the in service date of the Water Survey of Canada water level station
on Lake Winnipeg at Berens River (05RD005) and it is consistent with the Manitoba Hydro
4

Long Term Flow Database which starts in 1912. The Long Term Flow Database is Manitoba
Hydro’s official database for system inflows and is used in both operations and resource
planning.

A hydraulic schematic of the model is shown in Figure 1. The model simulates hydraulic
conditions at key locations on the Nelson River between Lake Winnipeg and the Hudson Bay.
Outflows from Lake Winnipeg are routed through Cross Lake, Sipiwesk Lake, Kelsey Forebay,
Split Lake and through the Lower Nelson River generating stations to the Hudson Bay. Local
tributary inflows that were obtained from the Long Term Flow Database were added along the
way to preserve the water balance and maintain hydraulic integrity.

The model has two components; a Lake Winnipeg model component and a Nelson River model
component.

LAKE WINNIPEG MODEL COMPONENT
The Lake Winnipeg model component simulates outflows from Lake Winnipeg without Lake
Winnipeg Regulation. Outputs from the Lake Winnipeg model are inputs to the Nelson River
model.
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The outflow from Lake Winnipeg without regulation was modeled using monthly natural stage
discharge rating curves which represents the outflow from the lake for a given water level.
These curves were originally developed to support the Manitoba Clean Environment
Commission hearing on Lake Winnipeg Regulation which was completed in July 2015 and were
reused for this work. The curves are available in the Lake Winnipeg Regulation Plain Language
3

Document and Appendix D of this report.
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Figure 1: Hydraulic Simulation Model Schematic
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The curves simulate the changing stage-discharge relationships that occur due to ice and
vegetation growth and decay. The curves are on a monthly basis but were further refined in the
simulation by assuming that each monthly curve was representative of conditions on the 15th of
the month, and that any other day of the month was the weighted average between the two
closest months as determined by linear interpolation. This results in 365 rating curves per year
and fairly precise modelling of the changing outlet conveyance as a result of ice and vegetation
growth under average conditions. However, during severely cold winters or years when there is
more vegetation growth than normal there would be deviation from these curves.

The Lake Winnipeg model was divided into two distinct periods:

•

The first period is the January 1, 1914 to December 31, 1972. This is the pre Lake
Winnipeg Regulation period without the influence of Jenpeg and the other channel
works but with the influences of upstream regulation on the Winnipeg and
Saskatchewan Rivers. In this period the 7 day smoothed daily water levels of Lake
Winnipeg as measured at the Berens River (05RD005) gauge were combined with the
monthly rating curves described above to determine the daily total Lake Winnipeg
outflow without Lake Winnipeg Regulation.

•

The second period is from January 1, 1973 to December 31, 2014. This is the post
Lake Winnipeg Regulation period with the influences of the project including
construction influences from 1973 and 1976. In this period unregulated Lake
Winnipeg water levels and outflows were extracted directly from the Lake Winnipeg
3

Regulation Plain Language Document - Appendix 4 . There was no need to
recalculate the water levels and outflows because the work had already been
completed.
The resulting hydrograph of simulated and measured Lake Winnipeg water levels and outflows
without Lake Winnipeg Regulation from 1914 to 2014 is shown in Figure 2 below. The first part
of the period from 1914 to 1972 uses measured Lake Winnipeg water levels to calculate
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unregulated outflows. The second part of the period (1973 to 2014) uses simulated water levels
to calculate unregulated outflows. This approach is somewhat unique to the Lake Winnipeg
model but it was required to extend the analysis back to 1914. Additional water level and flow
graphs are available in the results section of Appendix B.
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Figure 2: Average Daily Lake Winnipeg Water Levels and Outflows from 1914 to 2014

NELSON RIVER MODEL

The Nelson River Model is similar in design to the Lake Winnipeg Regulation Model. Outflows
from the Lake Winnipeg model are used as inputs for the Nelson River model.

The Nelson River model simulates water levels and outflows along the Nelson River to the
Hudson Bay. The model simulates water levels and outflows by sequentially routing outflows
15

from Lake Winnipeg down the East and West Channels through Cross Lake, Sipiwesk Lake,
Kelsey, and Split Lake through Kettle, Long Spruce, and Limestone Generating Stations and past
the future sites for Conawapa and Gillam Island Generating Stations to the Hudson Bay.

An estimate of local tributary inflow was required in order to simulate hydraulic conditions along
the Nelson River. The local tributary inflows used in the model were obtained from the Long
Term Flow Database. They are shown in Figure 1 as NR0, NR2 through to NR8 for the Nelson
River and BR1, BR2 through to BR4B for the Burntwood River. This is the same naming
convention as the Long Term Flow Database.

Stage-storage and stage-discharge rating curves were required for Cross Lake, Sipiwesk Lake
and Split Lake. Stage storage curves were obtained from the Manitoba Hydro HYTIME
database. Stage-discharge curves were developed for each lake by curve fitting simulated river
flows with measured water levels iteratively until the data and the curves converged. There is no
pre Kelsey impoundment data available for Sipiwesk Lake so an estimate of the stage discharge
relationship was made using the existing backwater influenced curve. See Appendix D for the
rating curves used in the simulation.

The simulation uses the inflow equations, lake stage-storage curves and stage discharge curves
described above combined with water balance analysis to simulate water levels and outflows.
The water balance equation for the lakes is as follows:

S(t+1) = S (t) + I (t) – O (t)
Where:
S (t+1) = Lake Storage on Day t+1
S (t) = Lake Storage on Day t
I (t) = Total Lake Inflow on Day t
O (t) = Total Lake Outflow on Day t

An example calculation is as follows: At the start of the simulation the Cross Lake Inflow (I1)
and Storage (S1) are all known. Then by assuming that the Total Outflow (O1) at is a function of
16

the Storage (S1) then the storage for the next day Storage (S2) can be calculated. This logic can
then be applied recursively for the entire simulation period moving from upstream to
downstream to simulate water levels and flows.

The model also has the ability to simulate conditions with Lake Winnipeg Regulation and the
Churchill River Diversion in place. This is done by substituting simulated flows without
regulation with measured flows at Jenpeg Generating Station and Notigi Control Structure. This
is a useful feature because it permits the calibration of the model with measured data for Cross
Lake, Sipiwesk Lake and Split Lake and it also assisted in the development of outlet rating
curves for these lakes.

As part of this analysis, consideration was also given to developing a physically based
distributed hydrologic watershed model such as WATFLOOD or HEC-HMS. However this
approach was rejected due to the lack of measured precipitation in the basin which is a necessary
input into a hydrologic model. In addition, Microsoft Excel is a development environment that
affords excellent flexibility, usability and transparency. Note that this model uses a lake storage
routing procedure which does not consider channel routing effects or the hydraulic routing of
flood waves.

The impact of this approach is small given the reasonable model results that were

achieved using the lake routing approach.

MODEL VERIFICATION
Model results were compared against actual measured data to verify that the model was working
correctly and capable of simulating hydraulic conditions without Lake Winnipeg Regulation and
without the Churchill River Diversion.

The model was calibrated by adjusting the winter ice performance rating curves to obtain the
best fit results as determined using the standardized statistical model tests described below. The
same ice performance was used for each winter. All other model parameters were fixed and
were determined based on the relative physical geometry of the basin such as drainage area size
17

and lake storage. During the calibration process simulated values were compared against actual
measured data and evaluated in terms of performance based on the Coefficient of Determination
(r2), Volume Deviation, Mean Error and Mean Absolute Error as well as visual inspection.

Figure 3 below shows, for example, simulated and measured Nelson River flows at Bladder
Rapids for the verification period from January 1, 1959 to December 31, 1971 which is prior to
Lake Winnipeg Regulation. Additional model verification results are available in Appendix D.
Overall model performance results for the Nelson River at Bladder Rapids were reasonable
which confirmed the model is representative of Lake Winnipeg outflows without regulation.

Figure 3: Nelson River at Bladder Rapids from 1959 to 1972
The Volume Deviation score is an indication of how the model is performing from an overall
volume of water perspective. The lower the volume deviation the more representative the model.
18

The R-Squared is a statistical measure of how close the measured data points are fitted to the
model. An R-squared score of 1.0 indicates a very good fit while a score of zero indicates a very
poor fit. The mean error measures the average magnitude of the errors in the model. The mean
error is a zero-oriented score which means the closer the value is to zero the better. A positive
mean error means the model is over predicting results while a negative error means it is under
predicting. The mean absolute error measures the average magnitude of the errors in the model,
without considering their direction. The mean absolute error is also zero oriented score which
means lower values are better.

RESULTS
The simulated and measured results for Lake Winnipeg and Nelson River are summarized below
and in Appendix B.

Lake Winnipeg Water Levels and Total Outflows
Lake Winnipeg Regulation has altered the outflow and water level regime of Lake Winnipeg
through the operation of Jenpeg. Figure 4 below shows simulated (without Lake Winnipeg
Regulation) and measured Lake Winnipeg water levels and total outflows from 1970 to 1979.
These are the early years of Lake Winnipeg Regulation where there is a transition from natural to
regulated conditions. The first impacts of Lake Winnipeg regulation occurred on May 19, 1973
with the closure of the Kisipachewuk Channel and on May 24, 1973 with the closure of the
Ominawin Channel cutoff dam and marked the first changes from the natural regime. The
Ominawin bypass channel was completed on October 30, 1973. The spring freshet of 1974
developed into one of the highest on record with Lake Winnipeg water levels reaching 218.9
metres or 718.1 feet. Construction of the Jenpeg powerhouse and spillway continued through
this period and on December 7, 1974 the Jenpeg spillway was completed and all flow in the
Nelson River West Channel was diverted though the spillway. This marks the point when actual
regulation changes could be made by adjusting the gate setting on the Jenpeg spillway.
Construction dredging of the Eight-Mile Channel was completed on October 23, 1975 and the
Two-Mile Channel was completed on October 5, 1976. On July 17, 1976 the Lake Winnipeg
Regulation facilities were sufficiently complete with the Jenpeg cofferdam removal to allow full
19

control of Lake Winnipeg for the first time. The first generating unit at Jenpeg was put into
commercial service on June 28, 1977. The last went into service on November 1, 1979.
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Figure 4: Daily Average Lake Winnipeg Water Levels and Outflows from 1970 to 1979

Figure 5 below shows simulated and measured Lake Winnipeg water levels from 1978 to 2014.
Lake Winnipeg Regulation has not changed the long term average water level of Lake Winnipeg
as it remains at approximately 217.6 metres with and without regulation. Lake Winnipeg
Regulation has reduced the range in water levels on Lake Winnipeg by reducing the peak water
levels during flood and raising the lowest water levels during drought. The seasonal timing of
water levels with the highest occurring in summer and falling through the winter is preserved
with regulation but there is some variation from month to month.
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Figure 5: Daily Average Lake Winnipeg Water Levels from 1978 to 2014

Nelson River East Channel
Flows in the Nelson River East Channel are a function of water levels on Playgreen Lake which
are influenced by both Jenpeg operations and Lake Winnipeg water levels. Figure 6 shows East
Channel flows for the period from 1978 to 2014 which is the post Lake Winnipeg Regulation
period. Lake Winnipeg Regulation has reduced the overall range in East Channel flows as flows
are now higher during low inflow conditions and lower during high inflows. The seasonal
pattern of higher flows in the summer and lower in the winter remains unchanged with Lake
Winnipeg Regulation. The average annual flow with regulation has been 340 cms and without
regulation would have been 320 cms (1978 to 2014).
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Nelson River East Channel
Simulated and Measured Outflows at WSC 05UB001
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Figure 6: Daily Average Nelson River East Channel Outflows from 1978 to 2014
Nelson River West Channel
Lake Winnipeg regulation allows for the regulation of the majority of Lake Winnipeg outflow
along the Nelson River West Channel through the operation of Jenpeg Generating Station.
Outflows from Jenpeg are set to meet power requirements on the Lower Nelson River while
meeting the terms of the Lake Winnipeg Regulation Water Power Act License. Figure 7 shows
West Channel flows for the period from 1978 to 2014. The figure shows that Lake Winnipeg
Regulation has had a significant impact on outflows when compared to conditions without
regulation. Lake Winnipeg Regulation has caused a seasonal reversal of flows in low to average
inflow conditions where flows are now higher in the winter and lower in the summer. During
high flow years the seasonal flow pattern remains similar to conditions without Lake Winnipeg
Regulation with higher flows in the summer and decreasing though the winter. Lake Winnipeg
Regulation has increased the annual range in flows but the average flow remains the same at
1900 cms with regulation and 1920 cms without regulation (1978 to 2014).
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Figure 7: Daily Average Nelson River East Channel Outflows from 1978 to 2014

Cross Lake Water Levels without the Weir
Cross Lake water levels are a function of the combined inflow from the Nelson River East and
West Channels. Figure 8 shows Cross Lake water levels for the period from 1982 to 1991 which
is prior to the construction of the Cross Lake Weir (1991) but after the start of Lake Winnipeg
Regulation. Under natural conditions Cross Lake water levels would have followed a typical
seasonal pattern of generally higher water levels in the summer months and lower during the
winter months. Lake Winnipeg Regulation altered the regime by changing the seasonal timing
and increasing the annual range in water levels in some years. Lake Winnipeg Regulation also
caused extremely low water levels in the summer prior to the construction of the weir.
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Cross Lake
Simulated and Measured Water Levels at WSC 05UD001
210.0

Pre-Weir
209.5

209.0

Water Level (m)

208.5

208.0

207.5

207.0

206.5

206.0

205.5

205.0
1/1/1982

1/1/1983

1/1/1984

1/1/1985
Measured

1/1/1986

1/1/1987

1/1/1988

1/1/1989

1/1/1990

1/1/1991

Simulated without LWR and without the Weir

Figure 8: Daily Average Cross Lake Water Levels from 1982 to 1991

Cross Lake Water Levels with the Weir
Figure 9 shows Cross Lake water levels for the period from 1992 to 2014 with the Cross Lake
Weir (1991) in place. The Cross Lake Weir was built to mitigate some of the effects of Lake
Winnipeg Regulation. The weir project involved modifying the lakes main outlet by filling in a
portion of the centre channel to provide low level support and the excavation of a portion of the
east channel to widen the channel to provide high water level relief. The west channel was not
modified as part of the weir project. Water levels on Cross Lake are now higher during low to
average inflow conditions and there is a narrower range in water levels with the weir. A seasonal
reversal of water levels is still found to occur in low to average flow years, while in high flow
years the seasonal flow pattern remains similar to conditions without Lake Winnipeg Regulation.
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