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Executive Summary  

.ŀǎŜŘ ƻƴ ǘƘŜ LƴǘŜǊƴŀǘƛƻƴŀƭ Wƻƛƴǘ /ƻƳƳƛǎǎƛƻƴΩǎ όLW/ύ ŘƛǊŜŎǘƛƻƴΣ ǘƘŜ {ǘǳŘȅ ǳƴŘŜǊǘƻƻƪ ŀƴ 

ΨŜȄǇƭƻǊŀǘƻǊȅΩ ŀƴŀƭȅǎƛǎ ƻŦ restoration options and their potential impacts on Lake Michigan-

Huron water levels by increments of 10, 25, 40 and 50 cm (3.9, 9.8, 15.7 and 19.7 inches, 

respectively).   

An assessment was subsequently undertaken by the Study to evaluate these restoration 

scenarios, based on this direction.  The Study focused on using the available information and 

models to make this exploratory assessment of the impacts.   The findings are couched in terms 

of the limitations and caveats that are associated with the various analyses.   It should be noted 

that broader issues such as Glacial Isostatic Adjustment (GIA) and Climate Change, for which 

there are significant implications, are not factored into this assessment directly, though they 

are discussed in qualitative terms.  

Restoration implies a permanent increase in the Lake Michigan-Huron levels, relative to 

what they would otherwise be, to compensate for the lowering of lake levels due to the 

episodic dredging and channel enlargement in the St. Clair River over the past 100 years.  Each 

past channel enlargement resulted in a temporary increase in the outflow from Lake Michigan-

Huron for several years afterwards and resulted in a long-term lowering of water level 

differences between Lake Michigan-Huron and Lake Erie.  Restoration would return these 

differences in lake levels to what they would have been without the dredging. 

The Study examined four previously proposed structures as well two relatively new 

technologies as part of their review.  The capabilities of the structures to restore specific 

restoration targets are assessed along with an updating of costing estimates.  The report also 

looks at the potential to minimize impacts through a more gradual restoration of water levels.  

It should be noted that the structures reviewed in this report were limited to restoring water 

levels up to approximately 25 cm (9.8 inches); structures to provide greater levels of restoration 

have not been examined in the past, and the types and number of structures required to 

provide this level of restoration would require further study.  

The report provides an assessment of the positive and negative impacts associated with 

each restoration scenario and the impacts restoration will have on a number of key sectors.  It 

also attempts to distinguish between the impacts within the Lake Huron to Lake Erie corridor, 

including the St. Clair and Detroit Rivers, as well as for those on each of the Upper Great Lakes.  

The report focuses on documenting the potential consequences for each proposed scenario, 

but does not make any judgement regarding implementation of an option. 
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The resulting assessment revealed a mixture of benefits and costs, and both positive 

and negative environmental impacts (see Chapter 8 for a more detailed summary).  Overall, the 

economic effects are mixed, with navigation benefitting; shoreline damages increasing; and net 

hydropower losses.  There is a trade-off between the positive ecological effects for the 

Georgian Bay region, especially its wetlands, and the uniformly negative ecological effects in 

the St. Clair and Detroit River system that would result from any of the proposed restoration 

structures.  This system is home to five endangered or threatened species.  The principal 

spawning habitat for the Lake Sturgeon would be most directly affected by submerged sills in 

the Upper St. Clair River. 

 



1 

 

Table of Contents  

EXECUTIVE SUMMARY .......................................................................................................... III  

TABLE OF CONTENTS .............................................................................................................. 1 

1 RESTORATION ANALYSIS CONTEXT.......................................................................... 4 

1.1 Introduction .................................................................................................................................... 4 
1.2 IJC Direction on Restoration Analysis .............................................................................................. 6 
1.3 Report Organization ........................................................................................................................ 7 

2 STRATEGY, ASSUMPTIONS AND CAVEATS .............................................................. 8 

2.1 Restoration Analysis Strategy ......................................................................................................... 8 
2.2 Assumptions and Caveats ............................................................................................................. 10 

2.2.1 Modelling Analysis: .................................................................................................................... 10 

2.2.2 Impact Analysis: ......................................................................................................................... 11 

2.2.3 Analysis of Physical Structures: .................................................................................................. 12 

2.2.4 Glacial Isostatic Adjustment (GIA) .............................................................................................. 13 

2.2.5 Climate Change Impacts ............................................................................................................. 15 

2.2.6 Level of Restoration ................................................................................................................... 16 

3 RESTORATION MODELLING ....................................................................................... 17 

3.1 Introduction and Analysis Overview ............................................................................................. 17 
3.2 Methodology ................................................................................................................................ 17 

3.2.1 Simulating Water Levels and Flows ............................................................................................ 17 

3.2.2 Implementing Restoration ......................................................................................................... 19 

3.2.3 Quantifying Restoration ............................................................................................................. 20 

3.3 Restoration Scenarios ................................................................................................................... 21 
3.3.1 Instantaneous Restoration Scenarios ......................................................................................... 21 

3.3.2 Staged Restoration Scenarios ..................................................................................................... 21 

3.3.3 Worst-Case Restoration Timing.................................................................................................. 22 

3.3.4 Sensitivity of Restoration Impacts to Adjusted Coefficient in St. Clair River Equation .............. 23 

3.3.5 Scenario Summary...................................................................................................................... 23 

3.4 Results .......................................................................................................................................... 24 
3.4.1 Instantaneous versus Staged Restoration .................................................................................. 24 

3.4.2 Upstream impacts ...................................................................................................................... 25 

3.4.3 Downstream Impacts ................................................................................................................. 27 

3.4.4 Worst-case Downstream Impacts of Restoration ...................................................................... 35 

3.4.5 Sensitivity of Restoration Impacts to Coefficient Adjusted in St. Clair River Equation .............. 35 

3.5 Conclusions ................................................................................................................................... 35 

4 SECTOR IMPACT ANALYSIS ........................................................................................ 37 

4.1 Introduction .................................................................................................................................. 37 



2 

 

4.2 Restoration plans .......................................................................................................................... 38 
4.3 Restoration plan performance relative to key Board criteria ........................................................ 41 
4.4 Evaluations by Sector .................................................................................................................... 49 

4.4.1 Hydropower ............................................................................................................................... 49 

4.4.2 Commercial Navigation .............................................................................................................. 53 

4.4.3 Coastal Zone ............................................................................................................................... 56 

4.4.4 Ecosystem................................................................................................................................... 68 

4.4.5 Recreational Boating .................................................................................................................. 75 

4.4.6 Municipal and Industrial ............................................................................................................. 81 

5 POTENTIAL ST. CLAIR RIVER RESTORATION STRUCTURES ........................... 82 

5.1 Introduction .................................................................................................................................. 82 
5.2 Restoration vs. Regulation ............................................................................................................ 82 
5.3 Overview of Structures Identified in the Literature Reviewed....................................................... 83 
5.4 Option 1: Submerged Sills in the Upper St. Clair River ................................................................... 86 

5.4.1 Overview .................................................................................................................................... 86 

5.4.2 Design Details ............................................................................................................................. 87 

5.4.3 Effects ......................................................................................................................................... 89 

5.4.4 Costs ........................................................................................................................................... 91 

5.5 Option 2: Parallel dikes and weirs extending into Lake Huron ...................................................... 95 
5.5.1 Overview .................................................................................................................................... 95 

5.5.2 Design ......................................................................................................................................... 95 

5.5.3 Effect .......................................................................................................................................... 97 

5.5.4 Cost............................................................................................................................................. 97 

5.6 Option 3: Fixed rock-fill dikes across east channel at Stag and Fawn Islands ................................. 98 
5.6.1 Overview .................................................................................................................................... 98 

5.6.2 Design ......................................................................................................................................... 99 

5.6.3 Effect ........................................................................................................................................ 103 

5.6.4 Cost........................................................................................................................................... 105 

5.7 Option 4: Adjustable inflatable flap gates in east channels at Stag and Fawn Islands ................. 107 
5.7.1 Overview .................................................................................................................................. 107 

5.7.2 Design ....................................................................................................................................... 109 

5.7.3 Effect ........................................................................................................................................ 112 

5.7.4 Cost........................................................................................................................................... 112 

5.8 Construction Schedule and Staged Construction ......................................................................... 115 
5.9 Other Alternatives ...................................................................................................................... 117 

5.9.1 Inflatable Rubber Weirs ........................................................................................................... 117 

5.9.2 In-stream Turbines ................................................................................................................... 118 

5.10 Conclusions ................................................................................................................................. 120 

6 ENVIRONMENTAL CONSIDERATIONS .................................................................. 122  

6.1 Introduction ................................................................................................................................ 122 
6.2 Overview of Potential Environmental Impacts ............................................................................ 122 
6.3 Lake St. Clair and St. Clair River Fishery ....................................................................................... 124 
6.4 St. Clair River Species at Risk ....................................................................................................... 128 
6.5 Water Level Restoration: Fishery and Species-at-Risk Issues ....................................................... 128 
6.6 Contaminant Distribution, Re-suspension and Bioaccumulation Potential .................................. 130 



3 

 

6.7 St. Clair Delta .............................................................................................................................. 135 
6.8 Lake St. Clair ............................................................................................................................... 136 
6.9 Summary..................................................................................................................................... 138 

7 ASSESSMENT OF INSTITUTIONAL CONSIDERATIONS .................................... 140  

7.1 Introduction ................................................................................................................................ 140 
7.2 St. Clair Restoration or Regulatory Works ................................................................................... 140 
7.3 Orders of Approval for new structures ........................................................................................ 142 
7.4 Restoration of Lake Levels Might Require Subsequent Mitigation of Adverse Impacts ............... 142 
7.5 Role of the IJC versus Other ........................................................................................................ 143 

7.5.1 The IJC Role .............................................................................................................................. 143 

7.5.2 Other Regulatory and Environmental Assessment Requirements ........................................... 144 

7.5.3 Project Justification .................................................................................................................. 148 

7.5.4 Justifying the Costs ................................................................................................................... 150 

7.5.5 Institutional Requirements....................................................................................................... 150 

7.6 Findings....................................................................................................................................... 151 
7.7 Summary..................................................................................................................................... 152 

8 RESTORATION ANALYSIS SUMMARY ................................................................... 154  

8.1 First Order Physical Effects of Lake Restoration (Chapter 3) ........................................................ 155 
8.1.1 Context ..................................................................................................................................... 155 

8.1.2 Key Findings .............................................................................................................................. 156 

8.2 Assessment of Sector Impacts (Chapter 4) .................................................................................. 158 
8.2.1 Context ..................................................................................................................................... 158 

8.2.2 Impacts by Sector ..................................................................................................................... 159 

8.3 Assessment of Technological Options for Restoration (Chapter 5) .............................................. 163 
8.3.1 Context ..................................................................................................................................... 163 

8.3.2 Key Findings .............................................................................................................................. 164 

8.4 Environmental Considerations in the St. Clair River System (Chapter 6) ..................................... 167 
8.4.1 Context ..................................................................................................................................... 167 

8.4.2 Key Findings .............................................................................................................................. 168 

8.5 Institutional Considerations (Chapter 7) ..................................................................................... 169 
8.5.1 Context ..................................................................................................................................... 169 

8.5.2 Key Findings .............................................................................................................................. 169 

8.6 Synthesis of Findings ................................................................................................................... 171 

9 REFERENCES ................................................................................................................. 174  

9.1 Chapter 1 .................................................................................................................................... 174 
9.2 Chapter 2 .................................................................................................................................... 174 
9.3 Chapter 3 .................................................................................................................................... 174 
9.4 Chapter 4 .................................................................................................................................... 175 
9.5 Chapter 5 .................................................................................................................................... 176 
9.6 Chapter 6 .................................................................................................................................... 179 
9.7 Chapter 7 .................................................................................................................................... 182 

  



4 

 

1 Restoration Analysis Context  

1.1 Introduction  

¢ƘŜ LƴǘŜǊƴŀǘƛƻƴŀƭ Wƻƛƴǘ /ƻƳƳƛǎǎƛƻƴΩǎ (IJC) 2007 Directive established the Study and 

directed the Study Board to: 

άŜȄŀƳƛƴŜ ǇƘȅǎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ŀƴŘ ǇƻǎǎƛōƭŜ ƻƴƎƻƛƴƎ {ǘΦ /ƭŀƛǊ wƛǾŜǊ ŎƘŀƴƎŜǎ ŀƴŘ ƛǘǎ ƛƳǇŀŎǘǎ 

on levels of Lake Michigan and Huron.  Additionally, depending on the nature and extent 

of St. Clair River changes and impacts, recommend and evaluate potential remedial 

optionsέ 

άhƴƎƻƛƴƎέ ŎƘŀƴƎŜǎ were defined by the IJC as changes within the St. Clair River system 

subsequent to the 1962 dredging and channel deepening.  That is, the International Upper 

Great Lakes Study (IUGLS) was to examine only changes that occurred post channel deepening.  

Given this direction by the IJC, the IUGLS Board concluded in its Phase I Report (2009) the 

following: 

ά¢ƘŜ {ǘǳŘȅΩǎ findings indicated that the increase in conveyance in the St. Clair River 

is not ongoing, and that, based on Bathymetry from 2000 on, conveyance change 

has slightly decreased.  Furthermore the conveyance change is likely the result of a 

combination of factors, rather than any single factor.  In addition, the change is 

small relative to the degree of scientific uncertainty associated with the various 

analyses and data measurements. 

 

άDƛǾŜƴ ǘƘŜǎŜ ŦƛƴŘƛƴƎǎΣ ŀƴŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ƛǘǎ ƳŀƴŘŀǘŜ, the Study Board 

concludes that remedial measures for the St. Clair River to address adverse changes 

ƛƴ ǘƘŜ ǊƛǾŜǊ ǎƛƴŎŜ ǘƘŜ ƴŀǾƛƎŀǘƛƻƴŀƭ ŘǊŜŘƎƛƴƎ ƛƴ мфсн ŀǊŜ ƴƻǘ ǿŀǊǊŀƴǘŜŘ ŀǘ ǘƘƛǎ ǘƛƳŜΦέ 

 

However, as part of its overall mandate, the Study commissioned this report, the 

purpose of which is to provide an exploratory-level analysis of the impacts and requirements 

for restoring Lake Michigan-Huron water levels by various amounts.  The report assesses the 

hydraulic, socio-economic and environmental impacts of various levels of restoration, and 

provides a review of selected potential structural options for achieving it, in the event 

structures were warranted, but only at an exploratory level, as the required detailed feasibility 

studies went well beyond the IJC Directive.  The Study reviewed past proposed restoration 

structures and more recent innovative approaches to modifying flows in the St. Clair River to 

potentially restore Lake Michigan-Huron water levels.  With this information, the Study 
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identified a range of options that might be employed if restoration to compensate for past 

lowering of Lake Michigan-Huron were deemed necessary.  In addition, work was undertaken 

to determine the institutional, legal and environmental requirements that would need to be 

considered in implementing any of these options.  This work was used as background 

information and inputs to the Phase I Report, but did not play a significant role, as the Board 

concluded that compensation was not warranted based on a number of factors.  However, the 

IW/ ǊŜǉǳŜǎǘŜŘ ǘƘŀǘ ǘƘŜ .ƻŀǊŘ ǇǊŜǇŀǊŜ ŀ ƳƻǊŜ ǘƘƻǊƻǳƎƘ ǎȅƴǘƘŜǎƛǎ ƻŦ ŀƭƭ ǘƘŜ ΨŜȄǇƭƻǊŀǘƻǊȅΩ ǿƻǊƪ 

that was undertaken, and complement that with additional analysis that was undertaken as 

part of the Adaptive Management analysis related to climate change impacts.  

For the purposes of the Study and this report, the termǎ ΨǊŜǎǘƻǊŀǘƛƻƴΩ ŀƴŘ 

ΨŎƻƳǇŜƴǎŀǘƛƻƴΩ are both used.  In this report, both terms are used to describe measures for 

raising the water level of Lake Michigan-Huron.  However, while similar in nature, in certain 

context, the terms are not necessarily synonymousΥ άŎƻƳǇŜƴǎŀǘƛƻƴέ ƛǎ ǘƘŜ ǘŜǊƳ ƻŦǘŜƴ ǳǎŜŘ ƛƴ 

past studies, since the structures proposed were meant to compensate for the specific impacts 

of the dredging projects that took place; on the other hand, for the purposes of this report, 

because the goal is not necessarily to compensate for any one particular past event, but rather 

to investigate the impacts of raising water levels to reverse the effects of any number of events 

and activities that have taken ǇƭŀŎŜ ƻǾŜǊ ǘƛƳŜΣ ǘƘŜ ǘŜǊƳ άǊŜǎǘƻǊŀǘƛƻƴέ ƛǎ primarily used, since 

the goal would be to restore water levels to a specific level, regardless of the cause.  Both terms 

are used in this report, but for consistency, when in the report we refer to compensating for 

ŀƴȅ ǎǇŜŎƛŦƛŎ ŜǾŜƴǘΣ ǿŜ ƘŀǾŜ ǳǎŜŘ ǘƘŜ ǘŜǊƳ άŎƻƳǇŜƴǎŀǘƛƻƴέΤ ǿƘŜƴ ǘƘŜ Ǝƻŀƭ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ 

would be to restore water levels to some pre-defined position, and not necessarily to 

compensate for any specific evenǘΣ ǿŜ ƘŀǾŜ ǳǎŜŘ ǘƘŜ ǘŜǊƳ άǊŜǎǘƻǊŀǘƛƻƴέΦ  In either case, the 

structures can include both measures to raise upstream water levels, as well as mitigative 

measures that may be required to address other adverse impacts, possibly resulting from the 

proposed projects themselves such as increased flows downstream or increased velocities in 

the vicinity of the structures, for example.  

Following the release of the St. Clair River report, the IJC conducted public consultations 

in early 2010 on the findings and conclusions from the study.  The Commission heard and 

received several briefings during the consultations to explore engineering options to restore 

water levels in Lake Michigan-Huron as these have stayed below the long-term average for 

almost a decade.  Following consultations with the Study Board the IJC provided further 

direction regarding the scope of this work. 
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1.2 IJC Direction on Restoration Analysis  

In August 2010, the IJC provided direction to the Study on water level restoration 

scenarios for Lake Michigan-Huron that needed to be explored for remediating past natural and 

anthropogenic changes.  The IJC, understanding that an examination of restoration options was 

not part of the IUGLS Plan of Study, requested in its letter to the Study Board that a feasibility-

level restoration analysis conducted άŀǘ ŀƴ ŜȄǇƭƻǊŀǘƻǊȅ ƭŜǾŜƭ ƻŦ ŘŜǘŀƛƭέ be undertaken.  This 

additional work was a direct result of public feedback during the IJC consultation process and 

public meetings.  The IJC stated that it did not request the Study Board make any 

recommendation as to implementing a particular restoration option.  The following restoration 

scenarios (labelled in metric units only throughout this report) were selected by the IJC to 

approximate the following desired levels of mitigation: 

¶ 0 cm.  ¢ƘŜ άȊŜǊƻέ ǎŎŜƴŀǊƛƻ ǊŜǇǊŜǎŜƴǘǎ ǎǘŀǘǳǎ ǉǳƻΣ ƻǊ ƛƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ǘƘŜ ǎǘŀƴŎŜ ƻŦ 

taking no restorative action. 

¶ 10 cm.  The 10 cm (3.9 inch) restoration scenario would compensate for increases in 

conveyance since 1963, with the magnitude as established in the IUGLS St. Clair 

River Report (IUGLS Board, 2009).  

¶ 25 cm.  The 25 cm (9.8 inch) scenario would combine the previous scenario with the 

estimŀǘŜŘ ƛƳǇŀŎǘ ƻŦ ǘƘŜ мфслπмфсн уΦн Ƴ όнт-foot) navigation channel deepening 

project on conveyance of the St. Clair River.  

¶ 40 cm.  The 40 cm (15.7 inch) scenario would approximately equal the physical 

effects of regime change in the St. Clair River from 1906 through today, and includes 

the 1933 to 1937 constructƛƻƴ ƻŦ тΦс Ƴ όнрπŦƻƻǘύ ƴŀǾƛƎŀǘƛƻƴ ŎƘŀƴƴŜƭΣ ǘƘŜ мфсл ǘƻ 

мфсн ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ǘƘŜ уΦн Ƴ όнтπŦƻƻǘύ ƴŀǾƛƎŀǘƛƻƴ ŎƘŀƴƴŜƭ ŀƴŘ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ 

period from 1963-present.  

¶ 50 cm.  The 50 cm (19.7 inch) restoration scenario extends the previous analysis to 

cover the period of 1855 to 1906, which reflects the impacts on the St. Clair and 

5ŜǘǊƻƛǘ wƛǾŜǊǎ ŦƻǊ ǘƘŜ ŘŜŜǇŜƴƛƴƎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ сΦм Ƴ όнлπŦƻƻǘύ ƴŀǾƛƎŀǘƛƻƴ 

channel. 

Furthermore, the IJC stated that: 

ά¢ƘŜǎŜ ŀƴŀƭȅǎŜǎ ǿƻǳƭŘ ƛƴŎƭǳŘŜ ŀ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ implications on interests throughout 

the Great Lakes and St. Lawrence River System.  Such an analysis would be similar to and be 
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performed with the analyses of climate change impacts on water levels in Lakes Michigan and 

Huron and possible measures to address those impacts, as described in the letters from 

Governments.  ¢ƘŜ ŀƴŀƭȅǎƛǎ ǿƛƭƭ ƛƴŎƭǳŘŜ ŀƴ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ƴƻƴπǎǘǊǳŎǘǳǊŀƭ 

measures at an exploratory level of detail.  The Commission is aware that as part of the first 

phase of the Study, you have already undertaken a preliminary reconnaissance of structural 

measures to remediate the impacts of past dredging for the St. Clair River.  The public has also 

ǎǳƎƎŜǎǘŜŘ ŀ ǊŀƴƎŜ ƻŦ ŀǇǇǊƻŀŎƘŜǎΣ ƛƴŎƭǳŘƛƴƎ ƛƴŦƭŀǘŀōƭŜ ǿŜƛǊǎ ŀƴŘ ǇƻǿŜǊπƎŜƴŜǊŀǘƛƴƎ ǘǳǊōƛƴes.  

The Commission looks forward to hearing from the Study Board how different measures might 

affect flow regime and whether such measures might potentially achieve the restoration 

ǎŎŜƴŀǊƛƻǎ ŘŜǘŀƛƭŜŘ ŀōƻǾŜΦέ όLW/ [ŜǘǘŜǊ ǘƻ L¦D[{ .ƻŀǊŘΣ ƻŦ мт !ǳƎǳǎǘΣ нлмлύ 

To address these restoration scenarios or options άŀǘ ŀƴ ŜȄǇƭƻǊŀǘƻǊȅ ƭŜǾŜƭ ƻŦ ŘŜǘŀƛƭέΣ ǘƘŜ 

Study developed a comprehensive plan to follow through with sufficient modelling, impact 

analysis, physical consideration of structures to meet the requested level of detail and provide 

adequate insights regarding the feasibility of such restoration options.  The level of analysis that 

connects various restoration options is commensurate with the broad level of physical and 

environmental impact information that is available.  

 

1.3 Report Organization  

There are a number of investigations and analyses that feed into this report.  Sections of 

the report were produced by external contracts and other work was completed by the Study 

and agency personnel.  

The report consists of nine chapters.  The context piece, which describes the rationale 

behind this investigation, is followed by the strategy outline.  The strategy identifies distinct 

analytical processes that thread through this report.  These two chapters are followed by 

chapters providing analyses and evaluations of impacts on water levels and flows, and key 

sectors within the Great Lakes basin; a review of structural options proposed in the past and 

their cost estimates; evaluation of ecosystem impacts of restoration structures in the St. Clair 

River; and concludes with the institutional requirements and protocols for implementing the 

restoration options.  The key findings are compiled in the final chapter.  As noted in the 

previous section, this is only an exploratory analysis, and as such, no recommendations are 

made with regards to implementation of any option. 
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2 Strategy, Assumptions and Caveats 

2.1 Restoration Analysis Strategy  

Following direction from the IJC on the scope of the restoration analysis, the Study 

developed a strategy to address the key components of this assessment.  The IJC determined 

that due to the high public interest, an Independent Peer Review of this report be undertaken.  

The Study expanded its original scope of work to address these additional requirements.  The 

key elements of the restoration analysis are captured in the schematic diagram (Figure 2-1) that 

shows the interdependencies of the various projects.  The strategy required the Study to either 

re-design ongoing projects or initiate investigations to address a particular component. 

The key components of the strategy are: 

¶ Conduct system modelling by adjusting St. Clair River hydraulics to simulate the 

physical effects of water level restoration options on Lake Michigan-Huron, and 

effects downstream through Lake Erie; 

¶ Using the Shared Vision Modelling tools, carry out upstream and downstream water 

level/flow impact analysis on the six economic/environmental sectors, to the extent 

possible; 

¶ Evaluate candidate physical structures that have been recommended and previously 

studied for restoration options from  past studies, including an update of their 

respective cost estimates; 

¶ Conduct an exploratory environmental reconnaissance of proposed restoration 

options, focusing on the St. Clair River; and, 

¶ Conduct an institutional analysis pertinent to compensating restoration works. 
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2.2 Assumptions and Caveats 

Like any other engineering project, the restoration analysis was carried out with a 

number of assumptions in three critical areas: the modelling analysis, the impact analysis and 

the analysis of potential restoration options.  Also, there are broader factors that will have an 

impact on all scenarios of restoration, including Glacial Isostatic Adjustment (GIA) and climate 

change.  These assumptions and broader factors are briefly described in the following sections, 

as well as additional limitations regarding the levels of restoration investigated during this 

study. 

2.2.1 Modelling Analysis: 

¶ The mathematical relationships that calculate the discharge from Lake Michigan-

Huron were assumed valid for the whole range of water levels and flows. 

¶ Actual hydraulics of the restoration structures was not modelled; rather, different 

parameters within the St. Clair River conveyance equation were modified to 

approximate the expected effects. 

¶ The St. Clair River conveyance equation used relates measured water levels of Lake 

Huron and Lake St. Clair to flow, and was developed based on field measurements of 

these variables; the equation simulates a uniform channel of a certain width and 

height that extends from the outlet of Lake Michigan-Huron to the entrance of Lake 

St. Clair, and as a result, any changes made to the equation reflect modifications to 

the channel over its entire length. 

¶ ¢ƘŜ ŘŜǎƛǊŀōƭŜ ƭŜǾŜƭ ƻŦ ǊŜǎǘƻǊŀǘƛƻƴ ƛǎ ŀŎƘƛŜǾŜŘ ōȅ ŜƛǘƘŜǊ ǊŀƛǎƛƴƎ ǘƘŜ άŀǇǇŀǊŜƴǘ 

ōƻǘǘƻƳέ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ƻǊ ŎƻƴǎǘǊƛŎǘƛƴƎ ǘƘŜ άŀǇǇŀǊŜƴǘ ǿƛŘǘƘέ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭΤ 

άŀǇǇŀǊŜƴǘέ ǎƛƴŎŜ ƴŜƛǘƘŜǊ ŎƘŀƴƴŜƭ ōƻǘǘƻƳ ƴƻǊ ǿƛŘǘƘ are precisely measured, but 

rather estimated as an equation parameter during calibration. 

¶ In reality, restoration is achieved by strategically placing submerged sills on the 

channel bottom or through encroachment options; however, the precise hydraulics 

of such measures could not be modelled. 

¶ All the analyses are based on employing the observed (historic) water levels and 

computed Net Basin Supplies to simulate the system.   
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¶ Two different assumptions capture the time taken to implement restoration.  In the 

ŦƛǊǎǘ ƻǇǘƛƻƴΣ ǊŜǎǘƻǊŀǘƛƻƴ ƛǎ ŜŦŦŜŎǘƛǾŜ άƛƴǎǘŀƴǘŀƴŜƻǳǎƭȅέ ƻǊ ŀǘ ǘƘŜ ǎǘŀǊǘ ƻŦ ǘƘŜ 

simulation; as a result, the restoration impacts are first computed at the end of the 

first month/time-step.  CƻǊ ǘƘŜ ǎŜŎƻƴŘ ƻǇǘƛƻƴΣ ŀ άǎǘŀƎŜŘέ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ Ŏƻƴǎƛǎǘǎ ƻŦ 

five stages, each spaced five years apart and providing approximately one-fifth of 

the final expected level of restoration, but each stage is implemented as though the 

ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ǿŀǎ άƛƴǎǘŀƴǘŀƴŜƻǳǎέ. 

¶ The assumption that structures could be built instantaneously is impossible, but 

represents the most extreme case in terms of impacts on water levels and flows. 

¶ It was also assumed that apart from the restoration structures, the channel would 

be unchanged over the duration of the simulation period.  This assumes that 

whatever maintenance is required to maintain the structures is conducted, and that 

no further erosion, channel enlargements or obstructions would take place.   

 

2.2.2 Impact Analysis: 

¶ The Shared Vision Model (SVM) is currently under development, and the SVM 

results may change as new data and information become available.  Nonetheless, 

even in its current state it provides a useful tool for comparing the impacts of 

different regulation plans and restoration scenarios on each of the different sectors. 

¶ Net benefits obtained from the SVM do not include the economic or environmental 

costs of actual construction of restoration structures in the St. Clair River; only the 

net benefits that result from changes to water levels and flows caused by these 

structures were evaluated. 

¶ It was assumed that none of the restoration structures that might be proposed for 

the St. Clair River would cause impacts to commercial navigation in this channel 

¶ Only historic NBS were used to evaluate the different restoration scenarios; 

stochastic or future climate NBS estimates were not evaluated for this exploratory 

analysis. 

¶ Some performance indicator functions may not apply to extreme restoration 

scenarios since they result in Lake Michigan-Huron water levels beyond the range of 

levels for which  the indicators were developed 
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2.2.3 Analysis of Physical Structures: 

¶ Only a selection of actual restoration structures proposed in past studies for the 

St. Clair River were reviewed for this project.  

¶ Additional and possibly preferable methods of raising the level of Lake Michigan-

Huron may be available today, but these were not investigated in this exploratory-

level analysis; instead, (with the exception of inflatable rubber weirs and in-stream 

turbines) only those options proposed in past St. Clair River restoration studies have 

been reviewed, as these were presumably the most likely and preferable options at 

the time they were first proposed. 

¶ In addition to restoration structures in the St. Clair River, water levels of Lake 

Michigan-Huron could be increased by terminating either the Chicago Diversion 

(which diverts water out of Lake Michigan) or the Welland Canal (which diverts 

water from the Niagara River, out of Lake Erie, thus lowering Lake Erie, and 

subsequently Lake Michigan-Huron as a result of drawdown impacts).  These 

restoration methods were reviewed by Bruxer and Carlson (2010) in a preliminary 

literature review conducted for this current Study.  According to the IJC (1985) 

ǊŜǇƻǊǘ άDǊŜŀǘ [ŀƪŜǎ 5ƛǾŜǊǎƛƻƴǎ ŀƴŘ /ƻƴǎǳƳǇǘƛǾŜ ¦ǎŜǎέΣ ƛŦ ƛǘ ƛǎ ŀǎǎǳƳŜŘ ǘƘŀǘ ǘƘŜ 

Chicago diversion diverts 91 m3/s (3200 ft3/s) out of Lake Michigan-Huron, this 

causes approximately a 6 to 7 cm (2.4 to 2.8 inch) ƭƻǿŜǊƛƴƎ ƻŦ ǘƘŜ ƭŀƪŜΩǎ ǿŀǘŜǊ ƭŜǾŜƭΣ 

and therefore terminating the diversion would result in only this small of a rise in 

Lake Michigan-Huron; similarly, if the Welland Canal is assumed to be 266 m3/s 

(9400 ft3/s), the impact on Lake Michigan-Huron levels was computed to be 

approximately 6 cm (2.4 inches).  However, these options were not considered 

further here for this exploratory-level analysis, since the local socioeconomic and 

environmental impacts of terminating either diversion would need to be assessed, 

but this was beyond the scope of this Study.  Lastly, terminating either diversion 

would have unintended, permanent impacts on the water levels of the Great Lakes 

downstream of Lake Michigan-Huron, whereas downstream impacts of structures in 

the St. Clair River would be only temporary, as described in this report.  One final 

note, is that the Long Lac and Ogoki diversions into Lake Superior are believed to 

have raised the level of Lake Michigan-Huron by between 11 and 13 cm (4.3 to 

5.1 inches), approximately, thus compensating for Chicago and Welland Canal 

impacts. 
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¶ The construction cost estimates provided for the restoration structures reviewed 

were based on limited design information and are therefore of an exploratory 

nature and meant for illustrative and comparison purposes.  

¶ Actual construction of any restoration structure would require a more detailed cost 

estimate based on much more comprehensive design information. 

¶ Furthermore, the cost estimates consider only the costs to construct the structures 

themselves, which include ancillary costs related to construction, such as 

engineering design, supervision, real estate, and environmental, as well as an 

estimate of contingencies; however, the estimates do not explicitly include non-

construction ancillary costs, such as those related to a full environmental 

assessment, litigation, delay costs, etc. 

¶ The costs of the fixed restoration structures do not include costs for on-going 

maintenance, since these would likely be minimal compared to the structures 

themselves; on-going maintenance and operation costs were included for the 

adjustable Stag Island inflatable flap gate structure, since the costs for an 

operational, limited regulation structure such as this would be more significant.   

 

2.2.4 Glacial Isostatic Adjustment (GIA) 

The GIA process of differential crustal adjustment (also known as post-glacial rebound) 

refers to the slow adjustment ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǘƘŜ melting of the glaciers 

some 10,000 years ago.  This process continues today, with rates of adjustment differing across 

the Great Lakes basin, both in absolute terms (i.e., relative to the center of the Earth), and in 

relative terms (i.e., in comparison to different areas within the basin).  As a result, GIA has the 

effect of gradually tilting the land surface of the Great Lakes basin over time.  This tilting has 

several implications for water levels and related impacts under restoration scenarios, since it 

affects the land-to-water relationships around each of the Great Lakes.  For example, if the land 

at a certain location is rising relative to the lakeΩǎ outlet, water levels will appear to fall over 

ǘƛƳŜΤ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ƛŦ ǘƘŜ ƭŀƴŘ ƛǎ ŦŀƭƭƛƴƎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƭŀƪŜΩǎ ƻǳǘƭŜǘΣ ǿŀǘŜǊ ƭŜǾŜƭǎ ǿƛƭƭ 

appear to increase over time.  The technical details of GIA on the Great Lakes are captured in 

Chapter 6 of the St. Clair River Report (2009), Phase 1 of the Study. 

Geoscientists have developed maps and mathematical models to estimate the absolute 

and relative movements of different locations relative to the lake outlets.  Mainville and 

Craymer (2005) developed estimates of vertical crustal velocity throughout the Great Lakes 
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Basin, and estimated the rates of movement at water level gauges around each lake relative to 

ǘƘŜ ƭŀƪŜΩǎ outlet as shown in Figure 2-2.  This graphic shows that, for example, various locations 

around Georgian Bay would experience an apparent rise in the land surface relative to the lake 

outlet, and an apparent decrease in water levels as a result, of 17 to 27 cm (6.7 to 10.6 inches) 

per century, depending on the location.  For areas around the southern part of Lake Michigan, 

an apparent increase in water levels of 8 to 14 cm (3.1 to 5.5 inches) per century, depending on 

the location, can be expected.  

 

 
Figure 2-2:  Estimates of vertical crustal velocity at water level gauge locations relative to their lake 

outlets 

 

The importance of GIA is closely related to timelines for implementing any of the 

restoration options.  A simple computation of a timeframe of forty years is used to demonstrate 

the effects of GIA.  The period of forty years assumes that the timeline for seeking and receiving 

approvals at all levels of governments may take twenty years, while staged implementation to 

minimize negative impacts would take another twenty years.  For example, considering GIA, a 

10 cm (3.9 inch) restoration scenario will leave Parry Sound (which is rising at a rate of 

approximately 24 cm (9.4 inches) per century relative to the outlet of Lake Michigan-Huron) 

with a net average rise in water levels of only 4 mm (0.16 inches), i.e., 10 cm (3.94 inch) 
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restoration minus 9.6 cm (3.78 inch) as a result of GIA over the 40 year period.  On the other 

hand, the Milwaukee area, which appears to be falling at a rate of approximately -14 cm 

(5.5 inches) per century relative to the outlet of Lake Michigan-Huron, will see a deepening of 

water levels at its shores by 15.6 cm (6.1 inches), i.e., 10 cm (3.9 inch) restoration plus 5.6 cm 

(2.2 inches) as a result of GIA over the 40 year period).   

The impacts of GIA are not taken into account directly in this restoration analysis, but 

the results above indicate that with a return to above average lake levels as have been seen in 

the past, GIA alone would make the Lake Michigan shoreline more vulnerable to flood 

damages.  The addition of restoration in the St. Clair River would compound this fact.  

 

2.2.5 Climate Change Impacts 

The Study is addressing the climate change analysis in a multi-pronged approach.  It was 

recognized early-on in the Study that although many Global Circulation Models (GCMs) have 

been well-established and run over the Great Lakes region, the spatial scale of these models 

may not be entirely appropriate for the required assessments.  Traditional downscaling 

techniques established in the Lake Ontario study were applied to this Study and derived from 

published works by Angel and Kunkel (2010).   Dynamic downscaling using Regional Climate 

Modelling (RCM) was also used to assess the importance of feedbacks and to understand the 

implications of scaling on the individual lake net basin supplies.  Assessment and modification 

of these sequences was undertaken and collation of results is underway as of this writing.  The 

Study also has access to multiple net basin supply sequences generated by stochastic analysis 

and these can surrogate for potential sequences from climate change. 

These aspects, however, were not addressed in the restoration modelling or impact 

analysis, as it was decided that restoration simply increases water levels in Lake Michigan-

Huron, and analysis using the historic record is sufficient to demonstrate the impacts 

restoration will have on the Great Lakes.  For example, assuming a 10 cm (3.9 inch) restoration 

project, under a climate change scenario the water levels would be 10 cm (3.9 inches) higher 

with restoration than without.  If the overall trend under a particular climate change scenario is 

for lower Lake Michigan-Huron water levels, then restoration would ameliorate the effects by 

10 cm (3.9 inch).  On the other hand, if the lake levels trend higher in a climate change scenario, 

the restoration exercise would increase the high water levels further. 

For these reasons, restoration modelling and impact analysis did not consider climatic 

factors other than historical supplies for computations. 
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2.2.6 Level of Restoration  

The direction from the IJC identified four levels of restoration to be investigated.  These 

ranged from a low restoration of 10 cm (3.9 inches) to a high of 50 cm (19.7 inches).  While the 

modelling and impact analysis covered all four levels of restoration identified by the IJC, the 

evaluation of physical structures was limited to those already studied in the past and 

documented with appropriate design and costing.  Structures proposed in past studies have 

been designed primarily to mitigate the lowering of water levels caused by past dredging 

projects; the designs proposed were meant to accomplish specific restoration objectives, which 

relate to the impacts of the dredging projects themselves.  The maximum level of restoration 

for which adequate design information is available from the literature is approximately 25 cm 

(9.8 inches).  As a result, no structures proposed in past studies have been designed to provide 

the highest levels of restoration identified for investigation by the IJC, and therefore, these 

were not considered here.  Combinations of the structures that were reviewed, and/or 

alternative restoration methods, may provide for greater levels of restoration, but since such an 

analysis would require additional, detailed hydraulic modelling to investigate, it was not 

pursued for this exploratory-level study.  Nonetheless, the structures that were investigated in 

this report provide an illustration of what would be required to provide the lowest levels of 

restoration, and as such, these can be considered as a baseline for scenarios requiring greater 

levels of restoration.   
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3 Restoration Modelling  

3.1 Introduction and Analysis Overview  

This chapter describes the modelling that was performed to evaluate the impacts on 

water levels and flows throughout the Great Lakes system that would result from restoration of 

Lake Michigan-Huron (MH) water levels using structures in the St. Clair River (SCR).  Assuming 

that structures could be used to raise the level of Lake Michigan-Huron by any of the 10, 25, 40 

and 50 cm (3.9, 9.8, 15.7 and 19.7 inch, respectively) scenarios outlined by the IJC, this chapter 

provides an evaluation of these structures on levels on Lake Michigan-Huron, and also assesses 

the hydrologic (water level and flow) impacts on the system downstream of Lake Michigan-

Huron, through lakes St. Clair, Erie and Ontario, all the way to Montreal harbour on the St. 

Lawrence River.   

For the purposes of this analysis, an x-cm restoration is defined as the x-cm rise in the 

long-term average surface elevation of Lake Michigan-Huron caused by a permanent structural 

change to St. Clair River.  It should be noted that the hydraulic behaviour of the eventual 

physical structure or other channel modifications used to accomplish restoration is not 

simulated in this study.  Instead, it was assumed that an increase to the channel bottom 

elevation or the narrowing of the channel cross-section using equations in the Coordinated 

Great Lakes Routing and Regulation Model (CGLRRM) and the corresponding simulation results 

roughly approximates the overall system response to a structural change in the St. Clair River.  

Hence, if a specific structure is decided to be built on the St. Clair River, we recommend that its 

more accurate impacts for the actual physical structure/channel modifications on the whole 

system be evaluated by hydraulic modelling. 

 

3.2 Methodology  

3.2.1 Simulating Water Levels and Flows  

The Great Lakes ς St. Lawrence River system from Lake Michigan-Huron down to 

Montreal harbour is simulated for the historical period (1900-2008) using a combination of 

hydrologic routing, the Lake Ontario regulation plan (Plan 1958DD) and various empirical 

equations.  This simulation approach is consistent with the approach used in the Lake Ontario-

St. Lawrence River (LOSL) study (International Joint Commission, 2006).   
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A key assumption in the analysis is that under any restoration, the most probable 

scenario for future Lake Superior releases would involve controlling outflows from Lake 

Superior such that Lake Michigan-Huron restoration has no impact on Lake Superior levels (and 

outflows).  As such, when simulating the system, the flows in the St. Marys River were fixed to 

the flows that would be simulated by Plan 1977A without any restoration.  This approach was 

ǘŜǊƳŜŘ ǘƘŜ άǎǘŀǘƛŎέ [ŀƪŜ {ǳǇŜǊƛƻǊ ŀǎǎǳƳǇǘƛƻƴΦ  !ƴ ŀƭǘŜǊƴŀǘƛǾŜ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘƛǎ ƛǎ ƴƻǘ Ŝŀǎƛƭȅ 

identified since internal Plan 1977A parameters would likely require adjustment under new lake 

levels.  Additional analyses were performed using alternative Lake Superior regulation 

assumptions, and these plans and their results are described in Chapter 4.  

From Lake Michigan-Huron down to the Niagara River, the system is simulated with a 

hydrologic routing approach.  The hydrologic routing model used is the CGLRRM that was 

ŎƻƭƭŀōƻǊŀǘƛƻƴ ŀƳƻƴƎ ǘƘŜ bŀǘƛƻƴŀƭ hŎŜŀƴƻƎǊŀǇƘƛŎ ŀƴŘ !ǘƳƻǎǇƘŜǊƛŎ !ŘƳƛƴƛǎǘǊŀǘƛƻƴΩǎ όbh!!Ωǎύ 

Great Lakes Environmental Research Laboratory (GLERL), the U.S. Army Corps of Engineers 

(USACE) and Environment Canada (EC).  The portions of the CGLRRM related to routing through 

the middle lakes originated with the work of Quinn (1978) and then the work of Clites and Lee 

(1998).  Today, the CGLRRM is sanctioned by all relevant agencies from Canada and the U.S. 

that make up the Coordinating Committee on Great Lakes Basic Hydraulic and Hydrologic Data.   

The CGLRRM is a hydrologic routing model of the Great Lakes comprised of Lake 

Superior regulation logic and continuity equations for each lake.  Plan 1977A releases from Lake 

Superior under the base case (no restoration) define the Lake Superior outflows for all other 

restoration scenarios.  The CGLRRM results for Lake Superior, using Plan 1977A, and the middle 

lakes serve as the base case for this analysis.  Each alterative presented here used the CGLRRM 

to hold the Lake Superior outflows constant as those of the base case, while varying hydraulic 

properties of the St. Clair River.  This analysis solved the middle lake routing equations for each 

alternative using a second-order finite-difference technique (Quinn, 1978) with a numerical 

time step of one hour.  Input time series consist of net basin supply (NBS) and any diversions, as 

well as initial outflows and lake levels, for each lake.  The model calculates discharge from each 

lake from an open-water lake-to-lake stage-fall-discharge equation with regression-based 

coefficients.  In the summer and winter, flows in the connecting channels are naturally reduced 

by the presence of weeds or ice.  CGLRRM does not explicitly simulate the retardation process 

and instead this phenomenon must be described by a time series of ice-weed retardation rates 

(e.g., adjustment to connecting channel flow in m3/s) for each channel.  Caldwell (2008) 

provides a detailed description of the retardation approach in CGLRRM and assesses the long 

term impacts of apparent roughness factors, which include retardation on lake levels.  

The CGLRRM simulates the surface elevation of Lake Michigan-Huron (considered to be 

a single lake for hydraulic purposes), Lake St. Clair (SC) and Lake Erie and uses as input the 
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estimated flows of the St. Marys River.  The Chicago and Welland Canal diversions are also 

inputs to the model and are represented by coordinated monthly averages.  Most inputs to the 

CGLRRM were specified on a monthly time step, including Lake Superior outflow (St. Marys 

River coordinated monthly averages flow), residual NBS of Lake Michigan-Huron and 

Lake St. Clair, and ice and weed retardation for both the St. Clair and Detroit Rivers.  The 

CGLRRM inputs for residual NBS of Lake Erie and ice and weed retardation for the Niagara River 

were specified at a quarter monthly time step.  Lastly, the Chicago diversion is assumed 

constant at 91 m3/s (3200 ft3/s) and the Welland Canal diversion is assumed from a set of 

monthly constants ranging from 211 to 248 m3/s (7500 to 8800 ft3/s) for the whole simulation 

period.  These represent long-term average values.  The initial lake elevations for the base case 

and each alternative were set to long-term average values of 176.38 m, 174.89 m, and 

173.96 m.  Outputs of the CGLRRM include monthly mean lake levels, beginning-of-month 

levels, and monthly flow rates for the connecting channels.  

Lake Ontario levels are simulated by Lake Ontario regulation plan (Plan 1958DD) that 

controls outflows from the lake and is simulated based on a program provided by Yin Fan of 

Environment Canada.  Montreal harbour levels (at Jetty 1) are simulated based on empirical 

equations used in the LOSL study, and is given as:   

HMTL = [KMTL(0.001757QSTL + 0.000684QDPMI + 0.001161QSTFRN + 0.000483QSTMAU)]
0.6589 + 0.9392T 

where KMTL and T are dimensionless ice-weed factors and tidal signal for Montreal harbour, 

respectively; QSTL is Lake St. Louis outflow; QDPMI is outflow of the Des Prairies plus the Mille Iles 

rivers; QSTFRN is outflow of the Saint-Francois River at Hemming Falls; and QSTMAU is the outflow 

of the St Maurice River at La Gabelle.  All flows are specified in units of m3/s.  The hydraulic 

behaviour of the St. Lawrence River system is extremely complex and thus the empirical 

approach used here represents a substantial simplification of the system.  As such, the impacts 

of restoration estimated at Montreal are possibly less accurate than the impacts estimated at 

other points in the Great Lakes system.  

 

3.2.2 Implementing Restoration  

One way to simulate restoration of Lake Michigan-Huron is to reduce the conveyance 

regime of St. Clair River described by the following equation in the CGLRRM: 

QSC = KSC ((MH + SC) / 2 - ymSC)
a
SC (MH - SC)bSC - IW 
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where QSC is the St. Clair River monthly average flow as a function of the monthly average 

water surface elevation of Lake Michigan-Huron (MH) and Lake St. Clair (SC) and the ice and 

weed retardation factor (IW).  This equation has the following parameters:  

¶ KSC: St. Clair River outflow equation coefficient with the base case value 186.90 

which represents the mean channel cross-section area and roughness  

¶ ymSC: St. Clair River mean channel bottom elevation with the base case value 

167.00 m  

¶ aSC and bSC: depth and fall exponents of the St. Clair River with the base case values 

1.510 and 0.360 respectively. 

According to David Fay of Environment Canada (personal communication), the base case 

values of the parameters represent the current conveyance regime of the St. Clair River  

determined by regression from the revised coordinated St. Clair River monthly outflows for the 

period 1987-2006.  At least one of these parameters can be manipulated to simulate a 

reduction in the conveyance of the St. Clair River and hence to emulate the system under 

restoration.  For the purposes of this analysis, the ymSC was primarily the parameter that was 

modified (in order to decrease the current conveyance regime of St. Clair River, ymSC should be 

increased from its default value of 167.0 m); however, since the true hydraulic relationship of 

the St. Clair River after restoration is unknown, the sensitivity of results to modifying the KSC 

parameter was also investigated.   

 

3.2.3 Quantifying Restoration  

As discussed, initially the Plan 1977A releases from Lake Superior under the base case 

(no restoration) were used to define the Lake Superior outflows for all restoration scenarios.  As 

a result, the impact on Lake Superior levels is not assessed in this chapter (Chapter 4 provides 

additional discussion related to this assumption).  As such, the impacts of restoration on water 

levels and flows in the Great Lakes system were assessed combining hydrologic routing from 

the CGLRRM (for simulating Lake Michigan-Huron down to the Niagara River) and Plan 1958DD 

for simulating Lake Ontario down to Montreal at Jetty 1.   

The available historical data consists of 109 years (1900-2008) of residual NBS.  Based on 

the IJC restoration scenarios, restoration is measured as the permanent increase to the long-

term average surface elevation of Lake Michigan-Huron.  The surface elevation of Lake 

Michigan-Huron immediately responds to any change in the St. Clair River conveyance regime, 
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but it takes several years to reach a new equilibrium.  Therefore, the restoration level is 

calculated as the increase in the long-term average Lake Michigan-Huron surface elevation 

once a new equilibrium is reached when compared to the base case.  In order to make sure that 

the new equilibrium is reached, the average Lake Michigan-Huron surface elevation was 

computed from the second half period of data only (i.e., the last 55 years of the 109 years of 

data).  However, restoration impacts were studied over the full 109 year period. 

 

3.3 Restoration Scenarios  

3.3.1 Instantaneous Restoration Scenarios  

Restoration of 10, 25, 40 and 50 cm (3.9, 9.8, 15.7 and 19.7 inches, respectively) on Lake 

Michigan-Huron was first simulated by assuming an instantaneous decrease in channel 

conveyance.  This was achieved by increasing the ymSC parameter of the St. Clair River 

conveyance regime equation from its base case value of 167.00 m at the beginning of the 

historical time horizon (109 years).  The instantaneous restoration assumption represents an 

impossible scenario, since construction of any structure would take time, and possibly take 

place over the course of several years.  Nonetheless, the instantaneous restoration assumption 

allows one to assess how quickly water levels and flows in the system would react, both 

upstream and downstream, after restoration was implemented.     

 

3.3.2 Staged Restoration Scenarios 

In general, restoration is meant to provide long-term upstream impacts.  However, 

restoration also causes short-term effects downstream as water levels and flows adjust to the 

new regime, and these impacts may be undesirable.  As the restoration level increases, the 

impacts on water levels and flows downstream increase.  One way to mitigate the downstream 

impacts of restoration would be to stage the construction of any restoration structure over 

many years.  This would in effect divide the instantaneous change in the conveyance of St. Clair 

River into several smaller changes spaced in time.  For the purposes of simulating the staged 

construction scenarios, the instantaneous increases in the ymSC parameter required to provide 

restoration of 10, 25, 40 and 50 cm (3.9, 9.8, 15.7 and 19.7 inches, respectively) were each 

divided into five equal smaller increases spaced five years apart.  Therefore, the full restoration 

would take 20 years to complete under the staged construction assumption, and furthermore, 

the staged restoration scenarios take longer than the instantaneous scenarios to provide the 
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full water level restoration desired.  The benefit is that undesirable downstream impacts might 

be reduced.  The staged restoration scenarios and their impacts on the Great Lakes system for 

all restoration levels were compared to the results obtained using the instantaneous 

restoration assumption for the purposes of this study.  

 

3.3.3 Worst -Case Restoration Timing  

Additionally, an assessment was made regarding how much the undesirable 

downstream impacts of restoration might be exacerbated if physical restoration projects were 

implemented at inopportune times.  More specifically, if the restoration structures were 

constructed during a period of relatively dry weather, the water levels and flows downstream 

could be made worse than they otherwise would have been.  As such, it might be important for 

a decision maker to avoid starting a restoration project in a dry period.  Similarly, it might be 

possible that the restoration starts in a wet period, but during the period that water levels are 

adjusting to the new flow regime, a dry period might occur, and already low water levels 

downstream might be made lower by the restoration.  This is even more probable in staged 

restoration.   

As such, it was decided to assess the worst downstream impacts of restoration by 

starting the restoration within a dry period identified from the historical data.  Lake Erie is the 

first large lake downstream of the St. Clair River.  Hence, its surface elevation is a good 

indication of whether there is a shortage of water (i.e., dry period) downstream of St. Clair 

River.  Figure 3-1 shows the annual average Lake Erie water surface elevation observed during 

the 109 years of historical record as well as the long-term average (horizontal red line).  Two 

relatively dry periods can be identified: the first begins around year 30 and ending around year 

45; the second begins around year 61 and ends around year 70.  These two periods were 

therefore selected as dry periods during which the restoration would cause the worst 

downstream effects. 
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Figure 3-1:  Lake Erie average annual surface elevation (blue) and long-term average (red) 

 

3.3.4 Sensitivity of Restoration Impacts to Adjusted Coefficient in 

St. Clair River Equation  

Most analyses performed for this study were based on simulating the restoration of 

Lake Michigan-Huron by manipulating the mean channel bottom elevation of the St. Clair River, 

represented by the ymSC parameter in the conveyance equation.  Another parameter of the 

St. Clair River conveyance equation is KSC, which corresponds to the mean channel cross-section 

area and roughness.  In order to assess the sensitivity of results to the adjusted parameter, 

another scenario was defined to manipulate KSC rather than ymSC.  

 

3.3.5 Scenario Summary  

All combinations of the 10, 25, 40 and 50 cm (3.9, 9.8, 15.7 and 19.7 inch, respectively) 

restoration scenarios, two construction timing scenarios (i.e., instantaneous and staged), three 

hydrologic timing scenarios (i.e., start of the historic record and the two worst case dry periods) 

and the two parameter scenarios (i.e., ymSC and KSC) would provide 48 different scenarios, but 

not all combinations were evaluated.  Instead, a total of 12 scenarios were evaluated, and these 

included all four restoration scenarios using the ymSC parameter at the start of the historic 

record for both staged and instantaneous construction (i.e., 8 scenarios) plus two worst-case 

hydrologic timing scenarios and two parameter sensitivity scenarios. 
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3.4 Results 

In this section, the resulting impacts of restoring the water level of Lake Michigan-Huron 

by 10, 25, 40 and 50 cm (3.9, 9.8, 15.7 and 19.7 inches, respectively) are assessed, including a 

comparison of both instantaneous and staged restoration scenarios.  Furthermore, the worst-

case downstream impacts on the system are assessed by starting the restoration over the two 

dry periods identified from the historic record.  Lastly, it is also shown that the results 

presented are not sensitive to the St. Clair River conveyance equation parameters used to 

simulate the restoration hydraulics.  Note that the impacts of restoration were simulated for 

the historic period (1900 to 2008), with restoration assumed to have started in 1900.  The 

effects of restoration are sensitive to water level and net basin supply, both upstream and 

downstream, so future impacts of restoration may vary to some degree from those simulated in 

the historic record, but in general the results and conclusions are transferrable. 

 

3.4.1 Instantaneous versus Staged Restoration  

As discussed, for the set of restoration scenarios described in this chapter, the inflow to 

Lake Michigan is set to the outflow of Lake Superior in the base case, and therefore, Lake 

Superior surface elevation and outflow are not affected by restoration.  Chapter 4 discusses this 

assumption further.  Table 3-1 shows the value of the ymSC parameter in the St. Clair River 

conveyance equation determined to be required to provide each level of restoration (as 

obtained from the difference from the base case in the long-term average for the final 55 years 

of simulation).  The ymSC parameter was split into five equal increments for the staged 

scenarios.  Results showed that instantaneous and staged restoration scenarios required the 

same amount of increase in the ymSC parameter to produce the desired total amount of 

restoration; however, due to non-linearity of the equation itself, the restoration provided by 

each increment is not necessarily one-fifth of the total restoration. 
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Table 3-1: The increase in the ymSC parameter (which represents the mean channel bottom) of St. Clair 

River conveyance equation for instantaneous and staged restoration scenarios 

Restoration 

Level 

ymSC in the SCR 

conveyance 

equation 

Increase in ymSC 

parameter of SCR 

conveyance compared 

to base case 

Incremental (i.e., staged) 

increase in ymSC parameter 

of SCR conveyance compared 

to base case 

0  

(base case) 
167.00 m 0 -- 

10 cm 167.20 m 20 cm 5 x 4 cm 

25 cm 167.48 m 48 cm 5 x 9.6 cm 

40 cm 167.74 m 74 cm 5 x 14.8 cm 

50 cm 167.90 m 90 cm 5 x 18 cm 

 

3.4.2 Upstream impacts  

Given the static Lake Superior assumption used, Lake Michigan-Huron is the only part of 

the Great Lakes system affected upstream of the St. Clair River restoration.  Figure 3-2 shows 

that the long-term annual average surface elevation of Lake Michigan-Huron can be increased 

by a desired level with both instantaneous and staged increases in the ymSC parameter.  Full 

ǳǇǎǘǊŜŀƳ ƛƳǇŀŎǘǎ ƻŦ ǊŜǎǘƻǊŀǘƛƻƴ ŀǊŜ ƻƴƭȅ ǊŜŀƭƛȊŜŘ ŀŦǘŜǊ ŀƴ ƛƴƛǘƛŀƭ ǇŜǊƛƻŘ ƻŦ άŦƛƭƭƛƴƎέ ŦƻǊ [ŀƪŜ 

Michigan-Huron, which is roughly 10 years for the instantaneous scenarios.  Since the 

structures themselves are not assumed completed until year 20 of the simulation, staged 

restoration scenarios take longer to reach the new equilibrium, roughly 25 to 30 years.  
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Figure 3-2: Simulated restoration impacts for the historic period (1900-2008) on Lake Michigan-Huron 

annual average surface elevation compared to the base case for instantaneous and staged restoration 

scenarios (assuming restoration occurred in 1900). 

 

In Figure 3-3, time series of Lake Michigan-Huron surface elevations for the base case, 

10 cm (3.9 inch) and 50 cm (19.7 inch) instantaneous restoration scenarios are plotted.  Also, 

the base case minimum and maximum seasonal (monthly) average surface elevations are 

plotted to show whether or not Lake Michigan-Huron surface elevations exceed these limits.  

Table 3-2 represents the frequency that Lake Michigan-Huron exceeds monthly maximum 

surface elevations of the base case.  As expected, while restoration will raise low levels above 

historical lows, both Figure 3-3 and Table 3-2 show that restoration will also result in more 

extreme and frequent high levels on Lake Michigan-Huron, with the magnitude of the increased 

high levels corresponding to the level of restoration provided, i.e., 25 cm (9.8 inch) restoration 

causes 25 cm (9.8 inch) higher maximum surface elevation in each month compared to the base 

case.   
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Figure 3-3: Simulated time series for the historic period (1900-2008) of Lake Michigan-Huron surface 

elevation for base case, 10 cm (3.9 inch) and 50 cm (19.7 inch) instantaneous restorations (assuming 

restoration occurred in 1900). 

 

Table 3-2: Frequency of violation (% of simulated monthly time steps) of Lake Michigan-Huron base 

case long-term monthly maximum levels.  

Restoration 

Level 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

10 cm 

(3.9 inches) 
1.8 1.8 1.8 1.8 1.8 2.8 0.9 0.9 0.9 0.9 0.9 0.9 

25 cm 

(9.8 inches) 
1.8 2.8 5.5 6.4 7.3 7.3 4.6 4.6 2.8 0.9 1.8 1.8 

40 cm 

(15.7 inches) 
6.4 9.2 9.2 11 11.9 10.1 8.3 6.4 2.8 1.8 1.8 3.7 

50 cm 

(19.7 inches) 
9.2 14.7 13.8 15.6 15.6 16.5 14.7 15.6 9.2 4.6 3.7 6.4 

 

3.4.3 Downstream Impacts  

Restoring water on Lake Michigan-Huron also has short-term downstream impacts.  This 

ƛǎ ŘǳŜ ǘƻ ƘƻƭŘƛƴƎ ōŀŎƪ ǿŀǘŜǊ ǘƻ άŦƛƭƭέ [ŀƪŜ aƛŎƘƛƎŀƴ-Huron for roughly 10 years and a 
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subsequent reduction of water downstream of Lake Michigan-Huron in comparison with the 

base case.  Therefore, on average, downstream lakes are affected by decreased surface 

elevations and downstream connecting channels will have reduced flow for the initial years 

after restoration.  Afterwards, these impacts will disappear and the whole downstream system 

will behave the same as in the base case.  In Figure 3-4, the time series of surface elevation of 

Lake St. Clair, which is the first lake affected downstream of restoration, is shown.  As expected, 

in the restoration scenarios, a lack of water in the first 10 years compared to the base case is 

obvious.  In this example, for the 10 cm (3.9 inch) restoration scenario, initial levels would not 

fall below historic levels, whereas in the 50 cm (19.7 inch) scenario they would.  The timing of 

construction is important in this regard.  Figure 3-5 highlights this result by showing the annual 

average Lake St Clair surface elevation change in comparison with the base case as an example 

of downstream restoration impacts.  Figures 3-6 to 3-12 show similar restoration impacts on of 

the system downstream of Lake Michigan-Huron.  It can be seen that short-term downstream 

effects vary based on restoration level and can be significant particularly for larger restoration 

levels. 

 
Figure 3-4: Simulated time series for the historic period (1900-2008) of Lake St. Clair surface elevation 

for base case, 10 cm (3.9 inch) and 50 cm (19.7 inch) instantaneous restorations (assuming restoration 

occurred in 1900). 

In order to mitigate downstream impacts of restoration, the changes to the system 

could be staged over time.  Here, restoration is studied when the full increase in ymSC is divided 

into 5 small changes with a 5-year gap between stages; therefore, a 20-year period is required 

for a full change in the St. Clair River conveyance regime.  Figure 3-5 shows that staged 
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restoration could significantly mitigate downstream impacts, as changes in downstream water 

levels are significantly reduced from the instantaneous restoration scenarios.  However, 

reducing downstream impacts of restoration by staging also requires a longer period for the full 

impacts of restoration upstream to be secured (25-30 years instead of about 10 years in this 

example).  Results show similar behaviour in terms of reducing downstream impacts for all 

other components of the system downstream to Montreal harbour.  Figures 3-6 to 3-12 show 

the impact of restoration on the downstream lakes and connecting channels. 

 
Figure 3-5: Simulated restoration impacts for the historic period (1900-2008) on Lake St. Clair annual 

average surface elevation compared to the base case for instantaneous and staged restoration 

scenarios (assuming restoration occurred in 1900). 
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Figure 3-6: Simulated restoration impacts for the historic period (1900-2008) on St. Clair River annual 

average flow compared to the base case for instantaneous and staged restoration scenarios (assuming 

restoration occurred in 1900). 

 
Figure 3-7: Simulated restoration impacts for the historic period (1900-2008) on Detroit River annual 

average flow compared to the base case for instantaneous and staged restoration scenarios (assuming 

restoration occurred in 1900). 
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Figure 3-8: Simulated restoration impacts for the historic period (1900-2008) on Lake Erie annual 

average surface elevation compared to the base case for instantaneous and staged restoration 

scenarios (assuming restoration occurred in 1900). 

 
Figure 3-9: Simulated restoration impacts for the historic period (1900-2008) on Niagara River plus 

Welland Canal annual average flow compared to the base case for instantaneous and staged 

restoration scenarios (assuming restoration occurred in 1900). 
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Figure 3-10: Simulated restoration impacts for the historic period (1900-2008) on Lake Ontario annual 

average surface elevation compared to the base case for instantaneous and staged restoration 

scenarios (assuming restoration occurred in 1900). 

 
Figure 3-11: Simulated restoration impacts for the historic period (1900-2008) on Lake Ontario annual 

average outflow compared to the base case for instantaneous and staged restoration scenarios 

(assuming restoration occurred in 1900). 
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Figure 3-12: Simulated restoration impacts for the historic period (1900-2008) on Montreal Harbour 

annual average surface elevation compared to the base case for instantaneous and staged restoration 

scenarios (assuming restoration occurred in 1900). 

 

Table 3-3 summarizes downstream impacts of restoring Lake Michigan-Huron surface 

elevation by modifying ymSC.  The maximum decrease to the monthly lake level or connecting 

channel flow between the base case and each restoration scenario is used as the downstream 

impact.  Also Table 3-3 provides a comparison between instantaneous and staged restoration 

scenarios.  Again, this comparison shows that staged restoration can significantly mitigate the 

downstream impacts of restoration. 
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Table 3-3: Downstream impact of restoration, comparing staged and instantaneous scenarios 

Restoration 
Level 

Scenario 

Maximum Decrease in Water Level 

from Base Case 
Maximum Decrease in Outflow  

from Base Case 

Lake 
St. Clair 

Lake 
Erie 

Lake 
Ontario 

Jetty 1 
(Montreal) 

St. Clair 
River 

Detroit 
River 

Erie 
Outflow 

Ontario 
Outflow 

10 cm 

όоΦфέ) 

Instant 
7 cm 

όнΦуέύ 

5 cm 

όнΦлέύ 

3 cm 

όмΦнέύ 

9 cm 

όоΦрέύ 

145 m3/s 

(5120 ft3/s) 
127 m3/s 

(4480 ft3/s) 
96 m3/s 

(3390 ft3/s) 
190 m3/s 

(6710 ft3/s) 

Staged 
2 cm 
όлΦуέύ 

2 cm 
όлΦуέύ 

3 cm 
όмΦнέύ 

5 cm 
όнΦлέύ 

55 m3/s 
(1940 ft3/s)  

49 m3/s 
(1730 ft3/s) 

29 m3/s 
(1020 ft3/s) 

115 m3/s 
(4060 ft3/s) 

25 cm 

όфΦуέ) 

Instant 
16 cm 

όсΦоέύ 

12 cm 

όпΦтέύ 

4 cm 

όмΦсέύ 

25 cm 

όфΦуέύ 

351 m3/s 

(12400 ft3/s) 
310 m3/s 

(10950 ft3/s) 
240 m3/s 

(8480 ft3/s) 
540 m3/s 

(19070 ft3/s) 

Staged 
5 cm 
όнΦлέύ 

4 cm 
(мΦсέύ 

4 cm 
όмΦсέύ 

19 cm 
όтΦрέύ 

135 m3/s 
(4770 ft3/s) 

119 m3/s 
(4200 ft3/s) 

72 m3/s 
(2540 ft3/s) 

392 m3/s 
(13840 ft3/s) 

40 cm 

όмрΦтέ) 

Instant 
24 cm 

όфΦпέύ 

19 cm 

όтΦрέύ 

10 cm 

όоΦфέύ 

43 cm 

όмсΦфέύ 

541 m3/s 

(19110 ft3/s) 
483 m3/s 

(17060 ft3/s) 
379 m3/s 

(13380 ft3/s) 
937 m3/s 

(33090 ft3/s) 

Staged 
8 cm 
όоΦмέύ 

6 cm 
όнΦпέύ 

6 cm 
όнΦпέύ 

19 cm 
όтΦрέύ 

214 m3/s 
(7560 ft3/s) 

190 m3/s 
(6710 ft3/s) 

116 m3/s 
(4100 ft3/s 

392 m3/s 
(13840 ft3/s) 

50 cm 

όмфΦтέ) 

Instant 
30 cm 

όммΦуέύ 

23 cm 

όфΦмέύ 

14 cm 

όрΦрέύ 

54 cm 

όнмΦоέύ 

664 m3/s 

(23450 ft3/s) 
595 m3/s 

(21010 ft3/s) 
470 m3/s 

(16600 ft3/s) 
1157 m3/s 

(40860 ft3/s) 

Staged 
10 cm 
όоΦфέύ 

7 cm 
όнΦуέύ 

8 cm 
όоΦмέύ 

22 cm 
όуΦтέύ 

265 m3/s 
(9360 ft3/s) 

235 m3/s 
(8300 ft3/s) 

145 m3/s 
(5120 ft3/s) 

465 m3/s 
(16420 ft3/s) 
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3.4.4 Worst -case Downstream Impacts of Restoration  

Downstream impacts of restoration due to the lack of water immediately after the 

change in conveyance of the St. Clair River can become worse if restoration starts during a 

relatively dry period.  Downstream impacts of the 10 and 25 cm (3.9 and 9.8 inch) 

instantaneous restoration scenarios were assessed by starting the restoration in two of the 

ŘǊƛŜǎǘ ǇŜǊƛƻŘǎ ƛŘŜƴǘƛŦƛŜŘ ŦǊƻƳ ƘƛǎǘƻǊƛŎŀƭ Řŀǘŀ ǿƘƛŎƘ ƻŎŎǳǊǊŜŘ ŘǳǊƛƴƎ ǘƘŜ мфолΩǎ ŀƴŘ мфслΩǎΦ  

Results show that a worst-case poorly-timed 10 cm (3.9 inch) instantaneous restoration can 

drop what are already record low Lake Erie surface elevations by an additional 7 cm 

(2.8 inches), while a worst-case poorly-timed 25 cm (9.8 inch) instantaneous restoration can 

drop record low Lake Erie levels by an additional 12 cm (4.7 inches), lasting for almost one year. 

 

3.4.5 Sensitivity of Restoration Impacts to Coefficient Adjusted in 

St. Clair River Equation  

In all the above scenarios, the ymSC parameter of the St. Clair River conveyance equation 

is adjusted to achieve the desirable restored Lake Michigan-Huron surface elevation.  The 

sensitivity of results to the adjusted parameter is assessed by modifying KSC, which is 

representative of the mean channel cross-section area and channel roughness.  Results show 

that the difference between upstream and downstream impacts of the 10 and 25 cm (3.9 and 

9.8 inch) restoration scenarios is not very sensitive to the adjusted parameter.  For example, in 

the 25 cm (9.8 inch) instantaneous restoration scenario, manipulating KSC parameter would 

cause at most a 2 cm (0.8 inch) monthly change to the time series of Lake Michigan-Huron and 

Lake Erie levels generated initially by manipulating ymSC. 

 

3.5 Conclusions 

Restoration was studied here as a permanent change in the conveyance equation of the 

St. Clair River using the CGLRRM and its impacts were assessed down to Montreal harbour.  The 

hydraulic behaviour of the eventual physical structure/channel modifications to accomplish 

restoration is not simulated here.  This analysis assumes that an increase of the channel bottom 

elevation or narrowing of the channel cross-section and the corresponding simulation with the 

CGLRRM roughly approximates the overall system response to a structural change in the 
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St. Clair River.  Before any physical restoration work is initiated, more accurate impacts of the 

actual physical structure/channel modifications should be evaluated with more detailed 

hydraulic modeling. 

It was shown that the full upstream effects of restoration were only realized after an 

ƛƴƛǘƛŀƭ ǇŜǊƛƻŘ ƻŦ άŦƛƭƭƛƴƎέ ŦƻǊ [ŀƪŜ aƛŎƘƛƎŀƴ-Huron, which takes roughly 10 years.  Restoration 

will result in more extreme high levels more frequently on Lake Michigan-Huron depending on 

restoration level: 

¶ for a 10 cm (3.9 inch) restoration, base case extreme monthly surface elevations will 

be exceeded from 1 to 3% of the time 

¶ for a 50 cm (19.7 inch) restoration, base case extreme monthly surface elevations 

will be exceeded upwards of 15% of the time 

¶ Moreover, the increase in extreme high Michigan-Huron lake levels corresponds 

directly to the restoration level. 

Results of a worst-case, poorly-timed restoration show that, instantaneous 10 cm 

(3.9 inch) restoration might drop record low Lake Erie surface elevations by an additional 7 cm 

(2.8 inches) for almost one year.  Also, a worst-case poorly-timed instantaneous 25 cm 

(9.8 inch) restoration might drop record low Lake Erie surface elevations by an additional 12 cm 

(4.7 inches) for almost 1 year.  These outcomes require terrible timing of an instantaneous 

restoration during a period of already record low water levels. 

Downstream impacts of restoration are short-term (roughly 10 years) due to storing 

water on Lake Michigan-Huron during the period while water levels adjust.  Short-term 

downstream reduction in water levels and flows vary based on restoration level and impact 

location, but they can be significant, especially for larger levels of restoration.  However, short-

term downstream impacts can be greatly mitigated with staged restoration and advanced 

planning on Lake Ontario.  For example, in the 25 cm (9.8 inch) restoration scenario, a staged 

restoration approach would generate a maximum monthly decrease of only 4 or 5 cm (1.6 or 

2.0 inches) for Lake Erie and Lake St. Clair levels.  However, these reduced downstream impacts 

due to staged restoration are experienced over a 25 to 30 year period instead of 10 to 15 years 

with an instantaneous restoration.  Obviously, the mitigation to the extent possible with staged 

restoration is dependent on being able to stage whatever structural channel changes are 

selected. 
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4 Sector Impact Analysis  

4.1 Introduction  

The restoration scenarios discussed in Chapter 3 were simulated using the Coordinated 

Great Lakes Regulation and Routing Model (CGLRRM) and the water levels and flows from that 

model were used in the IUGLS Shared Vision Model (SVM) to estimate the economic and 

environmental impacts from restoration.  The impacts discussed in this section would occur 

after construction ended and operation began; the costs of construction, both financial and 

environmental, are not considered. 

The physical causation of the impacts is clear even without a model; all restoration 

strategies involve permanent reductions in the conveyance capacity of the St. Clair River, either 

in a single construction period or in staged increments.  Lakes Michigan-IǳǊƻƴΩǎ ƭŜǾŜƭǎ ǎǘŀǊǘ ǘƻ 

rise as soon as the conveyance is reduced; as the Michigan-Huron levels rise, flows through the 

St. Clair River gradually increase until they are essentially the same as they would have been 

without the restoration construction.  During the period when Michigan-Huron levels are being 

restored, which as discussed in Chapter 3 takes roughly ten years after a single construction 

period, less water leaves Lake Huron, so during this time flows are reduced through the 

St. Clair, Detroit, Niagara and St. Lawrence Rivers.  As a consequence, less water is available for 

hydropower production at Niagara, the Moses-Saunders plants at Cornwall/Massena and the 

Hydro Quebec plants near Montreal.  Water levels in Lake St. Clair, Lake Erie, Lake Ontario and 

the St. Lawrence River, including Montreal harbour, are somewhat lower than they would have 

otherwise been.  Beginning with the restoration and continuing indefinitely, higher Michigan-

Huron levels provide benefits for navigation on those two lakes because some ships can carry 

heavier loads because of the greater depth of water in some of the key constriction points 

along the navigation routes (i.e., in some of the navigation channels and the harbours where 

ships are loaded and off-loaded).  Higher Michigan-Huron levels also increase the levels in the 

St. Marys River downstream of Sault Ste. Marie, reducing the elevation difference between the 

upper and lower St Marys River, thereby slightly reducing the amount of hydropower energy 

produced at Sault Ste. Marie because of a reduction in the head difference.  If the restoration 

occurs during a wet period, the higher levels on Lake Michigan-Huron would likely cause 

additional erosion and flooding, while the lower levels below Lake Michigan-Huron might avoid 

flooding and reduce the rate of erosion. 

The SVM can estimate a wide range of impacts for any series of upper Great Lakes levels 

and flows.  The impact evaluations are based on an empirical representation of historical 
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effects.  Hence, the SVM may not adequately represent the effects that happen at much higher 

or lower elevations than the historical range.  Since it would have been too expensive to 

develop data to support comprehensive, lake-wide impact functions, the SVM does not 

estimate the value of flood damages or the impact of low water on housing values and 

recreational opportunities.  The environmental impacts of much higher and lower levels are 

similarly difficult to estimate; the SVM includes a simplified Integrated Ecological Response 

Model (IERM) that tracks the number of months in which any of thirty-three environmental 

performance indicators cross thresholds into ranges ecologists consider detrimental but 

survivable (Zone B) or extremely harmful (Zone C), which borders on irreversibility.  Ecologists 

hypothesize that the damage to the ecosystem that occurs during a Zone B water level could be 

reversed or that there could be a recovery when water levels return to Zone A, but after a Zone 

C occurrence, the ecosystem would be fundamentally different despite water levels returning 

to their previous state. 

 

4.2 Restoration plans  

Impacts from eleven restoration plans were evaluated in the SVM (Table 4-1).  Eight of 

these plans were the instantaneous and staged restoration scenarios of 10, 25, 40 and 50 cm 

(3.9, 9.8, 15.7 and 19.7 inches, respectively) described in Chapter 3.  As discussed, these were 

designed on the assumption that the Lake Superior regulation plan would be modified so that 

Lake Superior water levels and St. Marys River flows would be the same as if there had been no 

restoration (i.e., ǘƘŜ άǎǘŀǘƛŎέ [ŀƪŜ {ǳǇŜǊƛƻǊ ŀǎǎǳƳǇǘƛƻƴύΦ  ¢ƘŜǎŜ Ǉƭŀƴǎ ŀǊŜ labelled by the depth 

of water in cm restored on Michigan-Huron and whether the restoration was effected 

instantaneously (10 RI, 25 RI, 40 RI and 50 RI) or in stages (10 RS, 25 RS, 40 RS and 50 RS).   

A ninth plan evaluated with the SVM was denoted as 77R1.  This plan assumes an 

instantaneous 10 cm (3.9 inch) restoration on Lake Michigan-Huron, but in this case the plan 

uses the current Plan 77A release rules for Lake Superior as opposed to the static Lake Superior 

assumption used for plan 10 RI.  As such, plan 77RмΩǎ ǊŜƭŜŀǎŜǎ ŀƴŘ [ŀƪŜ {ǳǇŜǊƛƻǊ ǿŀǘŜǊ ƭŜǾŜƭǎ 

differ slightly from those created by 10 RI which uses the 77A releases that would occur without 

restoration.   

Restoring water levels on Lake Michigan-Huron means both minimum and maximum 

levels rise.  Because of this, a tenth plan was evaluated, denoted as 77R2, which assumes an 

instantaneous restoration of 10 cm (3.9 inches), but changes the Plan 77A rules to reduce the 

Lake Superior outflow to Lake Michigan-Huron when Michigan-Huron is high, storing water on 
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Lake Superior.  As designed, 77R1 and 77R2 have the same minimum Lake Michigan-Huron 

water levels, i.e., 10 cm (3.9 inches) higher than the levels produced by 77A, but 77R1 raises the 

maximum level of Michigan-Huron by 10 cm (3.9 inches), whereas 77R2 produces the same 

Michigan-Huron maximum as Plan 77A does.  However, because it does this by storing the 

increment of excess water on Lake Superior, the maximum 77R2 Superior level is 16 cm 

(6.3 inches) higher than the 77A maximum.  Water level plots for plans 77R1 and 77R2 are 

shown in Figures 4-3 through 4-10, and water level statistics are provided in Tables 4-3 through 

4-6. 

A final plan was developed for the special case of limited regulation using a simple 

inflatable flap gate structure to obstruct flow through the east channel at Stag Island on the 

St. Clair River (see Chapter 5).  This plan, denoted as StagIs LR, is not strictly a restoration plan 

because the structure would be designed to be adjustable, providing reduced St. Clair River 

conveyance only when desired.  The StagIs LR plan allows for the structure to be lowered during 

high water periods, which allows the possibility of maintaining the highest Lake Michigan-Huron 

water levels, while increasing the lows when the structure is raised; however, impacts 

downstream occur whenever the structure is put into or out of operation.  This is unlike fixed 

restoration scenarios, where roughly 10 years after construction, water conditions downstream 

are identical to what they would have been without restoration.  It was assumed for this 

assessment that the Stag Island inflatable flap gates could be used to raise Lake Michigan-

Huron water levels by up to 10 cm (3.9 inches) during low water level periods, but then the 

gates could be subsequently fully opened during high water levels such that their impact on 

water levels and flows would be negligible.  It was also assumed that the gates would be raised 

instantaneously, and that the impacts would begin to take effect immediately; however, note 

that the full effects of such a structure on upstream water levels (i.e., the 10 cm (3.9 inch) 

increase) would only be achieved if the gates were closed for a long period of time (roughly 10 

years), during which water is stored on Lake Michigan-Huron.  Such a structure would require a 

set of operating rules: for this initial investigation, it was assumed that the gates would be 

raised and flow restricted whenever the level of Lake Michigan-Huron at the beginning of the 

month was below 176.00 m, the chart datum elevation on this lake.   
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Table 4-1: Restoration scenario descriptions 

Plan ID 
Restoration 

Amount  

Structure 
Construction/ 

Operation 
Timing 

Superior 
Regulation 
Assumption 

Notes 

77A 0 N/A 77A Baseline; no restoration 

10 RI 
10 cm 
όоΦфέύ 

Instantaneous Static -- 

25 RI 
25 cm 
όфΦуέύ 

Instantaneous Static -- 

40 RI 
40 cm 
όмрΦтέύ 

Instantaneous Static -- 

50 RI 
50 cm 
όмфΦтέύ 

Instantaneous Static -- 

10 RS 
10 cm 
όоΦфέύ 

Staged Static -- 

25 RS 
25 cm 
όфΦуέύ 

Staged Static -- 

40 RS 
40 cm 
όмрΦтέύ 

Staged Static -- 

50 RS 
50 cm 
όмфΦтέύ 

Staged Static -- 

77R1 
10 cm 
όоΦфέύ 

Instantaneous 77A 
Same as 10 RI, but with 
modified Superior 
regulation 

77R2 
10 cm 
όоΦфέύ 

Instantaneous 

77A modified to 
store more 
water on Lake 
Superior when 
Michigan-
Huron is high 

Same as 10 RI, but with 
modified Superior 
regulation 

StagIs LR 
Variable up 
to 10 cm 

(3.9 inches) 
Instantaneous* Static 

* Limited regulation of 
Lake Michigan-Huron; 
structure is assumed in 
operation whenever 
Lake Michigan-Huron 
falls below 176.00 m; 
conveyance capacity 
unchanged when above 
this level 
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4.3 Restoration plan performance relative to key Board criteria  

It is important to differentiate the process that the IUGLS Board will be using for its main 

task, that is, the formulation and formal evaluation of Lake Superior regulation plans, from the 

ƭŜǎǎ ǊƛƎƻǊƻǳǎΣ ΨŜȄǇƭƻǊŀǘƻǊȅΩ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ƭŀƪŜ ƭŜǾŜƭ ǊŜǎǘƻǊŀǘƛƻƴ ƛƳǇŀŎǘǎΦ   ¢ƘŜ {ǘǳŘȅ .ƻŀǊŘ ǿƛƭƭ 

use seven criteria to rank the proposed Lake Superior regulation plans.  These criteria are also 

useful for quickly evaluating the acceptability of restoration plans, even though the quality of 

data, in terms of the primary physical effects of lake level restoration, which determine the 

associated social, economic and environmental effects are not comparable.  Table 4-2 

summarizes those evaluations, showing that restoration of Michigan-Huron levels would reduce 

shipping costs in a range of four to sixteen million dollars per year, but would reduce 

hydropower benefits by up to $3.4 million dollars per year at Sault Ste. Marie in all but one 

plan.  Note all dollar amounts are in U.S. dollars.  Restoration reduces Niagara power 

production and average annual energy values are reduced from $1.06 million to $8.9 million, 

with staged plans (construction spread out over decades) generally doing slightly better than 

plans that impose the entire reduction in conveyance during a single construction period. 

Observations on restoration plan performance against Board Criteria (Table 4-2): 

¶ A plan passes the first criterion if Lake Superior levels do not go above 183.86 m or 

below 182.76 mm (IGLD85) in any month of the historic simulation.  Plan 77R2 fails 

this criterion because it changed the Lake Superior regulation rules to mitigate the 

worst damages ŘƻǿƴǎǘǊŜŀƳΣ ƛƴ ŜǎǎŜƴŎŜ ΨǎŀŎǊƛŦƛŎƛƴƎΩ {ǳǇŜǊƛƻǊ ōŜƴŜŦƛǘǎ ǘƻ ŀŎƘƛŜǾŜ 

larger benefits for Lake Michigan-Huron 

¶ ¢ƘŜ ǘǿƻ ǘŜǎǘǎ ƻŦ Ψƴƻ ŘƛǎǇǊƻǇƻǊǘƛƻƴŀǘŜ ƭƻǎǎΩ ŀǊŜ ŦƻǊ Ŏƻŀǎǘŀƭ ŀƴŘ ǊƛǇŀǊƛŀƴ 

considerations (expansion of levels on one lake to reduce the range of levels on 

another lake) and recreational boating (loss of usable slips on one lake to reduce loss 

on another lake). 

¶ Net shore protection costs are increases or decreases in the average annual costs of 

maintaining shore protection in 25 selected representative coastal regions of lakes 

Superior, Michigan and Huron. 

¶ Are levels balanced?  The existing IJC criteria require that the Lake Superior 

ǊŜƎǳƭŀǘƛƻƴ Ǉƭŀƴ ŀǘǘŜƳǇǘ ǘƻ άōŀƭŀƴŎŜέ ǘƘŜ ƳƻƴǘƘƭȅ ƭŜǾŜƭ ƻŦ [ŀƪŜ {ǳǇŜǊƛƻǊ ǿƛǘƘ ǘƘŀǘ ƻŦ 

Lake Michigan-Huron based on where their respective lake levels are relative to their 

standardized deviations from their long-term average levels.   Since this metric uses 

the average levels of Michigan-Huron that result from the present conveyance as 
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the standard, any of the restoration plans would tend to bring Michigan-Huron out 

of balance with Lake Superior, based on existing operating rules.  However, this 

metric can be ignored here because raising Michigan-Huron levels is the goal of 

these restoration plans.  Presumably, a new definition of balance would be 

formulated and applied and the regulation plan fine-tuned to these revised 

standards if restoration were to occur. 

¶ Similarly, restoration plans, by their nature, do not compress Lake Michigan-Huron 

levels, though this criterion could be used to evaluate Lake Superior regulation 

plans.  While restoration does raise the lowest levels, it also raises the highest levels, 

and hence the results for this plan evaluation metric are reported as mixed.  

However in this case, the fact that the highest Michigan-Huron levels are higher than 

they would be without restoration would cause real negative and positive impacts, 

as suggested by the navigation benefits (improved) and hydropower (reduced) as 

well as shore protection costs (greater), with more frequent and more damaging 

storm events superimposed on the higher levels. 

¶ Restoration helps navigation because it provides greater depths for greater loading 

and reduced costs for many of the ships transiting the Great Lakes, and over time 

those benefits more than offset the shallower downstream depths that occur 

immediately after construction.   

¶ Hydropower benefits at Sault Ste. Marie are reduced slightly because higher 

Michigan-Huron levels reduce the head (change in potential energy) at Sault Ste. 

Marie power plants. 

¶ Setting aside the impacts from construction of any particular structure installed to 

create the higher levels, restoring Michigan-Huron water levels helps avoid the loss 

of fish access to Georgian Bay wetlands.   
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Table 4-2: Performance summary of 11 restoration plans (millions US$) 

Criteria 

10 cm 
 restoration 

25 cm 
restoration 

40 cm 
restoration 

50 cm 
restoration StagIs 

LR 
77R1 77R2 10 RI 10 RS 25 RI 25 RS 40 RI 40 RS 50 RI 50 RS 

1. Maintain Superior 
between 183.86 and 182.76 

Pass 183.99 Pass Pass Pass Pass Pass Pass Pass Pass Pass 

2. Minimize 
disproportionate loss  

2a. Coastal Pass Pass Pass Pass Fail Pass Fail Fail Fail Fail Pass 

2b. Boating slips Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass 

3. Net Shore Protection 
Costs (avg. annual) 

-$0.71 -$0.56 -$0.66 -$0.46 -$1.47 -$1.03 -$2.25 -$1.69 -$2.71 -$2.09 $0.02 

4. Are levels balanced? Pass Pass Fail Fail Fail Fail Fail Fail Fail Fail Pass 

5. Compress MH levels Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed Mixed 

6. Increase Navigation 
Benefits at Sault Ste. Marie 

$4.95 $5.30 $4.27 $3.96 $9.50 $8.85 $13.45 $12.58 $15.53 $14.75 $1.02 

7. Increase Hydropower 
Benefits at Sault Ste. Marie 

-$0.33 $0.00 -$0.63 -$0.57 -$1.62 -$1.45 -$2.67 -$2.38 -$3.39 -$3.05 -$0.13 

8. Minimize environmental 
impacts 

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass 

Number of fewer Zone C PI-
Years 

6 7 5 5 10 10 10 10 10 10 3 

Number of greater Zone C 
PI-Years 

0 2 0 0 0 0 0 0 0 0 0 

Niagara Power Benefits 
10 cm restoration 

25 cm 
restoration 

40 cm 
restoration 

50 cm 
restoration StagIs 

LR 
77R1 77R2 10 RI 10 RS 25 RI 25 RS 40 RI 40 RS 50 RI 50 RS 

Niagara Power Benefits -$2.05 -$1.06 -$1.74 -$1.73 -$4.39 -$4.30 -$7.08 -$6.96 -$8.90 -$8.74 -$1.34 

Navigation Benefits by 
Route 

10 cm restoration 
25 cm 

restoration 
40 cm 

restoration 
50 cm 

restoration StagIs 
LR 

77R1 77R2 10 RI 10 RS 25 RI 25 RS 40 RI 40 RS 50 RI 50 RS 

1-Sup $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 

2-MH $1.69 $1.71 $1.62 $1.54 $3.78 $3.52 $5.63 $5.22 $6.71 $6.21 $0.36 

3-StC $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 

4-E -$0.01 $0.00 -$0.01 $0.01 -$0.02 $0.00 -$0.03 -$0.01 -$0.04 -$0.02 -$0.04 

5-S-MH $1.20 $1.33 $0.94 $0.91 $1.98 $1.90 $2.65 $2.55 $2.94 $2.84 $0.27 

6-S-MH-StC $0.06 $0.07 $0.04 $0.05 $0.07 $0.08 $0.07 $0.09 $0.06 $0.08 $0.01 

7-S-MH-StC-E $0.76 $0.91 $0.48 $0.52 $0.97 $1.00 $1.22 $1.26 $1.30 $1.35 $0.12 

8-MH-StC $0.01 $0.02 $0.01 $0.02 $0.03 $0.03 $0.04 $0.04 $0.04 $0.05 $0.00 

9-MH-StC-E $1.25 $1.27 $1.19 $1.17 $2.70 $2.56 $3.88 $3.65 $4.52 $4.25 $0.28 

10-StC-E $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 -$0.01 $0.00 $0.00 

Totals $4.95 $5.30 $4.27 $4.22 $9.50 $9.09 $13.45 $12.79 $15.53 $14.75 $1.02 

The cell shading in this spreadsheet indicates benefits (green) and dis-benefits (red).  If a cell in the table shown 

as zero is shaded in green or red, it indicates a small benefit or dis-benefit, respectively, the value of which was 

less than the number of significant figures shown; a zero without shading (white) indicates no change.   
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Figure 4-1: Comparison of the instantaneous 10 cm (10 RI) and 50 cm (50 RI) restoration plans 

 

The black dashed line in each of the graphs in Figures 4-1 and 4-2 indicates the levels 

that would be produced by Plan 77A.  In Figure 4-1, the 77A levels are compared to plans 10 

RI and 50 RI; both change the extremes on Lake Michigan-Huron, while Lake Superior 

remains the same due to the static assumption.  In Figure 4-2, the 77A levels are compared 

to plans 50 RI and 50 RS; this shows that the staged plans have about the same extreme 

levels as the instant plans because the lowest and highest Michigan-Huron levels happen 

after the staged restoration is complete 

 
Figure 4-2: Comparison of the 50 cm instantaneous (50 RI) and staged (50 RS) restoration plans 

 



45 

 

  

 
Figure 4-3: Lake Superior levels (m) for plans 77A and 77R1 

 
Figure 4-4: Lake Superior levels (m) for plans 77A and 77R1 

Table 4-3: Lake Superior water level statistics, plans 77A, 77R1 and 77R2 

Superior 77R1 77R2 77A 

% above Chart Datum 84% 84% 81% 

Mean level (m) 183.38 183.40 183.36 

Maximum level (m) 183.83 183.99 183.82 

Minimum level (m) 182.81 182.81 182.80 

Standard Deviation (m) 0.18 0.19 0.18 
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Figure 4-5: Lake Michigan-Huron levels (m) for plans 77A and 77R1 

 
Figure 4-6: Lake Michigan-Huron levels (m) for plans 77A and 77R2 

Table 4-4: Lake Michigan-Huron water level statistics, 77A, 77R1 and 77R2 

Michigan-Huron 77R1 77R2 77A 

% above Chart Datum 87% 87% 79% 

Mean level (m) 176.45 176.45 176.34 

Maximum level (m) 177.56 177.46 177.45 

Minimum level (m) 175.50 175.50 175.38 

Standard Deviation (m) 0.38 0.37 0.38 
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Figure 4-7: Lake St. Clair levels (m) for plans 77A and 77R1 

 
Figure 4-8: Lake St. Clair levels (m) for plans 77A and 77R2 

Table 4-5: Lake St. Clair water level statistics, 77A, 77R1 and 77R2 

Lake St. Clair 77R1 77R2 77A 

% above Chart Datum 97% 97% 97% 

Mean level (m) 175.02 175.02 175.02 

Maximum level (m) 175.92 175.86 175.92 

Minimum level (m) 174.08 174.08 174.08 

Standard Deviation (m) 0.33 0.33 0.33 
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Figure 4-9: Lake Erie levels (m) for plans 77A and 77R2 

 
Figure 4-10: Lake Erie levels (m) for plans 77A and 77R2 

 
Table 4-6: Lake Erie water level statistics, 77A, 77R1 and 77R2 

Erie 77R1 77R2 77A 

% above Chart Datum 99% 99% 99% 

Mean level (m) 174.16 174.16 174.16 

Maximum level (m) 175.02 174.99 175.02 

Minimum level (m) 173.31 173.31 173.31 

Standard Deviation (m) 0.31 0.30 0.31 
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4.4 Evaluations by Sector  

The following sections contain detailed descriptions and evaluation results for each of 

the different key interest groups, including hydropower, commercial navigation, coastal shore 

property, ecosystem, recreational boating and municipal and industrial users.  Each section 

contains a description of the performance indicators used in the SVM to evaluate each of the 

different restoration plans, and then a separate section describing the results of these 

evaluations.   

 

4.4.1 Hydropower  

4.4.1.1 Performance Indicators  

Hydropower is produced at two locations on the Upper Great Lakes: at three 

hydropower plants at Sault Ste. Marie on the St. Marys River; and at two hydropower plants 

downstream of Niagara Falls on the Niagara River.  Energy produced at hydropower plants on 

or suǇǇƭƛŜŘ ōȅ ǘƘŜ ²ŜƭƭŀƴŘ /ŀƴŀƭΣ ƛƴŎƭǳŘƛƴƎ htDΩǎ DeCew power plant, were not included in 

this evaluation because production there is significantly less than on the Niagara River, and as a 

result, overall hydropower benefits are not sensitive to the small changes that may occur at 

these plants as a result of changes in levels and flows of Lake Erie.  Hydropower is also 

generated downstream on the St. Lawrence River, but this was not evaluated directly in this 

study.  The SVM includes models to evaluate the hydropower generation at both the Sault 

Ste. Marie and Niagara locations.  The amount of power produced depends on the amount of 

water flowing through the plants, as well as the water level (head) difference across the 

turbines: greater flow and greater head differences generally allow for greater amounts of 

hydropower production.   

For St. Marys power generation, the SVM determines the flow allocation to each of the 

Brookfield, Cloverland and U.S. Government plants based on the total flow of the St. Marys 

River, rules set out by the IJC, and current operating rules.  The model also computes the water 

levels above and below the plants as a function of the simulated level of Lake Superior and Lake 

Michigan-Huron.  The model also allows for peaking and ponding at the Sault, since this is 

normal practice at this location.  Power generation is computed from relationships developed 

between flow and water levels based on historic data, and then the total economic benefits of 

the power generated is computed by comparing to the baseline plan 77A results.   
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For Niagara River power generation, the flow allocation to the Ontario Power 

Generation (OPG) Sir Adam Beck I and II and the New York Power Authority (NYPA) Robert 

Moses plants are determined from the total Lake Erie outflow and rules set out in the 

International Niagara Treaty.  The tailrace water levels below the plants are determined from 

regression relationships with Lake Ontario levels; upstream water levels are currently not 

considered in this model, since they are not related to the level of Lake Erie due to the 

management of the Chippawa-Grass Island Pool upstream, and since originally the Niagara 

hydropower portion of the SVM was developed for the Lake Ontario regulation study and 

upstream water levels were not simulated.  The Niagara model is being revisited as part of the 

IUGLS, including the possible simulation of upstream (headrace) water levels, but this has not 

been completed to date, and it is not expected to significantly affect the model results for the 

current restoration analysis. 

Lastly, while power generation on the St. Lawrence River was not modelled in this study, 

the effects of different restoration scenarios on power production at this location can be 

discussed in qualitative terms, since the causes of the impacts here would be similar in nature 

to the causes of impacts on the Niagara River. 

 

4.4.1.2 Evaluation Results 

In general, restoration would negatively impact hydropower generation throughout the 

Great Lakes system, including at both the St. Marys and Niagara Rivers, though the causes of 

the negative impacts are somewhat different between the two locations.  At the St. Marys, the 

lowered head difference between the upper and lower St. Marys River resulting from an 

increase in Lake Michigan-Huron water levels would decrease power production over the long-

term.  The larger the increase in Michigan-Huron water levels, the greater the decrease in head 

difference and power production, such that the 50 cm (19.7 inch) instantaneous restoration 

causes the greatest negative impacts.  Also of note is that while in most cases staged 

construction is meant to reduce damages downstream, in this case staged construction also 

reduces the negative impacts on hydropower at the St. Marys (see Table 4-7 below), the simple 

reason being that the full negative impacts which inevitably result are delayed by the staged 

construction.  In addition to head difference, hydropower generation is also a function of flow, 

but for the restoration plans Superior flows were assumed static, so in this case flow would not 

affect power production. 

At the Niagara River, the impacts on hydropower production caused by restoration of 

Lake Michigan-Huron are also negative, though the cause is different.  The reduction in the 

water level of Lake Erie immediately after restoration began would decrease the total outflow 
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from Lake Erie through the Niagara River since the outflow varies with Lake Erie water level.  

This reduction in outflow would occur while water levels adjusted to the new St. Clair River flow 

regime, and during this period the water available for power production at the Niagara River 

hydropower plants would be reduced.  Essentially, the additional water stored on Lake 

Michigan-Huron by the restoration structures would never be available for power production 

downstream at the Niagara River.  In fact, though not evaluated with the SVM, the same can be 

said for hydropower production downstream on the St. Lawrence River: the stored water on 

Lake Michigan-Huron will never be available for power production downstream on the 

St. Lawrence River, reducing power production at this location as well as at Niagara. 

As with the St. Marys River, power production at Niagara is also a function of head 

difference.  However, the Niagara power plant headrace water levels are related to the amount 

of water diverted to the plants and the water level of the Chippawa-Grass Island Pool (where 

the hydropower water is diverted from the Niagara River, located upstream of Niagara Falls).  

While both the flow and Chippawa-Grass Island Pool levels are related to the level of Lake Erie 

to some degree, this relationship was not evaluated in the current SVM hydropower model.  

Furthermore, while the tailrace water levels below the power plants are dependent on the level 

of Lake Ontario, which would be impacted slightly by the water stored on Lake Michigan-Huron, 

in this analysis Lake Ontario levels were assumed constant, so the impacts of water levels on 

Niagara power could not be evaluated directly.  Regardless, until the level of Lakes Michigan-

Huron is fully restored and flows and levels return to what they would have been without the 

restoration, there would be a reduction in water levels both upstream and downstream at 

Niagara, which would offset each other somewhat in terms of total head difference, and 

therefore the impacts of changes in water level are likely quite small, especially when 

compared to the effects of a reduction in flow passing through the plants. 

Table 4-7 and Figures 4-11 and 4-12 below provide detailed results for hydropower at 

both the St. Marys and Niagara Rivers for the different scenarios.  Overall, from this analysis it 

can be concluded that restoration of Lake Michigan-Huron water levels will decrease power 

production throughout the Great Lakes system, including at Sault Ste. Marie, the Niagara River, 

and the St. Lawrence River as a result of changes in head difference and decreases in flow 

downstream. 
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Table 4-7: Average annual energy benefits (millions $) for restoration plans at Sault Ste. Marie and 
Niagara for the 109 year historic period of record 

Location 
10 cm Restoration 

25 cm 
Restoration 

40 cm 
Restoration 

50 cm 
Restoration 

StagIs 
LR 

77R1 77R2 10 RI 10 RS 25 RI 25 RS 40 RI 40 RS 50 RI 50 RS 

St. Marys -$0.33 $0.00 -$0.63 -$0.57 -$1.62 -$1.45 -$2.67 -$2.38 -$3.39 -$3.05 -$0.13 

Niagara -$2.05 -$1.06 -$1.74 -$1.73 -$4.39 -$4.30 -$7.08 -$6.96 -$8.90 -$8.74 -$1.34 

 

In general, restoring Michigan-Huron levels reduces hydropower benefits.  At  Sault Ste. Marie the 

primary cause is the ǊŜŘǳŎǘƛƻƴ ƻŦ άƘŜŀŘέ: water flowing through the turbines does not fall as far because the 

receiving water level is higher, so the change in potenatial energy is less.  This is a permanent change.  At 

Niagara, the impact on energy production is temporary but the loss during the first few years, when water used 

to raise Michigan-Huron reduces the flow through the Niagara turbines, is never made up. After the first 

decade or so, though, there would be little difference in flows or energy production at Niagara. 

There can be exceptions to these general results. For instance, Plan 77R2 has slightly positive energy 

ōŜƴŜŦƛǘǎ ŀǘ {ŀǳƭǘ {ǘŜΦ aŀǊƛŜ ōŜŎŀǳǎŜ ƛǘ ǊŀƛǎŜǎ [ŀƪŜ {ǳǇŜǊƛƻǊ ƭŜǾŜƭǎ όƛǘ Ŧŀƛƭǎ ǘƘŜ .ƻŀǊŘΩǎ ŦƛǊǎǘ ŎǊƛǘŜǊƛƻƴΣ however, to 

keep Lake Superior below 183.86m) and purposely diminishes the restoration from 10 cm to zero when 

Michigan-Huron levels are highest.  
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4.4.2 Commercial Navigation  

4.4.2.1 Performance Indicat ors  

It was assumed for the purposes of this evaluation that the structures used to restore 

water levels on Lake Michigan-Huron would not impede navigation, and therefore there would 

not be a requirement to provide new navigation locks at this location (note that none of the 

structures reviewed in Chapter 5 identified the need for navigation locks on the St. Clair River).  

As a result, the primary impact on commercial navigation from changes in water levels is 

ǊŜƭŀǘŜŘ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǾŜǎǎŜƭǎΩ ŎŀǊǊȅƛƴƎ ŎŀǇacity and cargo carrying costs.  According to 

Millerd (2011), as a cargo vessel is loaded its draft increases and underkeel clearance decreases, 

sometimes resulting in a need to limit cargo loads to maintain a safe underkeel clearance.  

Under these conditions changes in water levels have a direct impact on the quantity of cargo a 

These figures show the running cumulative average power generated at the St. Marys and Niagara 

Rivers.  They illustrate that the 10 cm instantaneous restoration has less of a negative impact on hydropower 

than the 50 cm instantaneous restoration, but both cause a reduction in power generation over the baseline 

77A conditions.  Furthermore, the plots show that the losses to hydropower occur in the early period only at 

the Niagara River, but the losses are ongoing at the St. Marys River. 

 
Figure 4-11: Running average energy value at the St. Marys River 

 
Figure 4-12: Running average energy value at the Niagara River 
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vessel can carry on a voyage, and the unit cost for transporting that cargo.  Reductions in water 

levels restrict vessel loads and increase the number of voyages necessary to move a given 

amount of cargo, thereby increasing the total cost of moving that cargo.  Greater depths allow 

ships to carry heavier loads, so it takes fewer trips to carry the same cargo. 

The performance indicator used to represent commercial navigation in the SVM was the 

changes in cost of transportation linked with commercial navigation on the Great Lakes, 

exclusive of port fees and port cargo handling.  In this context, commercial shipping costs 

include vessel capital and operating costs, fuel costs, pilotage charges and Canadian Coast 

Guard fees (marine navigation service and maintenance dredging service fees) only.  The SVM 

calculates the depth at each dock and all connecting channels on the ship routes between the 

docks for each month.  These depths are then related to cost functions developed for different 

dock-to-dock trips.  The vessel total cost curves were developed from total costs estimated for 

individual ship movements that took place during the 2005 shipping season throughout the 

Upper Great Lakes usƛƴƎ ǘƘŜ ¦{!/9Ωǎ DǊŜŀǘ [ŀƪŜǎ {ȅǎǘŜƳ !ƴŀƭȅǎƛǎ ƻŦ bŀǾƛƎŀǘƛƻƴ 5ŜǇǘƘǎ όD[-

SAND) model, which is normally used for USACE dredging operations.  The GL-SAND model 

relates depth of water to shipping costs for 3,124 dock-to-dock routes over 12 calendar 

months, each with one or more actual shipments.  For the SVM, the data were pre-processed 

and grouped into sub-routes between docks having the same depth on the same lake(s).  

Specifically, a sub-route combined all routes between two lakes so long as the docks on lake 

one were all at the same depth, and likewise on lake two.  This process reduced the total 

number of cost curves from 3,124 to 286.   

In this analysis, any possible localized effects on ship transits in the St. Clair River due to 

the addition of conveyance capacity restoration structures were assumed to be negligible.  

 

4.4.2.2 Evaluation Results 

In general, restoration of Lake Michigan-Huron water levels would be beneficial to 

commercial navigation.  Any level of restoration on Lake Michigan-Huron will provide economic 

benefits to navigation routes involving this lake, since ships will be able to carry heavier loads 

resulting in reduced costs.  There will be some negative impacts on Lake St. Clair and Lake Erie 

during the earlier period as water levels adjust to the new regime, but these negative impacts 

are minimal when compared to the benefits gained on the upstream lakes.  It is possible that 

higher levels could cause negative impacts if dock equipment were flooded, but the 

Commercial Navigation Technical Work Group did not flag this concern and no performance 

indicator was developed to estimate the impact (tƘŜ /ƻƳƳŜǊŎƛŀƭ bŀǾƛƎŀǘƛƻƴ ¢²DΩǎ Ψ/ƻƴǘŜȄǘǳŀƭ 

bŀǊǊŀǘƛǾŜΩ ŘŜǾŜƭƻǇŜŘ ōȅ 5ǊΦ CǊŀƴƪ aƛƭƭŜǊŘ όнлмлύ ŘƛǎŎǳǎǎŜǎ Ǌƛǎƪǎ ƻŦ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ŀƴŘ ŦƭƻƻŘƛƴƎ ƛƴ ƎŜƴŜǊŀƭ 
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but does not raise a specific concern about cargo handling facilities.  It was noted that higher levels 

caused by increased net basin supplies could cause higher connecting channel flows which can impede 

navigation, but connecting channel flows would be the same or lower under restoration plans). 

Table 4-8 shows the economic benefits of the different restoration plans for commercial 

navigation for different routes.   As can be seen, economic benefits are seen in all routes 

involving Lake Michigan-Huron, with the greatest benefits occurring for routes having both 

docks on this lake.  On the other hand, negative effects occur for nearly all plans for Lake St. 

Clair routes, Lake Erie routes, and routes between both lakes; however, the greatest negative 

impact occurs for the 50 cm (19.7 inch) instantaneous restoration, an impossible scenario, and 

even in this case the economic loss is only $40 000 per year on average.  This amount can be 

considered negligible when compared to the overall economic gains of this and other plans, 

which ranged from $4.22 to $15.53 million annually (the latter being the same 50 cm (19.7 inch) 

restoration plan).  Note also that any economic losses on downstream routes are mitigated by 

employing the staged as opposed to instantaneous construction assumption, but this also 

comes at the expense of some of the benefits on the upstream routes, a result of the delay in 

obtaining the full effects of restoration caused by staged construction.  Lastly, given the 

assumptions for Lake Superior used in these plans, there was negligible change to commercial 

navigation costs experienced on this lake.   

 

 

Table 4-8: Average annual commercial navigation benefits by route for the restoration plans (millions $) 

Navigation 
Benefits by 

Route 

10 cm 
restoration 

25 cm 
restoration 

40 cm 
restoration 

50 cm 
restoration StagIs 

LR 
77R1 77R2 10 RI 10 RS 25 RI 25 RS 40 RI 40 RS 50 RI 50 RS 

1-Sup $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 

2-MH $1.69 $1.71 $1.62 $1.54 $3.78 $3.52 $5.63 $5.22 $6.71 $6.21 $0.36 

3-StC $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 

4-E -$0.01 $0.00 -$0.01 $0.01 -$0.02 $0.00 -$0.03 -$0.01 -$0.04 -$0.02 -$0.04 

5-S-MH $1.20 $1.33 $0.94 $0.91 $1.98 $1.90 $2.65 $2.55 $2.94 $2.84 $0.27 

6-S-MH-StC $0.06 $0.07 $0.04 $0.05 $0.07 $0.08 $0.07 $0.09 $0.06 $0.08 $0.01 

7-S-MH-StC-E $0.76 $0.91 $0.48 $0.52 $0.97 $1.00 $1.22 $1.26 $1.30 $1.35 $0.12 

8-MH-StC $0.01 $0.02 $0.01 $0.02 $0.03 $0.03 $0.04 $0.04 $0.04 $0.05 $0.00 

9-MH-StC-E $1.25 $1.27 $1.19 $1.17 $2.70 $2.56 $3.88 $3.65 $4.52 $4.25 $0.28 

10-StC-E $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 -$0.01 $0.00 $0.00 

Totals $4.95 $5.30 $4.27 $4.22 $9.50 $9.09 $13.45 $12.79 $15.53 $14.75 $1.02 

The cell shading in this spreadsheet indicates benefits (green) and dis-benefits (red).  If a cell in the table shown as zero 

is shaded in green or red, it indicates a small benefit or dis-benefit, respectively, the value of which was less than the 

number of significant figures shown; a zero without shading (white) indicates no change.   
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4.4.3 Coastal Zone 

4.4.3.1 Performance Indicators  

A number of water level impact studies were conducted by the Coastal Zone Technical 

Work Group.  These studies produced a shore protection model to evaluate the performance of 

shore protection structures; an erosion model to measure total cumulative recession of 

cohesive bluff toe for three specific test sites; a flooding (high) water level metric; and a low 

water level metric.  The shore protection model was evaluated for the restoration analysis, and 

showed that restoration would generally cause increases in the costs of shore protection.  

Erosion modelling showed that restoration will produce the same or greater erosion.  

Restoration plans increase the minimum and maximum levels of Lakes Michigan-Huron by 

approximately the average restoration level, from 10 to 50 cm (3.9 to 19.7 inches) in the plans 

evaluated here.  Higher maximum levels are expected to cause more flooding but there are no 

stage-damage data to quantify this.  Erosion will generally increase with higher levels as well.  

Higher minimum levels may reduce the degradation of timber piling foundations and will make 

it easier to access coastal homes with small boats. 

The shore protection model, known as the Structures Analysis Tool (SAT), was 

developed by Coldwater Consulting Ltd. (MacDonald and Davies, 2011) and is designed to 

measure the response of existing shore protection infrastructure to fluctuating water levels, 

including changes in operating costs and changes in physical parameters influencing shore 

protection infrastructure vulnerability.  All shore protection will fail eventually, but it can be 

considered to perform adequately if it provides the designed level of protection over the full 

design life of the structure (assuming regular maintenance).  Changes in water level 

management scenarios can influence the functional lifespan of existing protection.  Specifically, 

changes in water level management scenarios that alter the magnitude, frequency, and 

duration of water levels outside the normal range can lead to increased failures for shoreline 

protection since the protection will not have been designed to meet the new conditions.  There 

are a number of failure mechanisms associated with water levels, including undermining 

(through either lakebed downcutting or scour), wave load, overtopping, and material 

degradation (specifically, rot in timber elements).  Higher water levels cause an increase in 

water depth in front of the shore protection structures leading to larger wave heights reaching 

the structure, causing an increased risk of overtopping damages and damages related to 

ǿŀǾŜπƛƴŘǳŎŜŘ ƛƴǎǘŀōƛƭƛǘƛŜǎ.  The larger waves also create a greater likelihood of scour damages.  

On the other hand, while lower lake levels generally result in fewer overtopping and wave load 

failures, an increase in the rate of lakebed downcutting will occur.  Over time, the lakebed 

downcutting will result in the loss of supporting lakebed sediment, allowing larger waves to 
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reach the structures when lake levels are higher.  Lastly, an increase in the range of lake level 

fluctuations results in a greater risk of decay in structural timber elements. 

The SAT was designed for Lake Superior and Lake Michigan-Huron only, and therefore 

no results were obtained for Lake Erie or the connecting channels for this study.  The number 

and length of existing shore protection structures were available throughout the Great Lakes 

but the nature of each structure was available in only three reaches: Racine County, Wisconsin; 

Lake and Cook Counties, Illinois; and the Collingwood-Wasaga Beach area of Ontario.  The 

structural characteristics from these three reaches were used to establish the model.  Based on 

the site characteristics, probabilistic distributions of structure characteristics were developed.  

The model itself has divided Lake Superior and Lakes Michigan-Huron into 25 shoreline 

segments (see Figure 4-13 below).  The model runs for each segment and identifies differences 

in sensitivity around the lakes.  The results are then scaled based on the general extent of shore 

protection within each shoreline segment to allow a determination of the overall magnitude of 

impacts between lakes.   ¢ƘŜ {!¢ ǇǊƻǾƛŘŜǎ ƳŜŀǎǳǊŜǎ ƻŦ ŀ ǊŜƎǳƭŀǘƛƻƴ ƻǊ ǊŜǎǘƻǊŀǘƛƻƴ ǇƭŀƴΩǎ 

performance related to overtopping failure frequency, downcutting, wave run-up, wave impact 

and overtopping volume.  Each of these indicators is useful on their own, but the SAT also uses 

this information to determine the total cumulative cost per metre for each structure under 

each plan for each month.  The total cumulative cost of shore protection was used as the 

indicator for evaluation of the restoration scenarios in this analysis.  

The Coastal Zone TWG also investigated coastal erosion as an indicator of plan 

performance.  A Cohesive shoreline Recession Model (CoRModel) was developed by 

Geomorphic Solutions (2010), which can be used to estimate total cumulative recession of 

cohesive bluff toe.  The model uses monthly mean water levels as input and can be simulated 

over the entire simulation period for three specific test sites.  The three test sites included 

Bayfield County on Lake Superior, and Allegan County and Ozaukee County on Lake Michigan; 

data and budget limitations precluded the inclusion of additional sites.  Nonetheless, the model 

allows for comparisons of bluff recession rates from multiple restoration plans to estimate 

relative changes caused by differences in water level sequences.   

Two additional performance indicators were identified by the Coastal Zone TWG and 

evaluated with the SVM for this restoration analysis.  These included a low water indicator, and 

a flooding (high water) indicator.  The Coastal Zone TWG found it difficult to identify an 

acceptable low water indicator.  The low water indicator that was chosen was a count of the 

number of months water levels were below a designated monthly threshold water level.  The 

threshold water levels were defined as the record low water levels for each month plus one 

standard deviation.  A review of these thresholds indicated they were similar to the low water 

levels that people have been concerned with over the past decade.  A similar methodology was 
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used to define a flooding indicator.  In this case, the number of months that water levels were 

above the designated monthly threshold water levels was counted.  The flooding threshold 

levels were defined as both the 1% and the 10% exceedance levels, based on the historic record 

(the SVM user can choose one or the other threshold for their analysis).   

 

4.4.3.2 Evaluation Results 

Shore Protection: 

The Coastal Zone TWG investigated shore protection performance using the SAT on 

lakes Superior and Michigan-Huron.  Because Lake Superior levels are the same as 77A levels 

for most restoration plans, the costs for shore protection stay the same for Lake Superior.   As 

can be seen in Table 4-9, the total annual costs of shore protection range from approximately 

$536,000 annually for the 10 cm (3.9 inch) staged restoration (10 RS) to $2.7 million for the 

50 cm (19.7 inch) instantaneous restoration (50 RI).  The Stag Island limited regulation plan 

(StagIs LR), a plan in which Michigan-Huron levels are regulated to keep the same maximum 

levels and raise low levels only 4 cm (1.6 inches), provides a small net benefit.  That plan, along 

with 77R1 and 77R2, also change Lake Superior levels and shore protection costs to a relatively 

small degree. 

 

The SAT also evaluates impacts to 25 different shore reaches (Figure 4-13Error! 

eference source not found.).  For restoration plans, the greatest damages generally occur 

around the southern shores of Lake Michigan (in Zones 20 through 23) and the south-eastern 

shores of Lake Huron (Zones 13 and 14).  This is primarily the result of the amount and type of 

shore protection in these more heavily populated areas compared to other locations. 

Table 4-9: Annual shore protection benefits ($ x 1,000) 

Lake 77A 10RI 25RI 40RI 50RI 10RS 25RS 40RS 50RS 77R1 77R2 
StagIs 

LR 

Sup. -- $0 $0 $0 $0 $0 $0 $0 $0 -$21 -$50 $2 

Mich. -- -$162 -$341 -$471 -$609 -$129 -$254 -$384 -$491 -$178 -$130 -$8 

Huron -- -$502 -$1,125 -$1,781 -$2,097 -$407 -$825 -$1,369 -$1,647 -$511 -$384 $25 

Total  -$664 -$1,465 -$2,252 -$2,706 -$536 -$1,079 -$1,753 -$2,138 -$709 -$564 $19 

The negative numbers imply a dis-benefit that could also be described as an increase in the average annual costs of shore 

protection ownership. 
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In general, any level of 

restoration of Lake Michigan-Huron 

water levels would uniformly and 

negatively impact coastal shore 

protection interests.  All restoration 

scenarios showed greater costs to 

coastal shore protection than the base 

case on this lake.  By raising the water 

level of Lake Michigan-Huron, each of 

the different indicators will be 

negatively affected.  There will be a 

greater number of overtopping failures 

at all locations around Lake Michigan-

Huron.  Changes in structure ownership 

costs are driven primarily by changes in 

overtopping costs.  

The frequency of overtopping increases as water levels increase, but the costs of 

ownership are offset to some degree by the decreased frequency of undercutting, due to the 

lower frequency of low water levels after restoration. 

 

Erosion: 

Cumulative recession at the bluff toe was modeled using the CoRModel for the various 

instant and staged water level restoration scenarios for two Lake Michigan test sites (Allegan 

and Ozaukee Counties) to demonstrate possible shoreline response.  For both test sites, 

increased water level restoration scenarios are expected to cause an increase in bluff recession 

relative to the baseline plan 77A; furthermore, the instantaneous restoration options increase 

recession rates early in the simulation period relative to the staged restoration at both sites.  

For example, the 50 cm (19.7 inch) instantaneous scenario (50 RI) increases recession by 38% 

relative to 77A after the first 20 years at the Allegan test site (Figure 4-14 and Table 4-10) while 

the 50 cm (19.7 inch) staged scenario (50 RS) increases recession by 19% relative to 77A for the 

same site (Figure 4-15 and Table 4-11).  Model results at the Ozaukee site suggest even greater 

sensitivity (the results for this site for instantaneous restoration are given in Figure 4-16 and 

Table 4-12, while results for staged restoration are shown in Figure 4-17 and Table 4-13).  

Differences in test site response are partly a result of site specific conditions, including the wave 

climate and near-shore bathymetry.  While recession rates for other areas of the shoreline are 

 

Figure 4-13: Shore protection model reach 

locations 
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expected to respond in a similar manner to the test sites (i.e., increased bluff recession for 

increased restoration scenarios), site specific responses are likely to vary.  Overall though, 

depending on shoreline characteristics and the orientation of winds and surges to the shoreline 

direction, Michigan-Huron erosion will be the same or greater with restoration. 
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Figure 4-14: Cumulative recession at Allegan County test site for instantaneous restoration 
scenarios 

 

Table 4-10: Cumulative recession and percentage change over baseline (77A) at Allegan County test 
site for instantaneous restoration scenarios 

Date 
Cumulative Recession (m) 

10 RI 25 RI 40 RI 50 RI 77A 

1905 (Jan) 0.6 0.7 0.9 0.9 0.5 

1910 (Jan) 2.1 2.5 2.8 3.0 1.8 

1915 (Jan) 4.0 4.6 5.2 5.5 3.5 

1920 (Jan) 6.8 7.5 8.3 8.7 6.3 

1925 (Jan) 9.7 10.7 11.5 12.0 9.0 

end of simulation 60.2 61.7 63.6 64.8 59.1 

Date 
Percentage Change over baseline (77A) 

10 RI 25 RI 40 RI 50 RI 77A 

1905 (Jan) 17.2 36.5 59.1 72.8 -- 

1910 (Jan) 15.7 35.2 55.6 66.9 -- 

1915 (Jan) 14.4 32.6 49.2 59.0 -- 

1920 (Jan) 8.8 20.1 31.9 38.5 -- 

1925 (Jan) 7.7 18.8 27.3 33.3 -- 

end of simulation 1.9 4.5 7.6 9.7 -- 

 

 




















































































































































































































































