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Executive Summary

FaSR 2y GKS LYGSNYlFGA2Yy It W2AYG [/ 2YYAAaaA:z

WS E LJX 2 NI (i 2 N@s@ratibnyoptiorss Zaid &their2 pbtential impacts drake Michigan
Huron water levels by increments of 10, 25, 40 andcB0 (3.9,9.8, 15.7 and 19.7 inches,
respectively)

An assessment was subsequently undertaken by the Studydlmate these restoration
scenarios, based on this directiomhe Study focused on using the available information and
models to make this exploratory assessment of the impadthe findings are couched in terms
of the limitations and caveats that aessociated with the various analysel should be noted
that broader issues such as Glacial Isostatic Adjustr®i)and Climate Changéor which
there are significant implicationgre not factored into this assessmedirectly, though they
are discssed in qualitative terms.

Restoration implies a permanent increase in the Lake Michiiamon 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 theCHir River over the past 100 years. Each
past channel enlargememesulted in aemporaryincrease in the outflow from Lake Michigan
Huron for several years afterwards ancesulted in a longerm lowering of water level
differences between Lak#dlichiganHuron 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 remv. 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 thatthe structuresreviewed in this reportvere limited to restoring water
levels up taapproximately25 cm(9.8inches) structures to providegreater levels of restoration
have not been examined in the past, and ttyges and number of stictures requiredto
providethis 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 impacestorationwill have ona number ofkey setors. It
also attempts to distinguishetweenthe impacts within the Lake Huron to Lake Erie corridor
including the St. Clair and Detroit Riveas,well as for thosen each of the Upper Greaiakes
The report focuses on documenting the potential sequences for each proposed scenario
but does not make any judgement regarding implementation of an option.



The resulting assessment revealed a mixture of benefits and costs, and both positive
and regative environmental impacts€eChapter8 foramore detailed summary).Overall, the
economic effects are med, with navigation benefittingshoreline damages increasing; and net
hydropower losses. There is a trad# between the positive ecological effects for the
Georgian Bay regigrespecially its wetinds, 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 ttive endangered or threatened speciesThe principal
spawning habitatfor the Lake Sturgeomvould be most directly affected by submergsils in
the Upper St. Clair River
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1 Restoration Analysis Context
1.1 Introduction

¢KS LYGSNYI GA2yl (JC)WATADIréctivdeRawlisted dhé Stady ahd
directedthe Study Board to:

GSEI YAYS LKeaAOlt LINRPOSadasSa yR LR&aaArAofsS 2
on levels of Lake Michigan and Hurokdditionally, @pending on the nature and extent

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

G hy 32 Ay 3 éverddifingd ByStle 1JC as changes within the St. Qiadr &/stem
subsequentto the 19& dredging and channaleepening That is, the riternational Upper
Great LakesSudy (IUGLS)as to examine only changes that occurpamkt channel deepening
Given ths directionby the 1JC, the IUGLS Board concluded ifrPlitase IReport (2009) the
following:

G ¢ KS {findidgR édiciated that the increase in conveyance in the St. Glair R

is notongoing, and that, based on Bathymetry from 2000 on, conveyance change
has slightly decreasedrurthermore theconveyance change likely the result of a
combination of faatrs, rather than any single factorln addition, the change is
small relative to the degree of scientific uncertainty associated with the various
analyses and data measurements.

GDAGSY GUKS&AS TFAYRAYIAAZI | yRtheiSfudylBodd2 NRI y OS
concludes that remedial measures for the St. Clair River to address adverse changes
Ay GKS NRAROGSNI aAyOS GKS yI@A3FdA2ylFf RNBR3IA

However as part of itsoverall mandate, the Study commissioned this report, the
purpose of which is to provide an exploratelgvel analysis of the impacts and requirements
for restoring Lake MichigaHuron water levels by various amounts. The report assesses the
hydraulic, socieeconomicand environmental impact®f various levels of résration, and
provides a review ofselected potential structural options for achieving it in the event
structureswere warranted, but only at an exploratory level, as the required detailed feasibility
studies went well beyond the IJC Directiv&@he Study reviewed past proposedstoration
structuresand more recent innovative approaches to modifyifguvs in the StClair Riveto
potentially restore hke MichiganHuron water levels With this information, the Study
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identified a range of optionshat might be employed ifrestoration to compensate for past

lowering of Lake Michiganluronwere deemed necessaryin addition,work was undertaken

to determine the institutionallegal and environmental requirements that would needlte

considered inimplementing any of these options.This work was used as background
information and inputs to the Phase | Report, but did not play a significant role, as the Board
concluded thatcompensatiorwas not warrantecbased on a number of factardHowever, the

W/  NBIljdzSadSR GKFdG GKS . 2FNR LINBLINBS | Y2NB
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 t&rm WNB A G2NI GAZ2Y
WO 2 Y LIS yaiel botih @sg¢dQ In this report, both terms are used to describe measures for
raising the waterevel of Lake Michigahluron Howevey while similar in naturejn certain
context, the terms are not necessarily synonymdus ¢ O2 YLISy al A2y é Aa (KS
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, fiee 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 takenJt  OS 2 GSNJ GAYSI (pRnGrilyiuSdlXéincé NB & ( 2
the goal would be to restore water levels to a specific level, regardless of the cAaeterms
are used in this report, but for consistenayhen in the report we refer to compensating for
Fye &ALISOAFTAO S@OSyiuzx 6S KIF@S dzaSR GKS GSNXY aO
would be to restore water levels to some pdefined position, and not necessarily to
compensate for any specific ev@® 6S KI @S dza SR { K 8ither Sabthe G NB a § 2
structures can include both measures to raise upstream water levels, as well as mitigative
measures that may be required to addresther adverseimpacts, possiblyesulting from the
proposed prgects themselves such as increased flows downstream or increased velocities in
the vicinity of the structures, for example.

Following the release of the St. CIRiver reportthe IJC conducted public consultations
in early 2010on the findings and conasionsfrom the study. The Commission heard and
received several briefings during the consultations to expkmgineeringoptions to restore
water levels in Lake Michigafuron as these have stayed below the ldegn average for
almost a decade. Follomg consultations with the StudfBoard the 1JCprovided further
directionregarding thescope of this work.



1.2 1JC Direction on Restoration Analysis

In August 2010the IJC providedlirection to the Study on waterlevel restoration
scenarios foL.ake Michiga-Huron thatneededto be explored forremediating pasnhatural and
anthropogenic changesThe IJCunderstandinghat an examination of restoration options was
not part of the IUGL8lan of Sudy, requesed in its letter to the Study Boaithat a feasibility
level restoration analysisconductedd | G 'y SELJ 2 NI (be MWillertakeéd @ Bhis 2 F
additional work wasa direct result of public feedback dug the IJC consultation process and
public meetings. The [JC stated that it did not requeshe Study Board make any
recommendation as taimplementing a particularestoration option. The followingrestoration
scenarios(labelled in metric units only throughout this repomjere selected by the 1JC to
approximate the following desired level$ mitigation:

P

T Ocm. ¢KS a1l SNRBE &OSYINA2 NBLINBaSyda adl ddza |
taking no restorative action.

1 10 cm. The 10 cm (3.9 ¢h) restoration scenario would compensate for increases in
conveyance since 1963, with the magnitude em$ablished in the IUGLS St. Clair
River ReportlUGLS Boar@009).

1 25cm. The 25 cm (9.8 @h) scenario would combine the previous scenario with the
estimt G SR AYLI}I OG 27 {K-fot)wmavigationehanoeh degpaning ¥ O H T
project on conveyance of the St. Clair River.

1 40 cm. The 40 cm (15.7 ah) 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 construat2y 2F T dc Y OSuHpnF2200 yIF @Al
MpcH O2yailiNVzOGA2Yy 2F (GKS yduH Y OSuHTnF2200
period from 1963present.

1 50 cm. The 50 cm (19.7 @h) restoration scenario extends the previous analysis to
cover he period of 1855 to 1906, which reflects the impacts on the St. Clair and
5SONRPAG WAOGSNE FT2N) 0KS RSSLISyAy3a Faaz2O0OAal i
channel.

Furthermore, the 1JC stated that:

G¢KSaS FylfeaSa ¢2dz RimpligatohsiaR Bterésts RBUGIOMNA LI A 2
the Great Lakes and St. Lawrence River Systeach 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 aglsl those impacts, as described in the letters from
Governments ¢ KS Fylfeara oAttt AyOfdzRS |y Ay@Sada3
measures at an exploratory level of detailhe Commission is aware that as part of the first

phase of the Studyou have already undertaken a preliminary reconnaissance of structural
measures to remediate the impacts of past dredging for the St. Clair. Rikkerpublic has also
4dz33SAaGSR | NIXy3aS 2F FLILINRI OKS&a:X AyOfdRAYy3a A
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
A0SYINA2a RSOFIATSR 020Sdé¢ o6LW [SGGSNI G2 L! D

To address theerestorationscenarioor optionsd | G 'y SELJ 2 NI G2 NB f S¢
Study developed a comprehensive plan to follow through with sufficient modelling, impact
analysis, physical consideration of structures to meet the requested té\a#tail and provide
adequate insights regarding the feasibility of such restoration optidiee level of analysis that
connects various restoration options is commensurate with the broad level of physical and
environmental impact information that is aitable.

1.3 Report Organization

There are a number of investigations and anedythat feedinto thisreport. Sections of
the report were produced by external contracts and other work was completethéystudy
and agency personnel.

The report consists afiine chapters The context piece, which describes the rationale
behind this investigation, is followed by the strategy outlin€he strategy identifies distinct
analytical processes that thread through this reporfhese two chapters are followed by
chapters providing analy®s andevaluations ofimpacts on water levek and flows, and key
sectors within the Great Lakes basin; a review of structural options proposed in the past and
their cost estimates; evaluation @cosystem impactsf restoration strutures in the St. Clair
River;and concludse with the institutional requirements and protocols for implementitige
restoration options. The key findings acempiled in the final chapter. As notedin the
previous sectionthisis onlyan exploratory analysisand as suchno recommendations are
madewith regardsto implementationof any option



2 Strategy, Assumptions and Caveats
2.1 Restoration Analysis Strategy

Followingdirection from the IJC on the scope tiie restoration analysis, # Study
developed a strategy to address the key components of dssessment The 1JGletermined
that due tothe high public interestan Independent PeeReviewof this reportbe undertaken
The Study expanded its original scagfework to address thee additionalrequirements. The
key elements of the restoration analysis are captured indtleematic diagraniFigure 21) that
showsthe interdependenciesf the various projects The strategy required the Study to either
re-design ongoing projects amitiate investigations to address particularcomponent.

The key componentsf the strategy ee:

1 Conductsystemmodelling by adjusting St. Clair Rivgydraulicsto simulate the
physical effects of water level restoration options on Lake Michigaron, and
effects downstream through Lake Erie;

1 Usingthe SharedVision Modellingtools, carry outupstream and downstrearwater
level/flow impact analysisn the six eonomic/environmental sectors, to the extent
possible;

1 Evaluatecandidatephysicalstructures that have been recommended and previously
studied for restoration options from past studies including an update of their
respective cost estimates;

1 Conductan exploratory environmental reconnaissanceof proposed restoration
options, focusingon the St. Clair Riveand,

1 Conductaninstitutional analysipertinent to compensatingestorationworks
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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 aredlse modelling analysis, the impact analysis and
the analysis opotential restoration options Also, there areébroaderfactors that will have an
impact on all scenarios of restoratipmcludingGlacial Isostatic Adjustment (GIA) and climate
change. These assumptions and broader factors hriefly described in the followingections
as well as dditional limitations regarding the levels of restoration investigated during this
study.

2.2.1 ModellingAnalysis

1 The mathematical relationships that calculate the discharge from Lake Michigan
Huronwere assumedalid for the whole range of water levels afiows.

1 Actual hydraulics of the restoration structurggas not modelled; rather, different
parameters within the St. Clair River conveyance equation were modified to
approximate theexpectedeffects.

1 TheSt. Clair River conveyaneguationusedrelates meaured water levels of Lake
Huron and Lake St. Clair to flow, and was developed based on field measurements of
these variables; the equatiosimulates a uniform channel of a certain width and
height that extends from the outlet of Lake Michighiuron to theentrance of Lake
St. Clairand as a result, any changes made to the equation reflect modifications to
the channel over its entire length

T ¢KS RSaAN}YofS tS@St 2F NBaida2NIdA2y Aa
02002Y¢ 2F GKS OXIl YigRSt a2 NLIORK @il NI @ iRAI K £
Gl LI NBydé aryoS ySAilKamnpreigely yngaSuredoot2 (i (i 2 Y
rather estimatedas an equation parameteturing calibration

1 In reality, restorationis achieved by strategically placing submergdts on the
channel bottomor through encroachment optionowever, the precise hydraulics
of such measures could not be modelled

1 All the analyses are based on employing the obserflestoric) water levels and
computedNet Basin Supplids simulatethe system.
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Two different assumptions capture the time taken to implement restorationthe

FANBO 2LWGA2yS NBadG2NrXrdGA2y Aa STFFSOGAOLGS
simulation; as a result, the restoration impacts are first computed at the adrttie

first month/time-step. C2 NJ 1 KS &4SO2yR 2LJiA2y X | Gadl 3SRE
five stages, each spaced five years apart and providing approximateHiftbnef

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

AYLIX SYSyidlFdA2y gl & aArayallyalryS2dzé

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 restoratiorustures, the channel would

be unchanged over the duration of the simulation periodihis assumes that
whatever maintenance is required to maintain the structures is conducted, and that
no further erosion, channel enlargements or obstructions would takeel

2.2.2 ImpactAnalysis:

l

The Shared Vision Model (SVM) is currently under development, andSthé
resultsmay change as new data and information become available. Nonetheless,
even in its current state it provides a useful tool for comparing the impatts
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; oaly th

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 navigatitns 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 resimmat
scenarios since they result in Lake Michigrturon water levels beyond the range of
levels for which the indicators were developed
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2.2.3 Analysis oPhysicaBructures

1 Only a selection of actual restoration structures proposed in past studies for the
St.Clair River were reviewed for this project.

1 Additional and possibly preferable methods of raising the level of Lake Michigan
Huron may be availabl®day, but these were not investigateuh this exploratory
level analysis; insteadwith the exception of inflatable rubber weirs and-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 ppposed

1 In addition to restoration structures in the St. Clair River, water levels of Lake
MichiganHuron 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 Michigafuron as a result ofirawdown impacts). These
restoration methods were reviewed by Bruxer and Carlson (2010) in a preliminary
literature review conducted fotthis current Sudy. According to the 1JC (1985)
NBLI2NI GDNBFG [F1Sa 5A0SNBRA2Y& YR [ 2yadzy
Chicago diversion diverts 913w (3200 f/s) out of Lake Michigaiiuron, this
causes approximately a 6 to 7 ¢@4to 2.8inch)f 2 6 SNAy 3 2F (KS 1 1SQ:
and therefore terminating the diversion would result in only this small of a rise in
Lake MichigasHuron similarly, if the Welland Canal is assumed to be 266 m
(9400 ff/s), the impact on Lake Michigauron levés was computed to be
approximately 6 cm(2.4 inches) However, these options were not considered
further here for this exploratoryevel analysissincethe local socioeconomic and
environmental impacts of terminatingither diversion would need to be asssed,
but this wasbeyond the scope of thiSudy. lastly, terminatingeither diversion
would have unintended, permanent impacts on thvater levels of theGreat Lakes
downstream of Lake Michigaduron, whereas downstream impacts of structures in
the St Clair River would be only temporary, as described isrgport. One final
note, is that the Long Lac and Ogoki diversions into Lake Superior are believed to
have raised the level of Lake Michigdoron by between 11 and 13 c.3 to
5.1linches) appoximately, thus compensating for Chicago and Welland Canal
impacts.
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1 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 illustrae and comparisompurposes.

1 Actual construction of anyestoration structure would require a more detailed cost
estimate based on much more comprehensive design information.

1 Furthermore, the cost estimatesonsideronly the costs to construct thetructures
themselves which include ancillary costs related to constructipnsuch as
engineering design, supervision, real estate, and environmerasal well as an
estimate of contingencies however, he estimates do not explicitly include non
constructicn ancillary costs, such as those related to a full environmental
assessment, litigation, delay costs, etc.

1 The costs of the fixed restoration structures do not include costs fogang
maintenance, since these would likely be minimal compared to thecstras
themselves; orgoing 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 Glacialsostatic Adjustment (GIA)

The GIA process differential crustal adjustment (also known as pagacialrebound)
refers to the slowadjustment2 ¥ (G KS 9 NI KQ& O MBiimgiof thelSgiadeisi A y 3 -
some 10,000 years ago. This procamstinuestoday, with rates ofadjustmentdiffering across
the Great Lakes basitoth in absolute termsi.g., relative to the center of the Earth), and in
relative terms i e., in comparison to different areas within the basifs a resultGIA has the
effect of gradually tilting theland surface of théGreat Lakes basin over timéhis tilting has
several implications for water levels and related impacts under restoration scenamu® it
affects theland-to-water relationships around each of the Great Lakésr examplef the land
at a certain location is rising relative to the l&éutlet, water levels will appear to fall over
GAYST 2y (KS 20KSNJ KFyRZ AFT GKS fFyR A& FIff
appear to increase over timeThe technical details of GIA on the Great Lakes are captured in
Chapter 6 othe St. Clair River Repd2009) Phase 1 of the Study

Geoscientists have developed maps and mathematical models to estimate the absolute
and relative movements of different dations relative to the lake outlets.Mainville and
Craymer (2005) developed estimates of vertical crustal veldhityughout the Great Lakes
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Basin, and estimated the rates of movement at water level gauges around each lake relative to
0 KS butlgt & Qown irFigure 22. This graphic shows that, for example, various locations
around Georgian Bay woulkperiencean apparent rise in the land surface relative to the lake
outlet, and an apparent decrease in water levels as a resultydb 27cm (67 to 10.6incheg

per century, depending on the locationFor areas around the southern part of Lake Michigan,
an apparent increase in water levels®fo 14 cm(3.1to 5.5inches)per century, depending on

the location,can be expected.

Vertical velocity relative to each outlet (in cm/century)

Parry Sound //
24
®

o Georgian Bay = ,/.

Figure 22: 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
restorationoptions. 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 yeahde staged implemetation to
minimize negative impacts would take another twenty yeaFar example, @nsidering GIA, a
10 cm (3.9 inch) restoration scenariowill leave Parry Soundwhich is rising at a rate of
approximately 24&m (9.4 inches) percentury relative to the otlet of Lake Michiga#Huron)
with a net average rise in water levelsf only 4mm (0.16 incheg, i.e, 10 cm(3.94 inch)
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restoration minus 9.6 cn(3.78 inch)as a result of51Aover the 40 year periad On the other
hand the Milwaukee areawhich appearsto be falling at a rate of approximatehi4cm
(5.5inches) percentury relative to the outlet of Lake Michigdfuron will see a deepening of
water levels at its shores by 156 (6.1 inches),i.e.,, 10 cm(3.9 inch) restoration plus 5.&€m
(2.2inches)as a result of GIA over the 40 year pejiod

Theimpactsof GlAare not taken into accoundlirectly in this restoration analysis, but
the results above indicate that with a return to aboareerage lake levelss have been seen in
the past, GlAalone 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 Studys addressing the climate change analysis in a rpubtinged approachlt was
recognized earbpn in the Study that although many Global Circulation Models (GCMs) have
been wellestablished and run over the Great Lakes region, the spatial scale of these models
may not be entirely appropriate for the required assessmentstaditional downscaling
techniques established in the Lake Ontario study were applied toti@y and derived from
published works by Angel and Kunkel (2010). Dynamic downscaling using Regional Climate
Modelling (RCM) was also used to assess the impoetaf feedbacks and to understand the
implications of scaling on the individual laket basinsupplies. Assessment and modification
of these sequences was undertaken and collation of results is underway as of this writieg.
Study also has access nuultiple net basin supplyequences generated by stochastic analysis
and these can surrogate for potential sequences from climate change.

These aspectshowever,were not addressed ithe restoration modelling or impact
analysis as it was decidedhat regoration simplyincreaseswater levels in Lake Michigan
Huron, and analysis using the historic record is sufficiéat demonstrate the impacts
restoration will have on the Great LakeBor example, assuming a 10 (3D inch)restoration
project, under aclimate change scenario the water levels wouldliiecm (3.9 inched)igher
with restoration than without. If the overall trend under a particular climate change scenario is
for lower Lake Michigafiuron water levels, then restoration would ameliorate taiects by
10cm (3.9inch). On the other hand, if the lake levels trend higher in a climate change scenario,
the restoration exercise woulthcreasethe highwater levelsurther.

For these reasons, restoration modelling and impact analysis did notdewrimatic
factorsother than historical supplies for computations.
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2.2.6 Level of Restoration

Thedirection from the IJC identified four levels of restoration to be investigatddhese
ranged from a low restoration of 10 c(8.9 inchesjo a high of 50 cnf19.7 inches) While the
modelling and impact analysis covered fallr levels of restorationdentified by the 1JCthe
evaluation of physical structures was limited to those already studied in the past and
documented with appropriate design and costintructures 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 thelredging projects themselvesThe maximum level of restoration
for which adequate design information is available from the literature is approximagetm
(9.8 inches) As a result, no structures proposed in past studies have been desigmedviole
the highest levels of restoration identified for investigation by the E@ therefore, these
were not considered here. Combinations of the structures that were reviewed, and/or
alternative restoration methods, may provide for greater levels of restomtbut since such an
analysis would require additional, detailed hydraulic modelling to investigate, it was not
pursued for this exploratorjevel study. Nonetheless, the structures that were investigated in
this report provide an illustration of what euld 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 thmodelling that was performed to evaluate the impacts on
water levels and flows throughout the Great Lakes system that would result from restoration of
Lake MichigaHuron (MH) water levels using structures in the St. Clair River (SCR). Assuming
that strudures could be used to raise the level of Lake Michiganon by any of thd 0, 25, 40
and 50cm (3.9, 9.8, 15.7 and 19ich, respectively$cenarios outlined by the I1JC, this chapter
provides an evaluation of these structures on levels on Lake Micligaon, and also assesses
the hydrologic (water level and flow) impacts on the system downstream of Lake Miehigan
Huron, through lakes St. Clair, Erie and Ontario, all the way to Montreal harbour on the St.
Lawrence River.

For the purposes of this analgsianx-cm restoration is defined as thecm rise in the
longterm average surface elevation of Lake Michidgduron caused by a permanent structural
change to St. Clair River. It should be noted that the hydraulic balvaeiothe eventual
physical struture 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 cressction 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. Rilaér, 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 Lakeg St. Lawrence River system from Lake Michiganon down to
Montreal harbour is simulated for the historical period (199@08) 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
scenaio for future Lake Superior releases would involve controlling outflows from Lake
Superior such that Lake Michig&turon restoration has no impact on Lake Superior levels (and
outflows). As such, when simulating the system, the flows in th&tys Rier were fixed to
the flows that would be simulated by Plan 1977A without any restoration. This approach was
GSNYSR GKS daadraAaoeg [F1S {dzLISNA2NJI FaadzyYLIiA2y
identified since internal Plan 1977A parameters wdikdly 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 Michigaklurondown to the Niagara Rivethe system is simulated with a
hydrologic routing approach. The hydrologic routing model used is the CGLRRM that was
O2ftf 02N GA2Y |Y2y3a GKS bl aAz2ylf hOSFy23INI LKA
Great Lakes Environmental Research LaboratorfERE), thel.S.Army Corps of Engineers
(USACE) and Environment Canada. (ERg 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 mnstioned by all relevant agencies from Canada andute.
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 logiand 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, atdi¢he m
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 solvedniddle lake routing equations for each
alternative using a secorarder 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 outflowsand lake levels, for each lakd&he model calculates discharge from each
lake from an opefwater laketo-lake stagdall-discharge equation with regressidrased
coefficients In the summer and winter, flows in the connecting channels are naturallycestiu
by the presence of weeds or ic€GLRRM does not explicitly simulate the retardation process
and instead this phenomenon must be described by a time series-@iged retardation rates
(e.g., adjustment to connecting channel flow in%mw) for eachchannel 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 Mak@garrHuron (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 RiveiThe Chicago and Welland Canal diversions are also
inputs to the model and are represesd 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 MigHigam and
LakeSt.Clair, and ice and eed 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
constantat 91 m*s (3200 ft/s) and the Welland Canal diversion is assumed from a set of
monthly constantganging from211to 248m°s (7500 to 8800 fl/s) for the whole simulation
period. These represent lorigrm average values. The initial lake elevatiamstiie base case

and each alternative were set to lofigrm average values of 176.3®, 174.89m, and
173.96m. Outputs of the CGLRRM include monthly mean lake levels, begifringnth

levels, and monthly flow rates for the connecting channels.

Lake Otario 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 CanadaMontreal harbour levels (at Jetty 1) are simulated based on eogpiri
equations used in the LOSL study, and is given as:

Huwr= [Kwr(0.00175 s+ 0.00068@ppw+ 0.00116 Qsrernt 0.000488s1wa)]’ 02+ 0.939T

where Kyroand T are dimensionless weeed factors and tidal signal for Montreal harbour,
respectively; Qriis Lake St. Louis outflowpgyis outflow of the Des Prairies plus the Mille lles
rivers; @rerns outflow of the SainfFrancois River at Hemming Fa#led Qrwauis the outflow

of the St Maurice River at La Gabelle. All flows are specified in unitd/sf fhe hydraulic
behaviour of the St. Lawrence River system is extremely complex and thus the empirical
approach used here represents a substantial@ification 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 MigainHuronis to reduce the conveyance
regime of St. Clair River described by the following equation in the CGLRRM:

Qsc= Kd((MH + SC) / 2ymsd®sc(MH - SCsc- IW
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where Qcis the St. Clair River monthly average flow as a function of the monthhageer
water surface elevation of Lake Michigaluron (MH) and Lake St. Clair (SC) and the ice and
weed retardation factor (IW)This equation has the following parameters:

1 Ksg St. Clair River outflow equation coefficient with the base case value 186.90
which represents the mean channel cres=ction area and roughness

1 ymsg St. Clair River mean channel bottom elevation with the base case value
167.00m

1 ascand hsg depth and fall exponents of the St. Clair River with the base case values
1.510 and 0.360@espectively.

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 Rieathly outflows for the
period 19872006 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 ggwas primarily the parameter that was
modified (in order to decrease the current conveyance regime of St. Clair Rivgyshaald be
increased from its default value of 167@); however, since the true hydraulic relationship of
the St. Clair River aftgestoration is unknown, the sensitivity of results to modifying the K
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 definthe 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 wate
levels and flows in the Great Lakes system were assessed combining hydrologic routing from
the CGLRRM (for simulating Lake Michiglamondown to the Niagara River) and Plan 1958DD
for simulating Lake Ontario down to Montreal at Jetty 1.

The availabldistorical data consists of 109 years (12WD8) of residual NBBased on
the 1JC restoration scenarios, restoration is measured as the permanent increase to the long
term average surface elevation of Lake Michigguron The surface elevation of Lake
MichiganHuronimmediately 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 letegm average Lake Michigafiuron 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 Michigaron surface elevation was
computed from the second half period of data oniy( 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 ofL0, 25, 40 and 56m (3.9, 9.8, 15.7 and 19iches, respectivg) on Lake
MichiganHuron was first simulated by assuming an instantaneous decrease in channel
conveyance. This was achieved by increasing thecyarameter of the St. Clair River
conveyance regime equation from its base case value of 167.00 m at tienogg 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. Nonethelessjrtbtantaneous 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 tprovide longterm upstream impacts. However,
restoration also causes sherm 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 leveland 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 tifRer the purposes of simulating the staged
construction scenarios, the instantaneous increases in thecparameter required to provide
restoration of 10, 25, 40 and n (3.9, 9.8, 15.7 and 19iches,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 takentger 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 restoraton 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 reésration 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
couldbe 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 theiqge 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 assesg tlworst 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 whetler there is a shortage of water.€., dry period) downstream of St. Clair
River Figure3-1 shows the annual average Lake Erie water surface elevation observed during
the 109 years of historical record as well as the kargn average (horizontal red &). 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 restoratioould cause the worst
downstream effects.
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Figure 31: Lake Erie average annual surface elevation (biue) and-tengp average (red)

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

Most analyses performed for thidugly were based on simulating the restoration of
Lake MichigafHuronby manipulating the mean channel bottom elevation of the St. Clair River,
represented by the yrgtparameter in the conveyance equatiorAnother parameter of the
St.Clair River conveyaacequation is Ks which corresponds to the mean channel crgsstion
area and roughness. In order to assess the sensitivity of results to the adjusted parameter,
another scenario was defined to manipulate-kather than ymg

3.3.5 Scenario Summary

All conbinations of thelO, 25, 40 and 56m (3.9, 9.8, 15.7 and 19ich, respectively)
restoration scenarios, two construction timing scenarios, (instantaneous and staged), three
hydrologic timing scenarios €., start of the historic record and the twworst case dry periods)
and the two parameter scenariosg., ymscand kg 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 scenariassing the yrgc parameter at the start of the historic
record for both staged and instantaneous constructiae.(8 scenarios) plus two worsiase
hydrologic timing scenarios and two parameter sensitivity scenarios.
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3.4 Results

In this section, lte resultingimpacts of restoring the water level of Lake Michigdron
by 10, 25, 40 and 56m (3.9, 9.8, 15.7 and 19inthes, respectivelyare assessed, including a
comparison of both instantaneous and staged restoration scenarigthermore the worst
case dowmstream impacts on the system are assessed by starting the restoration over the two
dry periods identified from the historic recard Lastly,it is also shown that the results
presentedare not sensitive to the St. Clair River conveyance equation parametsd to
simulate the restoration hydraulicsNote that the impacts of restoration were simulated for
the historic period (1900 to 2008), with restoration assumedhtve started in1900. The
effects of restoration are sensitive to water level and nefsim supply, both upstream and
downstream, so future impacts of restoration may vary to some defjara those simulated in
the historic record, but in general the results and conclusions are transferrable.

3.4.1 Instantaneous versus Staged Restoration

As discesed, 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 restoratiGhapter4 discusses this
assumption further. Table-B shows the value of the ygpparameter 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 kbaign average for the final 55 years
of simulation). The ygt 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 ygparameter to produce the desired total amount of
restoration; however, due to nofinearity of the equation itself, the restoration provided by
each increment is not necessarily ofigh of the total restoration.
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Table 31: The increase in the ygaparameter(which represents the mean channel bottonof St. Clair
River conveyance equation for instantaneous and staged restoration scenarios

: Increase in Incremental (e., staged
. ymscin the SCR Ulkie . : ( ged)
Restoration convevance parameter of SCR increase in yrgcparameter
Level y. conveyance compared of SCR conveyance compar
equation
to base case to base case
0
167.00 m 0 -
(base case)
10cm 167.20 m 20 cm 5x4cm
25cm 167.48 m 48 cm 5x9.6 cm
40cm 167.74 m 74 cm 5x14.8cm
50cm 167.90 m 90 cm 5x18 cm

3.4.2 Upstream impacts

Given the static Lake Superior assumption used, Lake Mickigeonis the only part of
the Great Lakes system affected upstream of the St. Clair River restoration. Fgsteod/s
that the longterm annual average surface eléwm of Lake Michigatduroncan be increased
by a desired level with both instantaneous and staged increases in tkeparameter. Full
dzLJAGNBFY AYLI OGa 2F NBaild2NIXGA2Yy FNBX 2yfé NBI
MichiganHuron, whichis 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, roughlp 3® years.
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Lake Michigan-Huron Surface Elevation
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Figure 32: Smulated restoration impacs for the historic period (1902008)on Lake MichigarHuron
annual average surface elevation compared to the base case for instantaneous and staged restoration
scenariogassuming restoration occurred in 1900).

In Figure 3, time series of Lake Michigd#uron surface elevations for the base case,
10 cm (3.9 inchand 50cm (19.7inch) instantaneous restoration scenarios are plotted. Also,
the base case minimum and maximuseasonal rhonthly) average surface elations are
plotted to show whether or not Lake Michigaturon surface elevations exceed these limits.
Table 32 represents the frequency that Lake Michigdaron exceeds monthly maximum
surface elevations of the base case. As expecatdile restorationwill raise low levels above
historical lows,both Figure 3 and Table 2 show that restoration wilklsoresult in more
extreme and frequent high levels on Lake Michigiduron, with the magnitude of the increased
high levels corresponding to the level refstoration providedi.e., 25cm (9.8 inchyestoration
cause25cm (9.8 inchhigher maximum surface elevation in each month compared to the base
case.
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Figure 33: Simulated tme seriesfor the historic period (1902008)of Lake MichigarHuron suface
elevation for base casel0 cm (3.9 inchand 50cm (19.7inch) instantaneousrestorations (assuming
restoration occurred in 1900).

Table 32: Frequency of violation (% of simulated monthly time steps) of Lake Michiglamon base
case longerm monthly maximum levels.

Restoration

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

10cm

. 18/18(18|18|18(28|09/09[09|09|0.9]|0.9
(3.9 inches)

2

§cm 1.8/28|55|/64|73|73|46|(46|28|09|18|1.8
(9.8 inches)

4O.Cm 6492|9211 |11.9/10.1/83|6.4|28|18| 18| 3.7
(15.7 inches

SO.Cm 9.2 114.7/13.8/15.6/15.6/16.5{14.7/15.6| 9.2 | 4.6 | 3.7 | 6.4
(19.7 inches

3.4.3 Downstream Impacts

Restoring water on Lake Michig&turon also has shoterm downstream impactsThis
Ad RdzS G2 K2t RAy3 o6 O -Haronif@ NMSughly 10 ears fafidéa
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subsequent reduction of water downstream of Lake Michigfammon in comparison with the

base case. Therefore, on average, downstream lakes are affected by decmasace
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 Figdretl®e 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 examplefor the 10 cm (3.9 inchjestoration scenario, initial levels would not

fall below historic levels, whereas in t® cm (19.7inch) scenario they would. The timing of
construction is important in this regard=igure3-5 highlights this result by shomg the annual
average Lake St Clair surface elevation change in comparison with the base case as an example
of downstream restoration impacts. Figure$ 3o 312 show similar restoration impacts on of

the system downstream of Lake MichigHiniron. It carbe seen that shorterm downstream
effects vary based on restoration level and can be significant particularly for larger restoration
levels.
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Figure 34: Simulated tme seriesfor the historic period (190€2008)of Lake St. Claisurface elevation
for base casel0 cm (3.9 inchand 50 cm (19.7inch) instantaneousrestorations (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 studidebn the full increase in ysais divided
into 5 small changes with ayear gap between stages; therefore, a&ar period is required
for a full change in the St. Clair River conveyance regifgure 35 shows that staged
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restoration could significaht mitigate downstream impacts, as changes in downstream water
levels are significantly reduced from the instantaneous restoration scenaridswever,
reducing downstream impacts of restoration by staging also requires a longer period for the full
impactsof restoration upstream to be secured (3® years instead of about 10 years in this
example) Results show similapbehaviourin terms of reducing downstream impacts for all
other components of the system downstream to Montreal harho#igures % to 312 show

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

Lake St. Clair Surface Elevation
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Figure 35: Simulated estoration impacs for the historic period (190€2008)on LakeSt. Clairannual
average surface elevation compared to the base case for instantaneous and staged restoration
scenariogassuming restoration occurred in 1900).
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St. Clair River Flow
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Figure 36: Simulated estoration impacs for the historic period (190e2008)on St. Clair Riveannud
averageflow compared to the base case for instantaneous and staged restoration scenéassuming
restoration occurred in 1900).

Detroit River Flow
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Figure3-7: Simulated estoration impacs for the historic period (1902008) on Detroit Riveannual
averageflow compared to the base case for instantaneous and staged restoration scengassuming
restoration occurred in 1900).
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Lake Erie Surface Elevation
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Figure 38: Simulated estoration impacs for the historic period (1902008) on Lake Eri@annual
average surface elevationcompared to the bae case for instantaneous and staged restoration
scenariogassuming restoration occurred in 1900).

Niagara River + Welland Canal Flow
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Figure 39: Simulated estoration impacs for the historic period (19062008)on Niagara River plus
Welland Canalannual averageflow compared to the base case for instantaneous and staged
restoration scenariogassuming restoration occurred in 1900).
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Lake Ontario Surface Elevation

10cm Instantaneous ——25em Instantaneous 40cm Instantaneous 50cm Instantaneous
10cm Staged === 25cm Staged = == 40cm Staged 50cm Staged

=
o

0.08

0.06

0.04

0.02

0.02

0.04

0.06

0.08

ual average lake level difference to the base case {m)
=

0.1
H & B IO N DB AV Lo WD o N oo & S
S c,p,\?;» S S GNP 'b?’c)‘)\o)‘) C,Jb'\’@c,;o v 3\ O)q} c;b C,Jq; SIS @“00
Figure 310: Simulated estoration impacs for the historic period (190e2008)on Lake Ontaricannual
average surface elevationcompared to the base case for instantaneous and staged restoration

scenariogassuming restoration occurred in 1900).
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Lake Ontario Outflow
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Figure 311: Simulated estoration impacs for the historic period (190e2008)on Lake Ontaricannual
average outflow compared to the base caséor instantaneous and staged restoration scenarios
(assuming restoration occurred in 1900).
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Montreal Harbor Surface Elevation
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Figure 312: Simulated estoration impacs for the historic period (190e2008)on Montreal Harbour
annual averagesurface elevationrcompared to the base case fanstantaneous and staged restoration
scenariogassuming restoration occurred in 1900).
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Table 33 summarizes downstream impacts of restoring Lake Michidgamon surface
elevation by modifying ygg The maximum decrease to the monthly lake level or cating
channel flow between the base case and each restoration scenario is used as the downstream
impact Also Table 3 provides a comparison between instantaneous and staged restoration
scenarios Again, this comparison shows that staged restoration significantly mitigate the
downstream impacts of restoration.
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Table 33: Downstream impact of restoration, comparing staged and instantaneous scenarios

Maximum Decrease in Water Level

Maximum Decrease i@utflow

Restoration Scenari from Base Case from Base Case
Level Lake Lake | Lake Jetty 1 St. Clair Detroit Erie Ontario
St. Clair| Erie | Ontario| (Montreal) River River Outflow Outflow
instant | 7 SM | 5em | 3cm 9cm 145m3/s 127ms 96 m°/s 190m3/s
10cm OHDY OHDP| OmMP| 060 Pp| (5120f/s) | (4480ft%s) | (3390ft%s) | (6710ft%s)
6opd o 4| 2cm | 2cm | 3cm 5cm 55m°/s 49m°/s 29 m’/s 115m°/s
g 6n®dy ond| OMP| O HDPA| (1940 ft/s) | (1730ft%s) | (1020ft*/s) | (4060ft%/s)
nstant | 16€m | 12cm | 4cm 25¢cm 351m’/s 310m’/s 240m°/s 540m°/s
25cm 6cdP(OnP| OMD( O hPy| (12400ft%s) | (10950ft*/s) | (8480ft¥/s) | (19070ft%s)
O PPy | oooq| 5cm | 4cm | 4cm 19cm 135m°/s 119m°/s 72m’/s 392m°/s
g OHDS (MDc| OMD( O T Pp| (4770ft%s) | (4200ft%s) | (2540ft¥/s) | (13840ft%s)
instant | 246M | 19cm | 10cm | 43cm 541m°/s 483m°Is 379m°/s 937m°/s
40cm 6pPl 6T P| 60 P( 6 mc P|(19110ft%s) | (17060ft%/s) | (13380ft%s) | (33090ft%s)
OmMp®| o g 8cm | 6cm | 6cm 19cm 214m’/s 190m°/s 116m°/s 392m’/s
g 6o0®Pl OHP| OHDP| OT Pp| (7560ft%s) | (6710ft%s) | (4100ft%s | (13840ft%s)
nstant | 30€M | 23cm | 14cm | 54cm 664 m3/35 595 m3/35 470m3/33 1157m33/s
50cm OMMd OpP| Op P| O HMD|(23450ft°/s) | (21010ft°/s) | (16600ft°/s) | (40860ft°/s)
om@od] .| 10cm | 7cm | 8cm 22cm 265m°/s 235m°/s 145m°/s 465m°/s
g GoP(OHDP| 0P| Oy PT| (9360ft%s) | (8300ft%s) | (5120ft*/s) | (16420ft%s)
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3.4.4 Worst -case Downstream Impacts of Restoration

Downstream impacts of restoration due to the lack of watemrmediately 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 c¢(8.9 and 9.8 inch)
instantaneous restoration scenarios were assessed by stattie restoration in two of the
RNASAlG LISNA2RA ARSYUATASR FTNRY KAaAU2ZNAROIE RI
Results show that a worstase poorlytimed 10 cm (3.9 inch)nstantaneous restoration can
drop what are already record low Lake Erie surface elevations by an additional 7 cm
(2.8inches) while a worstcase poorltimed 25 cm(9.8 inch)instantaneous restoration can
drop record low Lake Erie levels by an additiditacm(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 ygparameter of the St. Clair River conveyance equation
is adjusted to achieve the desirable restored Lake Michigaron surface elevation. The
sensitivity of results to the adjusted parameter is assessed by modifydagwhich is
representative of the man channel crossection area and channel roughness. Results show
that the difference between upstream and downstream impacts of the 10 and 28dmand
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, manipulatingc karameter would
cause at most a 2 cif®.8 inch)monthly change to the time series of Lake Michigduron and
Lake Erie levels generated initially by manipulatingym

3.5 Conclusions

Regoration 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. hanigour
hydraulic behaviour of the eventual physical structure/channel modifications docomplish
restoration is not simulated here. This analysis assumes that an increase of the channel bottom
elevation or narrowing of the channel cressction and the corresponding simulation with the
CGLRRM roughly approximates the overall system regptmsa 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 hie full upstream effects of restoration were only realized after an
AYAOGAL T LISNAR2R 27F -Hubrd WHich iakes roughdyND yedrReStoratioh OK A 3 |
will result in more extreme high levels more frequently on Lake Michigaron depending on
restoration level:

1 fora 10 cm (3.9 inchestoration, base case extreme monthly surface elevations will
be exceeded from 1 to 3% of the time

1 for a 50cm (19.7inch) restoration, base case extreme monthly surface elevations
will be exceeded upwards of 158bthe time

1 Moreover, the increase in extreme high Michigdaron lake levels corresponds
directly to the restoration level.

Results of a worstase, poorltimed restoration show that, instantaneou$0 cm
(3.9inch)restoration might drop record low Lakerie surface elevations by an additional 7 cm
(2.8 inches)for almost one year. Also, a worsase poorlyimed instantaneous25cm
(9.8inch)restoration might drop record low Lake Erie surface elevations by an additional 12 cm
(4.7 inchesXor almost lyear. These outcomes require terrible timing of an instantaneous
restoration during a period of already record low water levels.

Downstream impacts of restoration are shaerm (roughly 10 years) due to storing
water on Lake Michigahluron during the peod while water levels adjust Shortterm
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 impactan be greatly mitigated with staged restoration and advanced
planning on Lake Ontario. For example, in #m (9.8 inchyestoration scenario, a staged
restoration approach would generate a maximum monthly decrease of only 4 or @.6nor
2.0 inches)for Lake Erie and Lake St. Clair levels. However, these reduced downstream impacts
due to staged restoration are experienced over &a@30 year period instead of 1@ 15 years
with an instantaneous restoration. Obviously, the mitigation to the ekf@ssible 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 Lake 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 imetconveyance capacity of the St. Clair River, either
in a single construction period or in staged increments. Lakes MichigitNR y Q&  S@St &
rise as soon as the conveyance is reduced; as the Miciigaon levels rise, flows through the
St. ClaiRiver gradually increase until they are essentially the same as they would have been
without the restoration construction. During the period when Michigdmron levels are being
restored, which as discussed in Chapter 3 takes roughly ten years aftegle sonstruction
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 Mos8aundes 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 Montreakbour, are somewhat lower than they would have
otherwise been. Beginning witthe 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 thenavigation routesi(e., in some of the navigation channels and the harbours where
ships are loaded and efbaded). Higher MichigaHuron levels also increase the levels in the
St. Marys River downstream of Sault Ste. Marie, reducing the elevationeditie 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 d dkichiganHuron would likely cause
additional erosion and flooding, while the lower levels below Lake Michigaon might avoid
flooding and reduce the rate of erosion.

The SVM can estimate a wide range of impacts for any series of upper Great Lalses leve
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 havenb®o expensive to
develop data to support comprehensive, lak@e 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 &igiind 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 thittge environmental
performance indicators cross thresholds into rasgecologists 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 cdd 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 evakain the SVM (Table-X). Eight of
these plans were the instantaneous and staged restoration scenari®8,d25, 40 and 56m
(3.9, 9.8, 15.7 and 19iiches, respectivelydescribed in Chapter 3. As discussed, these were
designed on the assumption théhe 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 (e.,0 KS aadl G§AO0¢ [ 1S { dzLJS NRaBeNdddy thé atHJi A 2 y 0
of water in cm restored on Michigaduron and whether the restoration was effected
instantaneouslyi0 RI, 25 RI, 40 Rl aB0 R) or in stagesl0 RS, 25 RS, 40 RS &3dRS.

A ninth plan evaluated with the SVM was denoted7@RR1 Thisplan assumes an
instantaneousl0 cm (3.9 inchjestoration on Lake MichigaHuron, 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 1RI. As such, plan 7WR2& NXBf SFasSa FyR [F1S {d
differ slightly from those created by 10 RI which uses the 77A releases that would occur without
restoration.

Restoring water levels on Lake Michigdaron means both minimum and maximum
levels rise. Becausd this, a tenth plan was evaluated, denoted @8R2 which assumes an
instantaneous restoration a0 cm (3.9 inchesput changes the Plan 77A rules to reduce the
Lake Superior outflow to Lake Michigeduron when MichigasHuron is high, storing water on

38



Lake Superior. As designed, 77R1 and 77R2 have the same minimum Lake Michayan
water levelsj.e. 10 cm (3.9 inchedjigher than the levels produced by 77A, but 77R1 raises the
maximum level of Michigakluron by10 cm (3.9 incheswhereas 77R2 prodes the same
MichiganHuron 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
(6.3inches)higher than the 77A maximum. Water level plots for plaT®R1l and 77R2 are
shown in Figures-8 through 410, and water level statistics are provided in Tabl&sthrough

4-6.

A final plan was developed for the special case of limited regulation using a simple
inflatable flap gate structure to obstruct flow thugh the east channel at Stag Island on the
St.Clair River (see Chapt®). This plan, denoted &tagls LRis not strictly a restoration plan
because the structure would be designed to be adjustable, providing reduced St. Clair River
conveyance only wen desired. The Stagls LR plan allows for the structure to be lowered during
high water periods, which allows the possibility of maintaining the highest Lake MieHigiam
water levels, while increasing the lows when the structure is raised; howeveracisp
downstream occur whenever the structure is put into or out of operation. This is unlike fixed
restorationscenarios, where roughfi0 years after construction, water conditions downstream
are identical to what they would have been without restoratiodt was assumed for this
assessment that the Stag Island inflatable flap gates could be used to raise Lake Michigan
Huron water levels by up t@0 cm (3.9 inchegjuring low water level periods, but then the
gates could be subsequently fully opened dgrinigh 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 effectsof such a structure on upstream water leveie.(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 Michigimon. Such a structure wouldqeire 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 Michiganon at the beginning of the
month was below 176.0fn, the chart datum elevation on thlake.
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Table 41: Restoration scenario descriptions

Structure Superior
Restoration| Construction/ peric
Plan ID : Regulation Notes
Amount Operation .
.. Assumption
Timing
T7A 0 N/A T7A Baseline; no restoration
10 RI 1,0 cm Instantaneous Static --
00D
25 Rl 2,5 cm Instantaneous Static --
0oy
40 RI 40 cm Instantaneous Static --
oOMp P
50 RI %30 cm Instantaneous Static --
OMPpD1
10 cm .
10 RS 60 ®d Staged Static --
25cm .
25 RS 6 hdy Staged Static --
40 RS 40 cm Staged Static -
oMp P
50 cm .
50 RS oMb Staged Static --
10 cm Same as 10 RI, but with
77R1 . Instantaneous T7A modified Superior
0o0od .
regulation
77A modified to
store more Same as 10 RI, but with
10 cm water on Lake o :
77R2 . Instantaneous . modified Superior
00D Superior when .
o regulation
Michigan
Huron is high
* Limited regulation of
Lake MichigafHuron;
structure is assumed in
Variable up operation whenever
Stagls LR | to10cm | Instantaneous* Static Lake MichigafHuron
(3.9inches) falls below 176.00 m;

conveyance capacity
unchangedvhen 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, theormulation and formal evaluation of Lake Superior regulation plans, from the
f S4a NAI2NRdAZI WSELX 2N} 02NEBEQ a3asSaavySyid 2F I
use seven criteria to rank the proposed Lake Superior regulation plans. Titesa 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 environmentale&s are not comparable. Table-24
summarizes those evaluations, showing that restoration of Michigaron 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 nmidh dollars per year at Sault Ste. Marie in all but one
plan. Note all dollar amounts are i0.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 (awstruction 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 (T&ble 4

1 A plan passethe first criterion if Lake Superior levels do not go above 183.86 m or
below 182.76 rm (IGLD85in any month of the historic simulation. Plan 7 7Rl
this criterionbecauseit changed the Lake Superior regulatinries to mitigate the
worst damagesR2 Y A G NB I YZ Ay SaaSyOS WwWal ONATAOAY 3
larger benefits for Lake Michigatiuron

T ¢KS Gg2 GSada 2F Wy2 RAALINRLEZNIAZ2YIGS f
considerations (expansion of levels on one lake to reduce the range of lavels
another lake) and recreational boating (loss of usable slips on one lake to reduce loss
on another lake).

1 Net shore protection costs are increases or decreases in the average annual costs of
maintaining shore protection in 25 selected representativastal regions of lakes
Superior, Michigan and Huron.

1 Are levels balanced? The existing IJC criteria require that the Lake Superior
NBE3IdzE F GA2zy LXIY FGOaSYLWG G2 aolflyOSé¢ GKS Y
Lake MichigafHuron based on where therespective lake levels are relative to their
standardized deviations from their lorigrm average levels. Since this metric uses
the average levels of Michigdturon that result from the present conveyance as
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the standard, any of the restoration plamguld tend to bring Michigaiuron out

of balance with Lake Superior, based on existing operating rules. Howéigr, t
metric can be ignored herbecause raising Michigaduron levels is the goal of
these restoration plans. Presumably, a new definitioh balance would be
formulated and applied and the regulation plan finned to these revised
standards if restoration were to occur.

Similarly, restoration plandy their nature, do not compredsake MichigasHuron
levels though this criterion could beused to evaluate Lake Superior regulation
plans While restoration doegaise the lowest levelst also raisethe highest levels,

and hence theresults for this plan evaluation metric are reported asxed.
However in this case, the fact that tieghest MichigarHuron 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 radrequent 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 benefis more than offset the shallower downstream depths that occur
immediately after construction.

Hydropower benefits at Sault Ste. Marie are reduced slightly because higher
MichiganHuron 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 Michigbturon water levels helps avoid the loss
of fish access to Georgian Bay wetlands.
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Table 42: Performarcesummary of 11 restoration plangmillions US$)

10 cm 25cm 40 cm 50 cm
Criteria restoration restoration restoration restoration Stlf‘lg'S
77R1 | 77R2 10RI' | 1I0RS| 25RI | 25RS| 40Rl | 40RS| 50RI 50 RS

éémegg;ailnsgllé%eg% 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 | ¢4 79 | 5056 | $0.66 | -$0.46 | $1.47 | -$1.03 | -$2.25 | $1.60 | -$2.71 | -$2.00 | $0.02
Costs (avg. annual)
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
g'e':gfritesagfs'\:ﬁtvgit_i?\;'aﬂ o | $495| $530 | $4.27 | $3.96 | $9.50 | $8.85 | $13.45| $12.58| $1553 | $14.75| $1.02
LNt O opoer | $0.33| $0.00 | $0.63 | -$0.57 | $1.62 | $1.45 | $2.67 | -$2.38 | $3.39 | $3.05 | $0.13
ﬁﬁpM;g;nize environmental Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
:}'ggger of fewer Zone CPI| ¢ 7 5 5 10 10 10 10 10 10 3
Ef\zt;er; of greater Zone C 0 2 0 0 0 0 0 0 0 0 0

10 cmrestoration = cm <9 cm 2y cm
Niagara Power Benefits restoration restoration restoration Sﬁgls
77R1 | 77R2 10RI' | 10RS| 25RI | 25RS| 40Rl | 40RS| 50RI 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

NavigationBenefits by 10 cm restoration resztir(;rtri]on re:t(c))r(;rtri]on resst(c))rc;t?on Stagls

Route 77R1| 77R2 | 10RI| 10RS| 25RI| 25RS| 40RI | 40RsS| 50RI | 50Rs| R

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-SMH $1.20 | $1.33 | $0.94 | $0.91 | $1.98 | $1.90 | $2.65 | $2.55 | $2.94 | $2.84 | $0.27
6-SMH-StC $0.06 | $0.07 | $0.04 | $0.05 | $0.07 | $0.08 | $0.07 | $0.09 | $0.06 | $0.08 | $0.01
7-SMH-StGE $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-StGE $1.25 | $1.27 | $1.19 | $1.17 | $2.70 | $2.56 | $3.88 | $3.65 | $4.52 | $4.25 | $0.28
10-StCGE $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 shadin@n this spreadsheet indicates benefitg¢en) and disbenefits (ed). If a cell in the table shown
as zero is shaded in green or red, it indicates a small benefit dredisfit, respectively, the value of which wa
less than the number of significant figures shown; a zero without shading (white) indicates no change.
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Figure 41: Comparison of the instantaneous 10 cm (10 RI) and 50 cm (50 RI) restoydtion

The black dashed line in each of the graphs in Figufieardd 42 indicates the levelg
that would be produced by Plan 77A. In FigwE, 4he 77A levels are compared to plans
RI and 50 RI; both change the extremes on Lake Miciigman, while Lake Superiof
remains the same due to the static assumption. In Figu2e the 77A levels are compare
to plans 50 RI and 50 RS; this shows that the staged plans have about the same ¢
levels as the instant plans because the lowest and highest déiotiduron levels happer
after the staged restoration is complete
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Figure 42: Comparison of the 50 cm instantaneous (50 RI) and staged (50 RS) restoration pld
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Figure 43: Lake Superior levels (nipr plans77A and 77R1
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Figure 44: Lake Superior levels (nipr plans77A and 77R1

Table 43: Lake Superiowater levelstatistics, plans 77A, 77R1 and 77R2

Superior 77R1 77R2 T7A
% 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 45: Lake MichigarHuron levels (mfor plans77A and 77R1
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Figure 46: Lake MichigarHuron levels (mjor plans77A and 77R

Table 44: lake MichiganHuronwater level statistics, 77A, 77R1 and 77R2

MichiganHuron 77R1 77R2 T7A
% aboveChart Datum 87% 87% 79%
Meanlevel (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
StandardDevation (m) 0.38 0.37 0.38
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Graph of 108 Years of Lake St. Clair Levels()
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Figure 47: Lake St. Clair levels (m) for plans 77A and 77R1
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Figure 48: Lake St. Clair levels (m) for plans 77A andZ7R

Table 45: Lake St. Clawwater level statistics, 77A, 77R1 and 77R2

Lake St. Clair 77R1 77R2 T7A
% aboveChart Datum 97% 97% 97%
Meanlevel (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
StandardDevation (m) 0.33 0.33 0.33
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Graph of 109 Years of Lake Erle Levels()
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Figure 49: LakeErielevels (m) for plans 77A and 72R
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Figure 410: LakeErielevels (m) for plans 77A and 72R

Table 46: Lake Erievater level statistics, 77A, 77R1 and 77R2

Erie 77R1 77R2 T7A
% aboveChart Datum 99% 99% 99%
Meanlevel (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
StandardDevation (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 industriatsusé&ach 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
orsJLI ASR o6& GKS 2 St f I peewpowsf pldnzwerk yioD inalizéedl it ht D!
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 smahlinges that may occur at
these plants as a result of changes in levels and flows of Lake Hgdropower is also
generated downstream on the St. Lawrence River, but this was not evaluated directly in this
study. The SVM includes models to evaluate llydropower 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 lad 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.S.Government plants based on the total flow of the St. Marys
River, rules set out by the I1JC, 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
MichiganHuron. The model also allows for peaking and pondihghe Sault, since this is
normal practice at this locationPower 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 compay 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 | and Il and the New York Power Authority (NYPA) Robert
Moses plants are determined from the total LakeeEdutflow 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 theye not related to the level of Lake Erie due to the
management of the Chippaw@rass 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 wereat 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 resultbdor t
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 tb@uses 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. Maagd 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 Bliarys River resulting from an
increase in Lake Michigatiuron water levels would decrease power production over the long
term. The larger the increase in Michighimron water levels, the greater the decrease in head
difference and power production, such that tf®cm (19.7inch) instantaneous restoration
causes thegreatest 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 Tablelbw), the siple
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 assumedistao in this case flow would not
affect power production.

At the Niagara River, the impacts on hydropower production caused by restoration of
Lake MichigasHuron are also negative, though the cause is different. The reduction in the
water level of Lak&rie 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.RiNair 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
MichiganHuron by the restoration structures would never be aafalié 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 MichigaHuron will never be available fopower 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 heszk water levels are related to the amount
of water diverted to the plants and the water level of the Chippa®mass Island Pool (where
the hydropower water is diverted from the Niagara River, located upstream of Niagara Falls).
While both the flow and RippawaGrass 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 MidHigan,
in this analysis Lake Ontario levels were assumed constant, so the impacts of water levels on
Niagara power could not be evaluated directly. Regardless, umtileel 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 somewhatterms 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 47 and Figures-41 and 412 below provide detéed 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 Michigdmron water levels will decrease power
production throughout the Great Lakagstem, 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 47: Average annual Bergy benefits (millions $)for restoration plansat Sault Ste Marie and
Niagarafor the 109 year historic period of record

10 cm Restoration 2% G e L e Stagls
Location Restoration Restoration Restoration LF?
77R1 | 77R2 | 10RI | 10RS| 25RI | 25RS| 40RI | 40RS| 50RI | 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 MichigaHuron levels reduces hydropower benefits. At Sault Ste. Marie
primary cause is th&l5 R dzO G A 2 y wageFflowing BrouglE the turbines does not fall as far because
receiving water level is higher, so the change in potenatial energy is less. This is a permanent chan
Niagara, the impact on energy production is temporary et loss during the first few years, when water use«
to raise MichigarHuron reduces the flow through the Niagara turbines, is never made up. After the
decade or so, though, there would be little difference in flows or energy production at Niagara.

—

P -

—n

There can be exceptions to these general results. For instance, Plan 77R2 has slightly positive
oSySTAlGa 4G {tdA G {GS® alNARS 0SOFdzasS Al Mbwewrdda
keep Lake Superior below 183.86rmd purposely diminishes the restoration from 10 cm to zero wh
MichiganHuron levels are highest.

m
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These figures show the running cumulative average power generated at the St. Marys and N
Rivers. They illustrate that the 10 cm instantaneous restoration has less of a negative impact on hydr
than the 50cm instantaneous restoration, but both cause a reduction in power generation over the bag
77A conditions. Furthermore, the plots show that the losses to hydropower occur in the early period g
the Niagara River, but the losses are ongoing atShéVarys River.
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Figure 411: Running average energy value at the St. Marys River
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Figure 412: Running average energy value at the Niagéra River

4.4.2 Commercial Navigation
4.42.1 Performance Indicat ors

It was assumed for the purposes of this evaluation that the structures used to restore
water levels on Lake Michigaturon would not impede navigation, and therefore there would
not be a requirement to provide new navigation locks at this locatiorig(ibat none of the
structures reviewed in Chaptéridentified 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
NBfFGSR (2 OKIFIy3aSa gty anK GrgocsreyiagScosisQ AcodrdaNid A y 3
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 conditins changes in water levels have a direct impact on the quantity of cargo a
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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 toangiwen
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\#hé \Bas the
changes incost 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, pilotdgeges 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 thelated to cost functions developed for different
dockto-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 isy 3 G KS ' {1/ 9Qa DNBIG [I11Sa {eadaSy |
SAND) model, which is normally used for USACE dredging operations. -BAdNDBLmodel
relates depth of water to shipping costs for 3,124 démidock routes over 12 calendar
months, eachwith one or more actual shipmentsFor the SVM, the data were pprocessed
and grouped into sulboutes between docks having the same depth on the same lake(s).
Specifically, a sulbute combined all routes between two lakes so long as the docks on lake
one were all at the same depth, and likewise on lake.twihis 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 conveyanceapacity restoration structures were assumed to be negligible.

4.4.2.2 Evaluation Results

In general, restoration of Lake Michighturon water levels would be beneficial to
commercial navigation. Any level of restoration on Lake Michigiaron will provide ecommic
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 thew 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 @radid not flag thisconcern and no performance
indicator was developed to estimate the impacKk@ / 2YYSNOAFf bl @AIFdA2y
bl NN} 6§ABSQ RSOSE2LISR 6& 5N CNIyl arAffSNR O6HAmMANO
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but does mt 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 samlewer under restoration plans).

Table 48 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 MichigaHuron, with the gregest 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 fothe 50cm (19.7inch)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 otres, pl
which ranged from $4.22 to $15.53 million annually (the latter being the $0wen (19.7inch)
restoration plan). Note also that any economic losses on downstream routes are mitigated by
employing the staged as opposed to instantaneous construcassumption, 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 thetms, there was negligible change to commercial

navigation costs experienced on this lake.

Table 48: Average annual @ammercialnavigationbenefits byroute for the restoration plans (millions $)
Navigation 10 cm 25cm U >0 cm Stagls
Benefits by restoration restoration restoration restoration i

Route 77R1 | 77/R2 | 10RI | 10RS| 25RI | 25RS| 40RI | 40RS| 50RI | 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-SMH $1.20 | $1.33| $0.94 | $0.91 | $1.98 | $1.90 | $2.65 | $2.55 | $2.94 | $2.84 | $0.27

6-SMH-StC $0.06 | $0.07 | $0.04 | $0.05 | $0.07 | $0.08 | $0.07 | $0.09 | $0.06 | $0.08 | $0.01
7-SMH-StGE | $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-StCGE $1.25 | $1.27 | $1.19 | $1.17 | $2.70 | $2.56 | $3.88 | $3.65 | $4.52 | $4.25 | $0.28
10-StGE $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 benefitse) and disbenefits ¢ed). If a cell in the table shown as zefc
is shaded in green or red, it indicates a small benefit obdisefit, respectively, the value of which was less than th
number of significant figures shown; a zero without shading t@yhindicates 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 shpnaection model to evaluate the performance of
shore protection structures; an erosion model to measure tatamulative recession of
cohesive bluff toe for three specific test sites; a flooding (high) water level metric; and a low
water level metric. fie shore protectionmodelwasevaluated for the restoration analysiand
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 Midhigan by
approximately the average restoration level, frd to 50 cm(3.9 to 19.7 inchesh the plans
evaluated here. Higher maximum levels are expected to cause more flooding but there are no
stagedamage data to quantify this. Erosion will generally increase with higher levels as well
Higher minimum levels may reduce the degradation wibier 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 L{#lacDonald 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 wentually, 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 maintenancefhanges in water level
management scenarios can influence the functiorfakpan of existing protectianSpecifically,
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 proteatin will not have been designed to meet the new conditiofibere
are a number of failuremechanisns associated with water levels, including undering
(through either lakebed downcutting or scour), wave load, overtopping, and material
degradation (spedaitally, rot in timber elements).Higher water levelscause anincrease in
water depth in front of the shore protection structurdsadingto larger wave heights reaching
the structure, causing an increased risk of overtopping damages and damages ralated t
g1 @S TmAY RdzO S RheNaygarivhvesialoicieateSaigreater likelihood of scour damages.
On the other hand, while lowdake levels generally result in fewer overtoppegd wave load
failures,an increase in the rate of lakebed downcutting widcur. Over time, the lakebed
downcutting will result in the loss of supporting lakebed sedimetibwing larger waves to
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reach the structures when lake levels are highkastly, a increase in the range of lake level
fluctuations results in a greateisk of decay in structural timber elements

The SAT was designént Lake Superior and Lake Michigdaron only, and therefore
no results were obtained for Lake Erie or the connecting channels for this study. The number
and length of existing shore prttion structures were available throughout the Great Lakes
but the nature of each structure was available in only three reacRasine Countywisconsin
Lake and Cook Counties, lllincgs)d the CollingwoodVasaga Beach area of Ontariolhe
structuralcharacteristics from these three reachesre used to establish the modeBased on
the site characteristics, probabilistic distributions of structure characteristics were developed
The model itself has divided Lake Superior and Lakes Mickigeon inb 25 shoreline
segmentgsee Figure 43 below) The model runs for each segment aidéntifiesdifferences
in sensitivity around the lakesThe results are then scaled based on the general extent of shore
protection within each shoreline segment to alla determination of the overall magnitude of
impacts between lakes. ¢ KS {! ¢ LINRPGPARSA YSIadaNBa 2F I NE
performance related to overtopping failure frequency, downcutting, waveupnwave impact
and overtopping volume. Eadi these indicators is useful on their own, but the SAT also uses
this information to determine the totatumulative cost pemetre for each structure under
each planfor each month. The total cumulative cost of shore protection was used as the
indicatorfor evaluation of the restoration scenarios in this analysis

The Coastal Zone WG also investigated coastal erosion as an indicator of plan
performance. A Cohesive shoreline Recession Model (CoRModel) was developed by
Geomorphic Solutions (2010), whidan be used tcestimate 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 siteghe three test sites included
Bayfield Couty 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 ofllff recession rates from multiple restoration plans égtimate
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 threshattmlevel. 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 piast 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% 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 Michigdtiuron. Because Lake Superior levels are the same as 77A levels
for most restoration plans, the costs for shore protection stay the same for Lake Supésor.
can be seernn Table 49, the total annual costs of shore proteati range fromapproximately
$536,000 annuallyfor the 10 cm (3.9 inch¥taged restoration (10 RS) to $2.7 million for the
50cm (19.7inch) instantaneousrestoration (50 RI) The Stag Islankimited regulation plan
(Stagls LR), a plan in which Michidgiduron levels areregulaied to keep the same maximum
levelsand raise low levels only 4 cfh.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 degee.

Table 49: Annual shore protection benefits§x 1,000)

Lake | 77A| 10R | 25R 40R 50R | 10RS | 25RS | 40RS | 50RS | 77R1| 77R2 Sﬁg's
Sup. | - | $0 $0 $0 $0 $0 $0 $0 $0 | 21 | %50 | $2
Mich. | — | $162 | -$34L | -$471 | -$609 | -$129 | 254 | -$384 | -$491 | -$178 | $130 | -$8
Huron | — | $5(2 | $1,125 | -$1,781 | -$2,097 | -$407 | -$8% | -$1369 | -$1647 | -$511 | $384 | $25
Total 5664 | -$1,465 | $2,252 | $2,706 | $536 | -$1079 | -$1,753 | -$2,138 | -$709 | -$564 | $19

The negative numbers imply a dienefit that could also be described as an increasthénaverage annual costs of shore
protection ownership.

The SAT also evaluatésipacts to 25 different shore reaches (Figurel3Error!
eference source not found. For restoration planshe greatest damagegenerally occur
around the southern shores of Lake Michigandames 20 through 23) and the sou#fastern
shores of Lake HuroZgnes 13 and 14)This igprimarily theresult of the amount and type of
shore protection in these more heavily populated areas compared to other locations.
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In general, any level of
restoration of L&e MichigarHuron

%\\(@ water levels would uniformly and
@ @ negatively impact coastal shore

P protection interests. All restoration
@ @ O [ @ scenarios showed greater costs to

coastal shore protection than the base

(17) case on this lake. By raising the water
D o
12) (1D level of Lake MichanHuron, each of
@ the different indicators will be
@ D) negatively affected. There will be a
/ greater number of overtopping failures
@ S at all locations around Lake Michigan

Huron. Changes in structure ownership
costs are driven primarily by changes in
overtopping costs.

Figure 413: Shoreprotection model reach

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

Cumulatve 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 ésst sit
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 lte staged restoration at both sites.

For example, th&s0cm (19.7inch) instantaneous scenario (50 RI) increases recession by 38%
relative to 77A after the first 20 years at the Allegan test site (Figtiré dnd Tabld-10) while

the 50cm (19.7inch)staged scenario (50 RS) increases recession by 19% relative to 77A for the
same site (Figure-45 and Tabld-11). Model results at the Ozaukee site suggest even greater
sensitivity (the results for this site for instantaneous restoration are given ind-igt6 and
Table4-12, while results for staged restoration are shown in Figw¥74and Tabld-13).
Differences in test site response are partly a result of site specific conditions, including the wave
climate and neashore bathymetry While recessiomates for other areas of the shoreline are
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expected to respond in a similar manner to the test sites.,(increased bluff recession for
increased restoration scenarios), site specific responses are likely to vary. Overall though,
depending on shorelineharacteristics and the orientation of winds and surges to the shoreline
direction, MichigarHuron erosion will be the same or greater with restoration.
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Figure 414: Cumulative recession at Allegan County test $geinstantaneousrestoration
scerarios

Table 410: Cumulative recessioand percentage change over baseline (7&)Allegan County test
site for instantaneousrestoration scenarios

Date Cumulative Recession (m)
10 RI 25 RI 40 RI 50 RI T7A
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 35
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 T7A
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 --
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