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Abstract: The means and frequenciesof Lake St. Clair,Detroit River, and western Lake Erie
water levels are computed for a changed climateresulting from a doubling of atmospheric carbon
dioxide, and compared to those of the present climate. Lake level frequencies for specificsites in
the study areas, and potential movementof the shorelinesdue to decreases in mean lake levels,
are illustrated by a series of maps. General surveys of impacts on wetlands, recreational boating,
commercialnavigation, and publicwater supply intakes are given. The intent of this work is to
provide basic data to other researchers performingbroader and more detailed impact studies as
part of the Great Lakes - St.LawrenceBasinProject. Withthe changedclimatescenario,the
surface area and volume of Lake St. Clairdecreases by 15% and 37%, respectively,relative to
that of the present climate. Likewise, the surface area and volume of the western Lake Erie basin
decreases by 4% and 20%. The surface area of the lower Detroit River decreases by 19%. The
shoreline moves from less than 1 km to 6 km offshore from that of the present climate,with
significant loss of freshwater estuaries and embayments.

Keywords: climate change, water levels,Lake St. Clair,Lake Erie, Detroit River, Long Point,
Great Lakes - St.Lawrence BasinProject
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Introduction

This study is a component of the Great Lakes - St. LawrenceBasinProject. TheProject's
prime objectives are to determine the impacts of climatevariabilityand change in four theme
areas: water management, land use and management, ecosystem health and human health, and to
demonstrate how people, activities, and sectors can develop adaptation strategies to reduce
vulnerability(Adapting to the Impacts of Climate Change and Variability, 1994).

This study contributes to the understanding of potential impacts of globalwarming on
water quantity issues in the Lake Erie and Lake St. Clairbasins. Our focus is on the water levels
of the western basin of Lake Erie, the Detroit River, and Lake St. Clair: the change in their long-
term means and trequency of occurrence, and the potential impacts on wetlands, recreational
boating, commercial navigation, and public water supplyintakes. Although not in the western
basin of Lake Erie, impacts to Long Point are also evaluated due to the ecological importance of
its wetlands. Figure 1 illustrates the study areas.

The limitations that apply to this study are those inherent in all modeling studies of climate
change to date: lack of resolution and incorporation of fine-scale land surface-atmospheric
interactions of the global climate models (GeMs), and uncertainties introduced through "down-
scaling" GeM results or "nesting" of models, primarilythe failure to capture changes in
variabilityabout the mean. Limitationsspecificto this study are our inabilityto quantitatively
capture climate change effects on storm inducedwater levels: effects brought about by changes in
wind intensity, duration, and direction; reductions in ice cover duration and extent; and decreases
in bathymetric depths and fetch length. These limitationsare addressed qualitatively.

Objectives

The objective of this study is to determinethe means and trequencies of Lake St. Clair, the
Detroit River, and western Lake Erie water levelsgiven a changed climateresulting trom a
doubling of atmospheric carbon dioxide. The results presented here represent a steady-state
changed climate - the effect on water levels during transition trom the present climate to the
changed climate is not considered. Lake level trequencies for specific sites in the study areas, and
potential changes to shorelinesdue to decreases in mean lake levels are illustratedby a series of
maps. A second objective is to postulate on impacts to wetlands, recreationalboating,
commercialnavigation, and public water supplyintakes resulting trom changedwater levels.
General surveys of impacts are given to provide an overall sense of potential changes and their
order of magnitude. The intent of this work is to provide basic data to other researchers
performing broader and more detailed impact studies as part of the Great Lakes - St.Lawrence
Basin Project.
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Study Area

The study areas are comprised of Lake St. Clair, the Detroit River, the western basin of
Lake Erie, and Long Point, as shown in Figure 1. The areas are located within the states of
Michigan and Ohio, and the province of Ontario. Lake S1.Clair is the smallest lake in the Great
Lakes system with a total area of 1,114km2,413 km of shoreline,and a mean natural depth of 3
m. Lake S1.Clair is connected to the upper Great Lakes via the S1.ClairRiver and the lower
lakes via the Detroit River. The Detroit River is 50 km long with 212 km of shoreline (including
islands). The upper portion of the river is narrow with a width ofless than 1 km and depths to 15
m, but widens to a width of 6 km at its mouth where it enters Lake Erie with depths as shallow as
3 m. The western basin of Lake Erie lieswest of the line ITomthe tip of Cedar Point, Ohio,
northward to Point Pelee, Ontario. Bedrock islands and shoalspartiallyseparate it ITomthe
central Lake Erie basin. The western basin has an area of3,284 km2,445 km of shoreline, and
depths mostly varyingbetween 8 and 11m (Bolsenga and Herdendorf, 1993).

Long Point, located on the northern shore of Lake Erie, partiallyseparates the central
basin of Lake Erie ITomthe eastern basin. The point is the creation of converging alongshore
currents depositing sediments. This sandyspit is 32 km long, reachingout into the deepest part of
Lake Erie (Bolsenga and Herdendorf, 1993).

Many rich and sensitive wetlands are found in the study areas: the St. ClairFlats, Mouille
Marsh, Long Point, and many others. They are home to diverseflora and fauna. The St. Clair
Flats are an important resource for residentNative Americans. Long Point, with its series of dune
ridges and interveninglagoons, provides significantmarsh habitats.

The region surrounding the study areas is also home to the highlypopulated Detroit
Metropolitan area, and the major cities of Toledo, Ohio and Windsor, Ontario. Their industries
and municipalitiesdepend in part on the lakes and river for water supply.

The Canadianpeninsula bounded by the lakes and river is an important agricultural region.
The peninsula is predominantly oflow relief, and where it borders the waters of the Great Lakes
system, is linedwith residential development.

Both commercialnavigation and recreational boating utilizethe lakes and river. An 8 m
dredged channel in the St. Clair River, the Detroit River, and Lake St. Clair provide a link for
commercial navigationbetween the upper and lower lakes. Lake St. Clair, the western Lake Erie
basin, and Long Point are intensivelyused for recreational boating, and their shores are host to
many marinas and public and private beaches.
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Figure 1 - Map of Study Areas
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Methods

Background

Great Lakes water levels are a result of the basin'shydrologicprocesses. The water levels
fluctuate due to changes in the net supplyof water on a seasonal and annual basis. Seasonal
fluctuations are a result of normal cyclesin precipitation and temperature, and annual fluctuations
occur in response to climate trends. The water levels of the Great Lakes rise in the spring and
summer as water stored on the basin in the form of snow begins to enter the lakes. The levels fall
through the autumn and winter due to increased evaporationwhen cool dry air crosses over the
warmer lakes, and precipitation is stored as snow. The seasonal change in water levels is about
0.4 m for Lakes St. Clair and Erie. The annual average levelsof the lakes also rise and fall
depending on the total water supplyto the lakes ITomyear to year. Extended periods of above
average precipitation and low evaporationcause levels to rise, while severe droughts can result in
rapidly fallingwater levels. Recorded long-term annual fluctuationsof Lakes St. Clair and Erie
are about 1.4 m. It is interesting to note that Lake St. Clair and Lake Erie receive the majority of
their water supply (97% and 80%, respectively)ITomthe upstream lakes via the connecting
channels (the St. Clair and Detroit Rivers).

Water levels in the Detroit River are primarilya function of Lake St. Clair and Lake Erie
water levels. Because of the mild slope of the river, a significantbackwater effect is transmitted
from Lake Erie to Lake St. Clair.

Another factor that affects lake and connecting channellevels is storms. Storms, with
accompanying changes in barometric pressure and high winds, cause lake levels to fluctuate over
a small time period (an hour to several days) through wind setup, storm surges, seiches, and
waves. The magnitude of the short-term fluctuationsvary depending on shoreline location and
configuration, and storm direction, duration, and intensity. The fluctuations can be positive
(storm surge) or negative (storm set down) relative to the hydrologic lake level (i.e. they can
increase or decrease the undisturbed lake level). The fluctuationsare most pronounced on Lake
Erie due to its shallowness and parallelorientation to the predominant storm direction. Storms
have caused as much as a 4 m differentialin levelsbetween Buffalo, New York and Toledo, Ohio.

Storm surges and set downs imposed upon hydrologiclake levels result in the total
instantaneous lake level. Because the instantaneous lake levelis a function of these two

independent components, the followingmethod is required to compute their combined frequency
of occurrence.

Computation of Lake Level Frequencies

Given two independent variables,X (hydrologic lake levels) and Y (storm fluctuations),
that are continuous random variables,and have the relationshipZ (instantaneous lake levels)= X
+ Y , then

5



P(Z) = !!P(X) p(Y) dX dY (1)

where P(Z)is the cumulativeprobabilityof instantaneous levelZ and p(X) and p(Y) are
probability density functions of variablesX and Y. To solvethis integral, the Combined
Frequencies Program (CFP) uses a convolution formula and discretization to integrate the
convolution integral using numericalapproximation (Chow et al., 1994). For discrete variables,
the integral becomes

P (Z) =:E p (X) P (Z - X)
x (2)

CFP provides five probabilitydistributionsto determinethe cumulative probability
functions of X and Y. They are the normal, lognormal, Gumbel,log-Pearson type 3 and general
extreme value distributions.

In light of the demonstrated bias exhibitedwhen using least squares analysisto select the
"best fitting" distribution function (Chow et at, 1994), the Akaike information criteria (AlC)
[Akaike, 1974] is used as proposed by Chow and Watt (1992). The AlC measures the value of
improving the fit with additionalparameters. If more than one distribution is fit to the observed
data, the model that has the minimumAlC is selected. For example, the use of a three-parameter
distribution isjustified, as opposed to a two-parameter distribution, only if the improved fit
compensates for the penalty due to the additionalparameter.

A brief description of the CFP procedure for combiningthe probabilitydistributions
follows. First, the program attempts to determine a possiblerange of Z values in which the
cumulative probability can be obtained using equation (2). The range ofZ values is determined
using the values of X and Y with a cumulativeprobabilityof99.5% from their 'best-fit'
distributions. Normally, this estimated Z value has a return period of about 200 years. The
minimumZ value is estimated in the same mannerusing the X and Y values with a cumulative
probability of 0.5%. The range of the Z value is then dividedinto 50 equal intervals. The
cumulative probabilitiesof these fiftyZ values are then estimatedusing equation (2). The fitted X
and Y distributionswere used to compute exact solutionsof their respective cumulative
probabilitiesused in equation (2). The Z values and their computed cumulativeprobabilities
should be considered to be the 'true' frequency curves for the instantaneous levelsZ. No
distributions are fitted to the Z values to avoid under- or over-estimation of the instantaneous
levels.

6
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Data

Climate Change Scenario -Hydrologic Lake and River Levels

The climate change scenario used here was developed for Phase II of the International
Joint CommissionLevels Reference Study (International Joint Commission, 1993). The
development of the climate change data set by the Canadian ClimateCentre, and its interpolation
over the Great Lakes Basin, is describedby Louie (1991). Croley (1991) applied the climatedata
set to his conceptual hydrologic and thermodynamicmodels of the Great Lakes and their basinsto
develop a water supply scenario for each lake. These water supplieswere routed through
regulation and hydrologicresponse models to obtain a 38-year series of monthly lake levels and
outflows.

To obtain a comparable series oflevels for locations along the Detroit River, we used
stage-discharge relationships developedby the U.S. Army Corps of Engineers. The climate
change Lake St. Clair and Lake Erie water levelsand Detroit River flows were used to solvethe
relationships for monthlywater levelsat four gauge locations (Gibraltar -4020, Wyandotte-
4030, Fort Wayne - 4035/4036, and WindmillPoint -4049; see Figure 1). The effects of ice and
weed retardation were neglected in the computation of these levels. Ice retardation could be
expected to diminishas a result of the warmer air and water temperatures given a changed
climate. Weed retardation could be expected to increase due to the warmer water temperatures
and increased light penetration due to lower lake levels, resulting in an extension of the weed
growth season and increasedweed mass. Thus, on a seasonalbasis, the water levels may actually
be slightly lower during the winter and spring seasons, and slightlyhigher during the summer and
fall seasons, than computed here.

Present Conditions Scenario -Hydrologic Lake and River Levels

For comparisonwith the changed climatescenario, we used a 38-year series (1952-1989)
of monthly lake levels and outflows, also developed for Phase II of the Levels Reference Study,
that represents the present conditions of the Great Lakes-St. Lawrence River System (Lee, 1993).
Water levels for the four locations along the Detroit River were computed in the same manneras
described for the changed climate scenario.

Computation of Storm Fluctuation Values

Storm fluctuationvalues were calculatedfor maximumand minimuminstantaneous water
levels recorded at American and Canadiangauges located in the study area. Recorded water level
data were obtained trom 12 U.S. National Ocean Service and 5 CanadianMarine Environmental
Data Service gauges. Table 1 lists the gauge locations, and the periods of record used here.
Maximum monthly storm surge was obtained by subtracting the maximuminstantaneous level
occurring for a month from the correspondingmonthlymean level. Likewise, maximummonthly
storm set down was obtained by subtractingthe minimuminstantaneous level occurring for a
month trom the corresponding monthlymean level.
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Table 1. Gauges and their Period of Record Used to Compute Storm Fluctuations

U.S. National 0 . ServiceG

MarineE . I Data ServiceG

IBecause of their close spatial proximity, the records of these stations have been joined to create one continuous record.
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Gauge No. GaugeLocation Period of Record (monthlyear)

3053 Fairport, Ohio 6/1975 -9/1994

3063 Cleveland,Ohio III 904 -9/1994

3079 Marblehead, Ohio 511959-8/1994

3085 Toledo, Ohio 711904-9/1994

3090 StonyPoint, Michigan 911963-9/1994

4020 Gibraltar,Michigan 1/1950-9/1994

4030 Wyandotte,Michigan 411957-9/1994

4035 Fort Wayne,Michiganl 7/1901 -121l969
4036 Fort Wayne,Michigan 1/1970-911994

4049 WindmillPoint, Michigan 1/1952-911994

4051 GrossePoint Yacht Club, Michiganl 7/1952 -211968
4052 St. Clair Shores, Michigan 311968-9/1994

--. - ------- -

Gauge No. GaugeLocation Period of Record
(month/vear)

12250 Erieau, Ontario 7/1957 -6/1994

12065 Kingsville,Ontario 411962-12/1992

12005 Bar Point, Ontario 611966 - 1211992

11965 Belle River, Ontario 1/1965-6/1994

11975 Tecwnseh, Ontario 1211926-6/1994
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Because the effect of climatechange on Great Lakes storms and their resulting short-term
water level fluctuations is not known, no correction was applied to the observed storm surges.
Storm fluctuationsunder a changed climate maybe of the same magnitude as those now
experienced because over-water wind speeds and fetch lengths are not greatly affected. As
shown in Figures 2 and 3, only a slight decrease in steady-state windspeed averages (about 2-3%)
for Lake St. Clair and Lake Erie are expected under a changed climate. And, although lake levels
drop dramatically,because of their vast surface area, the fetch lengths along predominant wind
directions are only reduced by a few percentages as well. However, the projected change in ice
cover extent and duration may increase the magnitude and seasonal occurrence of winter and
spring storm surges, particularlyfor the months of February, March, and April. Figures 2 and 3
compare the steady-state water temperatures for Lake St. Clair and Lake Erie for the present
climate with a changed climate.

Application of CFP

The CFP was used to compute seasonal frequencycurves of maximumand minimum
instantaneous water levels for both a changed climateand the present climate. Seasonal curves
were produced as opposed to annual curves because of the importance of seasonalvariation in
lake levels and storm fluctuations. The seasons were definedas follows: Spring (February-April);
Summer (May-July);Autumn (August-October); and Winter (November-January). For each
season and year of record, the maximumstorm surges and the maximumhydrologiclake levels
were selected for input to the CFP. Likewise, the maximumstorm set downs (the largest negative
fluctuation) and the minimumhydrologic levelswere selected. Because the set down values were
negative, they had to be transformed for input to the CFP. The transformation applied was to
take the absolute values of the set down, and to subtract the hydrologic lake levelsfrom a
constant of200. The CFP results for the minimuminstantaneous levels were then untransformed
by subtracting the results from 200.

Results

With a changed climate, St. Clair River and Detroit River flows decrease by 35% and
36%, respectively(Croley, 1991). Net basin suppliesto Lake St. Clair and Lake Erie decrease by
65% and 101%, respectively (Croley, 1991). The decrease in total water supplies(river inflows
plus net basin supplies) result in a drop in long-term average annual levels of 1.6m for Lake St.
Clair (from 175.2 m to 173.6 m) and 1.5 m for Lake Erie (from 174.3 m to 172.8m). The
changes in long-term monthly mean levels for Lake St. Clair and Lake Erie are illustrated in
Figures 2 and 3, respectively, and tabulated in Table 2. Correspondingly,Detroit River levels
decrease by 1.6 m at the head of the river and by 1.5 m at the mouth of the river.
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Results of the CFP computations are tabulated in Appendix A for the climate change
scenario and in Appendix B for the present conditions scenario. Plates 1 through 7 illustrate the
change in shoreline for the decrease in long-term average lake levels due to climate change. The
water level frequencies iTomAppendix A are shown graphicallyon these plates. Figure 4 shows
the region of the study area covered by each plate.

The maps presented in Plates 1 through 7 were created iTomNational Ocean Service
Coast and Geodetic Survey Charts:

14850 Lake St. Clair (10/17/1992)
14830 West End of Lake Erie (8/27/1994)
14848 Detroit River (12/11/1993)

and Canadian Hydrographic Service charts:

2110 Long Point Bay (5/15/1987)
2122 Pointe Aux Pins to Point Pelee (7/5/1991).

From each chart, four features were digitized: the shoreline,major navigation channels, the 2 m
depth contour, and soundings less than 2 m. The depth, relative to chart datum, related to each
sounding was added to a feature attribute table. Using the digitized information,a three-
dimensionalmodel of the nearshore was generated using a triangulated irregular network. The
contour representing the shorelinewith a changed climatewas then obtained iTomthe three-
dimensionalmodel. Note that the bathymetry on the charts are relative to chart datum (IGLD
1985) - 173.5m and 174.4 m for Lake Erie and Lake St. Clair, respectively. Thus, the climate
change levels will be 0.7 m (173.5 m - 172.8 m) below chart datum for Lake Erie and 0.8 m
(174.4 m - 173.6 m) below chart datum for Lake St. Clair. The maps exist as Arc/Info v. 7.0
coverages and can be obtained iTomthe Great Lakes EnvironmentalResearch Laboratory.

12
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Table 2. Monthly and Annual Mean and Lake Levelswith the Present Climate
and With a Changed Climate

13

LakeErie Lake St Clair
Month

Present Changed Present Changed
Climate Climate Difference Climate Climate Difference

(an, (an, (m) (an, (an, (m)
lOW 85) IOLD 85) lOW 85) IOLD 85)

January 174.17 172.67 1.50 175.06 173.48 1.58

February 174.18 172.74 1.44 175.06 173.51 1.55

March 174.28 172.82 1.46 175.15 173.58 1.57

April 174.41 172.92 1.49 175.25 173.66 1.59

May 174.46 172.99 1.47 175.30 173.72 1.58

June 174.47 173.01 1.46 175.33 173.74 1.59

July 174.44 173.00 1.44 175.33 173.75 1.58

August 174.38 172.95 1.43 175.28 173.73 1.55

September 174.29 172.84 1.45 175.22 173.66 1.56

October 174.20 172.72 1.48 175.14 173.58 1.56

November 174.13 172.63 1.50 175.08 173.51 1.57

December 174.15 172.62 1.53 175.08 173.49 1.59

AnnualMean 174.30 172.82 1.48 175.19 173.62 1.57



Figure 4 - Index of Plates
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Impacts

Surface Area and Volume

Because Lake St. Clair is smallrelative to the other Great Lakes, its surface area and
volume would be greatly affected by the projected decline in water levels. A decline in long-term
average lake levelsof 0.8 m relative to chart datum would reduce the surface area trom 1,144 km2
(this includes the surface area of the delta river channels)to 969 km2,a 15% reduction. The
volume of the lake below chart datum is 4 km3(Great Lakes Basin Commission Study, 1976) and
would be reduced by 0.8 km3,or about 20%. The total change in volume trom the long-term
average level of 175.2 m (present climate)to 173.6 m (changed climate)would be about 37%.

The change in surface area of the lake predominantlyoccurs along the north and east
shores, with the most dramatic changes occurring in the St. ClairDelta (plate 1). Much of the
nearshore area would emerge as lake levels decline. At the long-term average level of 173.6 m,
many of the delta river channelswould no longer connect to the mainbody of the lake. The water
of the St. ClairRiver would flow to Lake St. Clair mainlythrough the Middle Channel, South
Channel, St. ClairCutoff, and ChenalEcarte. The North Channel,Chenal Bout Rond, and
Johnston Channelwould contain water, but because they terminate in bathymetry less than .8 m
relative to chart datum, they would be separated trom the mainbody of the lake by emergent land.
Flow of water through these channelsto Lake St. Clairmay occur intermittently during periods of
above average levels (relative to the climatechange long-term average, not the present climate)
and new channelsto the lake may develop, allowingflow to the lake during periods of lower
levels. The Chematogan Channelwould have no flow, as the depths at the head and terminus of
the channel are less than .8 m. Local inflow and groundwater may pool in some of the deeper
sections of the channel, creating local ponding of water withinthe channel. There is insufficient
information on the bathymetric chart for the Pottowatamie dredged cut, Goose Lake, and
Johnston Bay to determine their conditionunder climatechange.

Some small, shallow lakes and ponds would potentiallyform in the delta as areas of
deeper bathymetry remain filledwith water, as the surrounding, shallowerbathymetry emerges
with decreasing lake levels. The largest of these, located between the Chenal Bout Rond and
Middle Channel in Goose Bay would be 2.5l?n2, and about 0.4 m deep. These lakes or ponds
may not exist if intermittent channelflow, local surface runoff, and groundwater could not
provide sufficientwater supply to the shallow lake.

And conversely, some new islandswould emerge in the delta's nearshore area. The
largest of these, located south of the present Grassy Bend Islands, would be about 2.0 km2with a
relief of about .5 m. It is conceivablethat these islandswould be intermittently submerged at
times of above average levels (again, relative to climate change long-term averages) or during
storm surge events.

15



The Lake St. Clair shorelinewould be considerablyremoved trom that of the present
shoreline. Along the northern edge of the lake, the new shoreline is displaced by more than 6 km
as the water recedes trom Goose Bay and Big Muscamoot Bay. For the majority of the northern
edge of the lake, shoreline displacementsvary trom about 1 km to 3 km. Displacements on the
eastern shore are as great as 2 km, and along the western and southern shores, displacements
average about 1 km or less.

Because of the steep-sided channel of the Upper Detroit River (plate 2), the change in
surface area predominantly occurs at the head of the river. The area ofPeche Islandwould nearly
double, increasing from 0.5 km2to 0.9 km2,Belle Isle increases slightly, trom 3.6 km2to 4.1 km2,
and a smallisland emerges in the north channel around Belle Isle. These and other changes result
in about a 2 km2decrease in surface area.

Changes in the surface area of the Lower Detroit River (plate 3) are more substantial,
totaling 14 km2,or a decrease of 19%. All of the islandsincrease in area, and several small islands
emerge. Fighting Island increases trom 5.1 km2to 7.7 km2. Grassy Island increases trom 0.4 km2
to 0.7 km2. Grosse Ile increasestrom 22.5 km2to 26.5 km2. The increase in Grosse Ile's area
occurs mainlybecause a smallisthmus emerges, connectingthe island to Stony Island. Sugar
Island quadruples in area, increasingfrom 0.1 km2to 0.4 km2. Celeron Island almost doubles in
area, increasing trom 0.6 km2to 1.1 km2. The shorelinerecedes primarilyin the vicinity of the
Canard River estuary on the eastern river shore, and on both shores where the river enters Lake
Erie. In these locations the shorelinewould be displacedup to 1 km.

Lake Erie has a greater average depth and steeper nearshore slopes than Lake St. Clair,
but the surface area and volume of water in the lake would still be significantlyimpacted. The
surface area of the western basinwould decrease by 4%. The volume of the lake's western basin,
below chart datum, is 25 km3(Bolsenga and Herdendorf, 1993) and would be reduced by 2.4
km3,or about 10%. The total change in volume trom the long-term average level of 174.3 m
(present climate) to 172.8 m (changed climate)would be about 20%. The surface area of
SanduskyBay would decrease by 22%. The western shorelineof the basin, between Pointe
Mouillee and Maumee Bay, would undergo the most dramatic change. The shorelinewould
generallybe displaced between 1 km and 3 km. The southern shore of the basin would be
displacedby up to 1 km. The northern shore of the basin would have the least displacement,with
differences less than 0.5 km, and generallyof 0.1 - 0.2km. Theislands(pelee,Kelleys,Bass,
Middle, Chicken, and East Sister), do not substantiallychange in area because a significant
portion of their shores are steep cliffs. Two new smallislandsnear Maumee Bay emerge.

Significantchanges in the shoreline of Long Point and Inner Bay (plate 7) on Lake Erie
would also occur. The shorelinemoves trom a minimumof 0.2 km to greater than 2 km off
shore. A formerly submerged reef at the mouth ofInner Bay would emerge, and along with the
extended shoreline, significantlydecrease the interchangeof water between Inner and Long Point
Bay, with the mouth of the Bay decreasing trom 5 km to less than 2.5 km. Other reefs would
emerge in the interior ofInner Bay, ranging in area trom 0.03 km2to 0.56 km2. The surface area
of Inner Bay is reduced ITom75.4 km2to 51.2 km2.
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It is important to note that the losses in surfacearea were derived by comparing surface
areas at chart datum levels to surface areas at average levels under a changed climate. If average
levels under both the present climate and changed climatewere used for comparison, losses in
surface area would be even larger. The average levelsof the present climateare 0.8 m higher than
chart datum. Unfortunately, maps of the shorelineat existing average levelsare not availableto
permit such a comparison.

Wetlands

As mentioned earlier, there are extensivewetlands along the shores of Lake S1.Clair,
Lake Erie, and the Detroit River. In the case of Lake S1.Clair, it is estimatedthat there are about
17,000 ha of wetland along its shore (InternationalLake Erie Regulation Study Board, 1981).
Much of the north and east shorelinefrom Fair Haven,Michigan to Stoney Point, Ontario is
wetland. The S1.Clair Flats wetland complex, located on the north shore, is the most significant,
with approximately 3,400 ha withinMichigan, and 8,100 ha within Ontario (Bolsenga and
Herdendorf, 1993). The wetland type is delta marsh, with 5 major and 3 minor plant zones. The
major zones are (driest to wettest) 1) oak-ash hardwood forest, 2) dogwood-grass zone, 3) sedge
marsh, 4) cattail marsh, and 5) bulrush marsh. The minor zones are 1) canal-pond-abandoned
channel aquatic plant zones, 2) lake and bay bottom communities,and 3) reed grass zones
(Jaworski and Raphael, 1978). The wetlands would most likelyundergo substantialtransition as
lake levels declined. The zone of oak-ash hardwood forest could be expected to increase
significantlyas the other four zones migrated with the declininglake levels. The lake and bay
bottom communities that occur along low wave energy lake bottoms and nearshore environments
of bays may substantiallydecrease with the loss of water in Little Muscamoot, Fisher, and
Johnston Bays. Some new types of wetland may evolve, such as bogs, that could form in shallow
lakes left as water recedes from the bays (such as describedpreviously for Goose Bay).

Most of the islandsin the lower Detroit River are mnged by coastal wetlands (primarily
cattails). The most noteworthy marshes, listed by Bolsenga and Herdendorf(1993), are on
Gibraltar Island, Cherry Isle, Celeron Island, Horse Island, Round Island, Elba Island, CalfIsland,
Stony Island, Grassy Island, and Grosse De. Some of the wetlands would migrate as water levels
declined, particularly for Celeron Island, Round Island, Elba Island, CalfIsland, Stony Island,
Grassy Island, and Grosse lie. Additionalwetlandsmayform along the perimeters of the new
emergent islands. However, significantwetland loss could be expected in the freshwater estuaries
along the river. These estuaries include the Canard River on the east shore, Brownstown Creek,
including Cherry Isle and Gibraltar and Horse Islands, and an un-named estuary in the vicinity of
Sturgeon Bar on the west shore. At long-term average climate change levels,a backwater effect
due to the Detroit River would no longer exist in these estuaries. The estuaries could expect
periods of inundation during storm events and above- average levels (relative to the climate
change average), but with less frequency and with lower levels than are now experienced. The
estuaries would also experience lower levels than have occurred with the present climate. The
majority of the existingwetlandswould most likelytransform to upland habitat, and those
remaining along the margins of the river and creek channelswould be more representative of
riverine wetlands than estuarialwetlands.
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Along the shoreline of the western basin Lake Erie there are about 16,200 hectares of
wetlands, many of which are owned by private clubs or are state, federal, or provincial wildlife
refuges (Bolsenga and Herdendorf, 1993). Many are managed for waterfowl habitat and consist
of natural lowlands separated trom Lake Erie by a stable beach ridge. The managed marshes are
also often surrounded and transected by earthen dikes to control their water levels and to protect
them trom the 1980'shigh water levels (Bolsenga and Herdendorf, 1993). The most significantof
the wetlands are Mouille Marsh, Maumee Bay, Locust Point, SanduskyBay, and Point Pelee.

Mouille Marsh is formed by the estuarine mouths of the Huron River and Mouillee Creek,
and is located about 5 miles south of the Detroit River mouth. It is the most extensive wetland on
the Michigan shore of Lake Erie, covering about 570 ha (Bolsenga and Herdendorf, 1993). Most
of the wetland is protected and separated from Lake Erie by dikes and a confined disposal facility,
used by the U.S. Army Corps of Engineers for disposal of dredged materials. With long-term
average climate change lake levels, Lake Erie would no longer consistently supply water to the
wetlands. The mainsupply of water for the diked area of the wetland would be Mouille Creek,
which would have significantlydiminishedflows. Water from Lake Erie could be pumped over
distances of up to 1 km, or captured during storm events (events with sufficient levels would
occur about once every 2 years). Because of the confined disposal facility and dikes, it would be
unlikely for the wetlands to migrate. The portion of the marsh in the Huron River estuary is not
diked, and considerableloss of the wetland habitat would most likelyoccur. Some of the wetland
may migrate with the declining lake levels, adapting trom an estuary wetland to a coastal wetland.

Between MouilleMarsh and Maumee Bay, several other freshwater estuary and coastal
wetlands exist. These include Swan Creek, Sandy Creek, and Plum Creek and La PlaisanceBay.
They would suffer a similarfate as that of the Huron River estuary wetland.

Maumee Bay is protected by two sandyspits, little Cedar Point on the east, and Woodtick
Peninsula on the west. In addition to the protected bay, additionalwetlands are found in the
Maumee River and Ottawa River estuaries along the bay's shore. Estuarine wetlands also occur
along the Maumee River valley as far upstream as Perrysburg, Ohio (Bolsenga and Herdendorf,
1993). The Cedar Point National WildlifeRefuge, the Erie State Game Area, and Maumee Bay
State Park are located in this region. With the decline in lake levelsunder climate change,
considerable loss of wetlands would occur, as is the case for all of Lake Erie's treshwater
estuaries. The Ottawa River estuary would be particularly affected due to its shallow bathymetry
and reliance on the backwater trom Lake Erie. However, the Bay experiences a wider range of
storm induced water levels than those at MouilleMarsh. Thus, water levels needed to inundate
the estuaries will occur with more trequency (more than once every 2 years). The wetland habitat
in the estuaries and along the present shorelinewould be expected to change trom those
depending on standingwater to those typical of sites with periodic inundation. The types
dependent on more consistent water depths may migrate with the receding shoreline and be more
representative of a coastal wetland.

Locust Point is the region located between Maumee Bay and Sandusky Bay, on the
southern shore of the western Lake Erie basin. Within this region, are approximately 3,500 ha of
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prime coastal marshes, mostly in federal or state ownership. The wetlands are the Cedar Point
Marsh, Ottawa Marsh, Navarre Marsh, and Derby Marsh (managed by the U.S. Fish and Wildlife
Service); and the Metzger Marsh, Magee Marsh, and Crane Creek State Park (managed by the
Ohio Department of Natural Resources). All of these marshes are protected from Lake Erie
flooding by extensive earthen and rip-rap dikes. The federal marshes are predominantly managed
as waterfowl refuges (Bolsenga andHerdendorf, 1993). Similarto the MouilleMarsh, under
climate change, water may need to be pumped from Lake Erie to maintainthese diked marshes.
This may be more feasiblethan at MouilleMarsh because the new shorelineunder climate change
is closer (less than 0.5 km). Because the marshes are diked, a migration of the wetland with the
receding coastline is unlikely.New coastal marshes may form along the climate change shoreline,
supplementingthe managed marshesand perhaps increasingplant diversity.

Severalwetlands occur alongthe rivers and creeks that empty into the lake in this region.
These include Turtle Creek in the Magee Marsh, the Toussaint River, and the Portage River. The
water levels in these rivers would also declinewith the decline in Lake Erie levels due to a
diminishedor non-existent (in the case of the Toussaint River) backwater effect and reduced
stream flows. The wetlands would be diminishedand change from estuary wetlands to riverine
wetlands.

The larger islands (Pelee, Kelleys, South Bass, Middle Bass, North Bass, and East Sister)
of the western Lake Erie basin have several smallwetlands. According to Bolsenga and
Herdendorf (1993), these wetlands occupy depressionsbehind sand spits or barrier bars that have
been built by alongshore currents. These wetlands would undergo change with the declininglake
levels. It is unlikelythat they would be able to migrate beyond the sand spits or barrier bars.

Sandusky Bay (includingthe Catawba Island peninsula)contains a wide variety of
wetlands. The wetlands (about 1,700ha) at the western end of the bay and in the vicinity of the
bay bridges are diked, and althoughprivatelyowned, are managed for waterfowl hunting and
furbearer trapping. Because of the declininglake levelsand shallownessof the Bay, the
backwater from Lake Erie would no longer reach into Muddy Creek Bay. The diked marshes in
this location would have to depend on pumped water or cease to exist. Because of the dikes, the
wetlands could not migrate. The marshesthat aren't diked would most likelytransition to
wetland types typical of intermittentinundation. The marshes at the eastern end of the bay depend
upon the sand spits of Cedar Point and Bay Point for their protection. They are generally
wetlands and ponds occupying depressionsbetween sand ridges on the spits (Bolsenga and
Herdendorf, 1993). These wetlandswould probablybegin to disappear with the decline in lake
levels. Other wetlands have formedin the low lands between Marblehead Peninsula and Catawba
Island. The West and East Harbors have been greatly modifiedby development,but Middle
Harbor still contains a marsh community(Bolsenga and Herdendorf, 1993). Because of the
shallowness of these harbors, they would be significantlyimpacted by the decline in lake levels.

Point Pelee contains about 1,000 ha of high qualitycattail marsh, enclosed by barrier
beaches (Bolsenga and Herdendorf, 1993). The entire point lies within the Point Pelee National
Park. The marsh contains six open-water ponds. The Point Pelee wetland is likelyto undergo
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fundamental changes in response to declininglevels. The area of the wetlands and ponds would
most likely decrease, with changes in the wetland type reflecting the drier conditions.

The largest wetland on Lake Erie is located at Long Point, with about 4,000 ha, including
Big Creek and Turkey Point marshes (Nelson et aI., 1980). There are several different types of
wetlands at Long Point: Big Creek marsh is separated tTomLake Erie by a barrier beach,
extensive areas along the north shore of Long Point are partially separated trom Long Point Bay
and the Inner Bay by islands, while other wetland areas are fully exposed to these two bays.
While some portions of the wetland would likelyundergo significantchanges, other portions may
migrate into areas that are currently open water.

In summary, the loss of wetlands due to a changed climatewill be significant and severe.
The tresh water estuaries of the lower Detroit River and Lake Erie will only be inundated during
storm events or when lake levels are above the long-term average climatechange levels. Some
migration of coastal wetlands may be expected, particularlyfor Lake St. Clair and the lower
Detroit River. Most of Lake Erie's coastal wetlands will not be able to migrate due to man-made
dikes or natural beach barriers.

Marinas/Recreational Boating

Lake St. Clair, the Detroit River, western Lake Erie, and the Long Point area are all
heavilyused for recreational boating. All of these locations would be severelyaffected by low
water levels.

On the U.S. side of Lake St. Clair and the St. ClairRiver there are about 14,500 wet slips
(Levels Reference Study Board, 1993). Impacts of the climate change scenario on recreational
boating were evaluated as a part of the International Joint Commission's Levels Reference Study
(International Joint Commission, 1993), and annual losses at these locations were estimated to be
$17.8 million (U.S. currency), based on a total willingnessto pay analysisof marina users.

As part of the same study, 15 marinaswere identifiedon the Canadian side of Lake St.
Clair, and interviewswere conducted with operators of8 of them. Seven of the eight indicated
that critical minimumdepth for their operations is between 174.0 m and 175.2 m. These seven
also indicated that they experienced low water level problems in 1988-1991,when the lowest
May-July level was 175.14 m and the lowest August-October levelwas 175.00 m. Problems
ranged trom insufficientdepth at the slips to insufficientdepths in access channels. Under the
climate change scenario, there is a 50 percent probabilitythat the May- July level would be below
173.6 m for at least 1 month, and the August-October level would be below 173.5 m for at least 1
month. Based on this information, it is evidentthat these marinaswill experience serious
problems on a regular basis under the climatechange scenario.

The major difficultyfor recreationalboaters that use Lake St. Clairwill be access to the
lake. Most marinaswill have insufficientdepths within their basins to accommodate boats at
long-term average climate change lake levels. The recession of the shorelinetrom less than 1 km
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to 6 km will make it impossiblefor boaters that use trailers to launch at existingramps. New
ramps could be put in place fairlyeasily,but at many locations it would be difficultto navigate to
deep water in the lake due to very shallow conditions in the nearshore.

Some sites that would stillhave direct access to the lake, but with reduced drafts, would
be the ClintonRiver, Thames River, Ruscom River, Pike Creek, Jefferson Beach Marina (St. Clair
Shores, MI), Grosse Pointe Yacht Club, and the Grosse Pointe Club (Grosse Pointe, MI). Access
could also be obtained by launchingfrom sites on the St. Clair and Detroit Rivers.

The problem of access to and from the lake maybe accentuated by temporary set down
conditions due to winds and barometric pressure. This could be a safety concern, since there may
be times when boats could be launched,but decliningwater levels as storms advanced could make
it impossiblefor boats to return to the launch site. The end result of the climatechange impacts
may be fewer and smaller craft on the lake. Personal water craft such as "SeaDoos" may be the
popular choice.

In the Upper Detroit River, public and private marinaspredominate from Peche Island to
the cities of Detroit, Michigan and Windsor, Ontario. A few slips serve industry and the U.S.
Coast Guard. On the Canadian shore, across from Belle Isle and Peche Island, many private
docks extend from the shore. Below the cities of Detroit and Windsor (downstream trom the
Ambassador Bridge) to the head of Fighting Island, the area is heavilyindustrializedwith many
commercial slips and few marinas. Because of the steep-sided river channel and adequate dredged
or natural depths, most of the marinasand all of the commercialslips in the Upper Detroit River
would be able to operate under climatechange water levels,but with reduced draft. Additional
dredging to deepen the marinas and commercial slipswould improve the availabledraft. Some
notable exceptions are the Detroit Yacht Club and the Detroit Boat Club on Belle Isle. However,
the private docks primarilyon the Canadian shore, would lose access to the river as levels decline.
These docks are located in shallowdepths, and the new shorelinewould be about 100 m or more
from the present shoreline at long-term average climatechange levels.

In the Lower Detroit River, trom the head of Fighting Island to Lake Erie, public and
private marinas, and private docks predominate. Some of the marinas would have access to the
lake with reduced drafts, but nearlyall of the private docks are located in shallow depths and
would no longer have direct access to the river under climatechange levels.

As mentioned in the precedingsection, the freshwater estuaries of Lake Erie's western
basin would no longer be inundatedat long-term average climate change water levels, and the
shorelinewould recede from the present shorelineby up to 3 Ian. The majorityof marinas and
private docks located in the estuaries and along the shore would no longer have adequate water
depths (if any) or access to the lakes. Exceptions occur where dredged channelsare maintained
such as at the River Raisin, La PlaisanceCreek, Toledo Beach Marina, the mouth of the Maumee
River, the mouth of the Portage River, West Harbor on Catawba Island, SanduskyBay between
Sandusky, Ohio and Cedar Point, Put-In-Bay (South Bass Island), Lonz Marine Harbor (Middle
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Bass Island), KelleysIsland Seaway Marina (KelleysIsland), and Scudder (pelee Island). The
marinas in these locations would have to dredge to maintainthe present depths.

Recreational boating is a very popular activity at Long Point. The hydrographic chart for
the area identifies 14 marinas on the Inner Bay. Access to these marinaswill become increasingly
difficultwith a decline in lake levels. The 1 m depth contour is at least 500 m offshore around the
entire bay, and it is over 1 km offshore in most areas. Under the climate change scenario, there is
a 10 percent probabilityin any year that the water level will be at least 1 m below chart datum for
1 month during the May-July period. The probabilityincreases to 20 percent for the August-
October period. The probabilities increase to 20 percent and 50 percent, respectively, for levels at
least 0.75 m below chart datum. This depth is not reached until at least 500 m offshore of eight of
these marinas.

In summary, impacts of the climatechange scenario on marinas and recreational boating
will be widespread and significant. The most significantproblemswill be lake access and
adequate water depths. Some marinasand boating areas will not be as severely affected as most.
In some locations, dredging may provide at least partial relief,while this may not be economically
viable at other locations, particularly those that would have long distances to navigablewater. It
is likelythat there will be increased demand for berths at marinas that are able to adapt. It is also
likely that there will be a trend to smallerboats at locations that cannot fully adapt.

Commercial Navigation

Lake St. Clair, the Detroit River, and the western basin of Lake Erie form an important
link in the Great Lakes - St. Lawrencecommercialnavigationroute. Sincethese areastendto be
shallow, much of the navigation channelhas been dredged to permit passage of vessels drawing
7.9 m (26 feet) of water at chart datum. Since 1966, montWymean levelson both Lakes St. Clair
and Erie have continuouslybeen at least 20 cm above chart datum, which has permitted
navigation through this area of vessels drawingmore than 7.9 m. Withinthis time period, levels
in western Lake Erie have occasionallydropped below chart datum for periods of a few hours in
response to strong southwesterlywinds, which cause a set down in lake level at this location.
Warnings have been issued to mariners in advance of these events.

Under the climate change scenario, the levels of both lakes will almost always be below
chart datum. As discussed earlier, the mean level for Lake St. Clair over the 38 years of model
results is about 0.8 m below chart datum, and the mean for Lake Erie is about 0.7 m below chart
datum. Set down due to storm conditionswill cause further short-term declines in levels from
time to time.

The impacts of this decline in water levelson commercialnavigationwill be tremendous.
The load capacity of ships will be greatly reduced, which will raise the cost per tonne of shipping
products. A possible adaptive step would be dredging of channelsand harbours to accommodate
lower levels, but there would be very high costs and environmentalconsiderations associated with
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this. Navigation locks would also have to be modifiedto allow full use of increased dredged
depths in navigation channels.

The reduction of load capacitydue to lower levelswill be partially offset by a longer
navigation season due to a reduction in duration and extent of ice cover. However, the additional
ice-ftee period will occur during the period oflowest lake levels in the annual cycle.

In summary, commercialnavigationwill suffer ftom reduced loading capacity that may be
partially offset by a longer navigation season. Maintainingcurrent navigation depths through
additional dredging and modificationof locks will be expensive.

Water Intakes

Water intakes for municipaland industrial purposes exist at many locations along the
shore of the study areas. These intakes were typicallyconstructed to accommodate the historical
range of lake level fluctuations, but most were designedprior to knowledge of potential climate
change effects.

Along the Canadian side of Lake St. Clair there are five intakes (Griffiths, 1990), of which
four are located in about 2 m of water, at chart datum. The fifth intake is located in MitchellBay
at a depth of less than 1 m. An additionalfour intakes were identified along the American side of
the lake ftom a hydrographic chart. Three of these intakes are located in over 2 m of water, while
one is between 1 and 2 m of depth. It is not known what the minimumoperable water depths are
for each of the intakes, but the indicated depths over cribs at the ends of four of the intakes varies
from less than 1 to 2 m.

A monthly mean level of 1 m below chart datum would occur about once in three winters
on Lake St. Clair under the climate change scenario. It is likelythat at least some of the water
intakes would experience problemsat this lake level. A monthlymean level of 2 m below chart
datum would occur about once in 50 years, and this would likelycreate problems for almost all
intakes.

Temporary difficultiesin obtainingwater ftom intakes during storm conditionswould
occur more ftequently. Minimuminstantaneous levelsof 1.5 m below chart datum would occur
about once in five winters at St. Clair Shores and Belle River. It is likely that similaror lower
levels would occur in Anchor Bay, where two intakes are located.

There are seven active Canadianwater intakes along the Detroit River (Griffiths, 1990)
and two American intakes are indicated on the hydrographicchart. These intakes are generallyat
greater depths than those on Lake St. Clair, and are likelyto be less affected by decliningwater
levels.

Within the Lake Erie portion of the study area there are about 14 water intakes shown on
the hydrographic chart along the Americanshore. Two are located in less than 2 m of water,
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three are in over 5 m, and the remainder are in between. Depth above the intakes would be less
than these values.

Under the climate change scenario, a winter monthlymean level 1 m below chart datum
would occur about once in three years, and 2 m below chart datum would occur about once in
100 years. The shallower intakes would occasionallyexperience extended periods during which
they could not operate.

Many of these intakes could experiencetemporary interruptions during set down in the
western basin. An instantaneous level of 2 m below chart datum in this area during winter months
has a return period of about 2 years, and a level of 3 m below chart datum has a return period of
between 10 and 50 years.

Along the Canadian shoreline of this area there are three water intakes, all in between 2
and 5 m of water. These intakes would experienceproblems similarto those of the American
intakes. There is also one intake within the Inner Bay at Long Point. It is likelythat this intake
would trequently experience interruptions in supplyunder the climate change scenario.

At most locations it may be possible for water intake facilitiesto be modified by extension
of intakes to deeper waters in order to adapt to declininglevels. However, this may not be a
feasible alternative for water intakes on MitchellBay and Inner Bay.

In addition to impacts on availabilityof supply,the decline in levelswill likely affect the
properties of water. Water temperatures will be higher due to both an increase in air temperature
and shallower depths at the intakes. These two factors may also lead to an increase in levels of
undesirable contaminants such as bacteria and algae, and a decrease in dissolved oxygen.
Furthermore, the reduction in volume and surface area may reduce the lakes' abilityto assimilate
and dilute contaminants in the water.

In summary, many of the water intakes will experienceperiods when they cannot operate
due to reduced water depths, especiallyduring storm events. The loss of normal depths will
reduce their demand capacity. In addition, they may experience increased problems due to poor
water quality -increased temperatures and contaminants,and decreased dissolved oxygen.

Summary

In this study, the means and trequencies of water levels in Lake St. Clair, the Detroit
River, and western Lake Erie were determinedfor a changed climate resulting trom a doublingof
atmospheric carbon dioxide. Under this scenario, mean water levels of Lake S1.Clair would
declineby 1.6 m, and the mean level of Lake Erie would declineby 1.5 m.

This study has shown that a declinein water levelsof this magnitude would result in very
significantdecreases in water volume and surface area within the study areas. Water volumes
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would decrease by as much as 37% in Lake St. Clair and 20% in Erie, and surface areas would
decrease significantlyresulting in significantlosses of wetlands, freshwater estuaries and
embayments. For example,the surface oflnner Bay at Long Point would decrease by 32%.

Wetlands, marinas/recreationalboating, commercialnavigation, and public water supply
intakes would be adverselyimpacted by the declinein lake levels. Whileadaptation may be
possible at some locations, the cumulativeimpactswould be negative for each of these sectors.

There is a need for researchers to conduct more detailed analysesof impacts to these
sectors and to develop adaptive strategies that could assist people in planning for and minimizing
impacts.

Acknowledgements

This is GLERL contribution no. 985.

References

Adapting to the Impacts of Climate Change and Variability,1994. Great Lakes - St. Lawrence
Basin Project Newsletter, Issue 1, Winter 1994. Canada Centre for Inland Waters,
Burlington, Ontario, 4 pp.

Akaike, H., 1974. A new look at the statisticalmodel identification.IEEE Transactions on
Automatic Control, AC-19(6), 716-721.

Bolsenga, S.l, and C.E. Herdendorf (Editors), 1993. Lake Erie and Lake St. Clair Handbook.
Wayne State UniversityPress, Detroit, Michigan,467 pp.

Chow, K.C.A., D.H. Lee, and D. Fay, 1994.Hydrologic Impact of Regulation Scenarios on
Flood Risk Levels on the Great Lakes. In Effective Environmental Management for
Sustainable Development, Vol. 4, ed. K.W. Ripel and L. Fang. Kluwer Academic
Publishers, Dordrecht, The Netherlands, pp. 245-258.

Chow, K. C. A., and W. E. Watt, 1992. Use of Akaike informationcriterion for selection of
flood frequency distribution. CanadianJournal of CivilEngineering, 19(4),616-626.

Croley, T.E., II, 1991. CCC GeM 2xC02 HydrologicalImpacts on the Great Lakes. In
Climate, Climate Change, Water Level Forecasting and Frequency Analysis, Volume J -
Water Supply Scenarios, TaskGroup 2, Working Committee 3, Phase II, International
Joint CommissionLevels Reference Study, Great Lake EnvironmentalResearch
Laboratory, Ann Arbor, MI, 33 pp.

25



Great Lakes Basin Commission, 1976. Appendix 4, Limnologyof Lakes and Embayments, Great
Lakes Basin Framework Study. Great Lakes Basin Commission,Ann Arbor, MI, 441 pp.

Griffiths,M. (Editor), 1990. CanadianGreat Lakes Basin Intake-Outfall Atlas, Volume 4, St.
ClairlLake S1.ClairlDetroit River. Ontario Ministryof the Environment, Toronto,
Ontario, 31 pp.

International Lake Erie Regulation Study Board, 1981. Lake Erie Water Level Study, Appendix
F, EnvironmentalEffects, A Report to the International Joint Commission. International
Joint Commission,Washington, D.C. and Ottawa, Ontario, Canada, 166 pp.

International Joint Commission, 1993. Methods of Alleviating the Adverse Consequences of
Fluctuating Water Levels in the Great Lakes-St. Lawrence River Basin, A Report to the
Governments of Canada and the United States. International Joint Commission,
Washington, D.C. and Ottawa, Ontario, Canada, 53 pp.

Jaworski, E. and C.M. Raphael, 1978. Fish, wildlife,and recreational values of Michigan's
coastal wetlands. MichiganDepartment of Natural Resources, Lansing, 209 pp.

Lee, D.H. (Editor), 1993. Basis of Comparison, Great Lakes-S1.Lawrence River System.NOAA
TechnicalMemorandum ERL-GLERL-79, Great Lakes Environmental Research
Laboratory, Ann Arbor, Michigan, 119 pp.

Levels Reference Study Board, 1993. Recreational Boating Work Group Report, A Report to the
Levels Reference Study Board by Working Committee3. International Joint
Commission, Washington, D.C. and Ottawa, Ontario, Canada, 160 pp.

Louie, P. Y. T., 1991. Proposed GCM Scenarios for the Phase 2 Study. In Proceedings of a
Symposium on Climate Scenarios, ed. M. Sanderson,The Water Network, University of
Waterloo, 12 June, pp. 67-78.

Nelson, lG., S. Jessen, and R.D. Needham, 1980. Introduction. Journal of Urban and
Environmental Affairs, 12(3),viii-xiv.

26



LZ

0I.)8U3JS3~U8q33J8wII3
yxIPu3ddy



MaximumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

28

-- --

_I-'...at-;

Return Period (years)
Location

2 5 10 50 100

Fairport, OR 173.24 173.54 173.67 173.88 173.97

Cleveland, OR 173.32 173.62 173.76 173.98 174.09

Marblehead, OR 173.46 173.76 173.90 174.12 174.21

Toledo, OR 173.81 174.16 174.33 174.67 174.84

Stony Point, MI 173.60 173.92 174.08 174.37 174.51

Gibraltar, MI 173.61 173.92 174.07 174.32 174.44

Wyandotte, MI 173.77 174.07 174.21 174.42 174.51

Fort Wayne, MI 173.82 174.13 174.26 174.46 174.54

WindmillPoint, MI 173.87 174.20 174.34 174.55 174.63

St. Clair Shores, MI 173.77 174.08 174.21 174.40 174.47

Erieau, ONT 173.21 173.51 173.64 173.87 174.00

Kingsville,ONT 173.43 173.73 173.87 174.10 174.21

Bar Point, ONT 173.42 173.74 173.88 174.12 174.22

Tecumseh, ONT 173.95 174.28 174.43 174.64 174.73

Belle River. ONT 173.97 174.30 174.45 174.67 174.77



Maximum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Summer

29

Return Period (years)
Location

2 5 10 50 100

Fairport, OR 173.28 173.55 173.66 173.81 173.87

Cleveland, OR 173.37 173.65 173.78 174.05 174.23

Marblehead, OR 173.38 173.66 173.78 173.96 174.05

Toledo, OR 173.81 174.16 174.33 174.67 174.84

Stony Point, MI 173.47 173.77 173.90 174.16 174.30

Gibraltar, MI 173.57 173.86 173.99 174.22 174.34

Wyandotte, MI 173.74 174.02 174.14 174.30 174.36

Fort Wayne, MI 173.81 174.09 174.21 174.37 174.43

WindmillPoint, MI 173.90 174.20 174.33 174.50 174.56

St. Clair Shores, MI 173.93 174.24 174.37 174.54 174.59

Erieau,ONT 173.24 173.51 173.62 173.77 173.83

Kingsville,ONT 173.40 173.67 173.79 173.97 174.06

Bar Point, ONT 173.43 173.73 173.88 174.17 174.32

Tecumseh,ONT 173.97 174.28 174.40 174.58 174.63

Belle River ONT 174.02 174.33 174.46 174.64 174.71



MaximumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Autumn

30

Return Period (years)
Location 2 5 10 50 100

Fairport, OR 173.24 173.51 173.62 173.78 173.85

Cleveland, OR 173.32 173.59 173.71 173.90 173.99

Marblehead, OR 173.37 173.65 173.77 173.98 174.09

Toledo, OR 173.58 173.88 174.03 174.32 174.47

Stony Point, MI 173.44 173.72 173.84 174.03 174.12

Gibraltar, MI 173.49 173.77 173.88 174.07 174.15

Wyandotte, MI 173.71 173.98 174.09 174.25 174.31

Fort Wavne, MI 173.78 174.06 174.18 174.34 174.40

WindmillPoint, MI 173.87 174.16 174.29 174.45 174.50

St. Clair Shores, MI 173.90 174.20 174.32 174.49 174.53

Erieau, ONT 173.19 173.46 173.57 173.73 173.80

Kingsville,ONT 173.37 173.65 173.78 174.00 174.10

Bar Point, ONT 173.35 173.63 173.76 173.95 174.03

Tecumseh,ONT 173.94 174.25 174.38 174.54 174.59

Belle River ONT 173.99 174.29 174.42 174.59 174.65



Maximum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Winter

31

Return Period (years)
Location

2 5 10 50 100

Fairport, OH 173.00 173.28 173.41 173.58 173.64

Cleveland, OH 173.08 173.38 173.50 173.71 173.80

Marblehead, OH 173.27 173.59 173.74 174.03 174.18

Toledo,OH 173.55 173.88 174.06 174.43 174.61

Stony Point, MI 173.39 173.71 173.86 174.17 174.33

Gibraltar, MI 173.40 173.71 173.85 174.10 174.22

Wyandotte, MI 173.67 173.97 174.11 174.34 174.45

Fort Wayne, MI 173.72 174.02 174.15 174.35 174.44

WindmillPoint, MI 173.74 174.05 174.18 174.38 174.46

St. Clair Shores, MI 173.77 174.08 174.21 174.40 174.47

Erieau, ONT 172.97 173.27 173.39 173.57 173.64

Kingsville,ONT 173.26 173.57 173.71 173.97 174.09

Bar Point, ONT 173.28 173.62 173.78 174.06 174.17

Tecumseh, ONT 173.83 174.15 174.29 174.48 174.55

Belle River ONT 173.83 174.15 174.29 174.51 174.60



MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

S .
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Return Period (years)
Location

2 5 10 50 100

Fairport, OH 172.58 172.26 172.05 171.59 171.40

Cleveland, OH 172.43 172.09 171.87 171.40 171.20

Marblehead, OH 172.14 171.77 171.54 171.07 170.85

Toledo,OH 171.64 171.13 170.82 170.14 169.81

Stony Point, MI 171.85 171.34 171.02 170.28 169.92

Gibraltar, MI 172.04 171.63 171.38 170.87 170.61

Wyandotte, MI 172.91 172.55 172.33 171.85 171.65

Fort Wayne, MI 173.04 172.69 172.46 171.99 171.78

WindmillPoint, MI 173.19 172.83 172.59 172.09 171.87

St. Clair Shores, MI 173.32 172.96 172.73 172.22 172.00

Erieau,ONT 172.46 172.13 171.92 171.46 171.26

Kingsville,ONT 172.07 171.66 171.41 170.91 170.65

Bar Point, ONT 172.01 171.61 171.38 170.90 170.67

Tecumseh,ONT 173.21 172.84 172.61 172.09 171.88

Belle River ONT 173.34 172.99 172.76 172.25 172.03



MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Summer

33

Return Period (years)
Location

2 5 10 50 100

Fairport, OH 172.85 172.55 172.35 171.92 171.74

Cleveland,OH 172.78 172.47 172.47 171.84 171.66

Marblehead, OH 172.68 172.37 172.17 171.73 171.54

Toledo, OR 172.39 172.04 171.83 171.38 171.18

Stony Point, MI 172.54 172.21 172.01 171.56 171.37

Gibraltar, MI 172.63 172.30 172.10 171.66 171.47

Wyandotte, MI 173.20 172.89 172.68 172.24 172.05

Fort Wayne,MI 173.34 173.02 172.81 172.36 172.17

WindmillPoint, MI 173.48 173.14 172.91 172.43 172.22

St. Clair Shores, MI 173.62 173.27 173.05 172.55 172.34

Erieau, ONT 172.82 172.51 172.32 171.88 171.70

Kingsville,ONT 172.62 172.30 172.10 171.66 171.48

Bar Point, ONT 172.60 172.27 172.06 171.61 171.42

Tecumseh,ONT 173.55 173.21 172.98 172.49 172.28

Belle River. ONT 173.60 173.25 173.02 172.53 172.32



Minimum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Autumn

34

Return Period (years)
Location

2 5 10 50 100

Fairoort, OR 172.55 172.25 172.05 171.61 171.42

Cleveland, OR 172.44 172.13 171.93 171.48 171.30

Marblehead, OR 172.22 171.88 171.66 171.21 171.02

Toledo, OR 171.90 171.49 171.24 170.74 170.48

Stonv Point, MI 172.01 171.62 171.38 170.90 170.66

Gibraltar, MI 172.18 171.84 171.62 171.17 170.97

Wyandotte, MI 172.91 172.59 172.38 171.94 171.75

Fort Wavne, MI 173.12 172.81 172.61 172.16 171.97

WindmillPoint, MI 173.32 172.99 172.76 172.28 172.07

St. Clair Shores, MI 173.46 173.12 172.90 172.40 172.19

Erieau, ONT 172.45 172.13 171.93 171.49 171.30

Kingsville, ONT 172.18 171.83 171.61 171.16 170.96

Bar Point, ONT 172.20 171.82 171.60 171.13 170.90

Tecumseh, ONT 173.39 173.04 172.81 172.31 172.10

Belle River. ONT 173.44 173.10 172.87 172.37 172.16
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MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Winter

35

Return Period (years)
Location

2 5 10 50 100

Fairport, OR 172.41 172.08 171.87 171.42 171.22

Cleveland, OR '172.21 171.87 171.65 171.19 170.99

Marblehead, OR 171.77 171.34 171.09 170.56 170.30

Toledo, OR 171.24 170.76 170.47 169.88 169.59

Stony Point, MI 171.40 171.00 170.77 170.28 170.05

Gibraltar, MI 171.75 171.40 171.18 170.71 170.50

Wyandotte, MI 172.71 172.38 172.17 171.71 171.52

Fort Wayne, MI 172.90 172.56 172.35 171.88 171.69

WindmillPoint, MI 173.11 172.75 172.52 172.01 171.80

St. Clair Shores, MI 173.27 172.91 172.68 172.17 171.95

Erieau, ONT 172.21 171.87 171.65 171.19 170.99

Kingsville,ONT 171.72 171.37 171.15 170.68 170.47

Bar Point, ONT 171.77 171.36 171.12 170.63 170.40

Tecumseh,ONT 173.13 172.76 172.52 172.00 171.78

Belle River. ONT 173.28 172.92 172.69 172.17 171.96
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MaximumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence
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Return Period (years)
Location 2 5 10 50 100

Fairport, OH 174.71 175.01 175.16 175.44 175.55

Cleveland, OH 174.78 175.09 175.25 175.53 175.65

Marblehead, OH 174.93 175.23 175.39 175.67 175.76

Toledo,OH 175.29 175.64 175.83 176.19 176.37

Stony Point, MI 175.07 175.40 175.57 175.9 176.05

Gibraltar, MI 175.08 175.4 175.56 175.86 176

Wyandotte, MI 175.22 175.52 175.67 175.95 176.06

Fort Wayne,MI 175.29 175.58 175.72 175.93 176.01

WindmillPoint, MI 175.45 175.76 175.9 176.11 176.19

St. Clair Shores, MI 175.48 175.79 175.93 176.13 176.2

Erieau,ONT 174.70 175.00 175.14 175.36 175.50

Kingsville,ONT

Bar Point, ONT

Tecumseh, ONT

Belle River. ONT 175.55 175.85 176.00 176.21 176.31



Maximum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Summer

38
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Return Period (years)
Location

2 5 10 50 100

Fairport, OR 174.76 175.01 175.12 175.26 175.31

Cleveland, OR 174.84 175.11 175.23 175.5 175.68

Marblehead, OR 174.85 175.12 175.23 175.41 175.5

Toledo, OR 175.08 175.37 175.52 175.82 175.97

Stony Point, MI 174.95 175.23 175.36 175.62 175.75

Gibraltar, MI 175.04 175.32 175.44 175.67 175.78

Wyandotte, MI 175.20 175.45 175.56 175.71 175.77

Fort Wayne, MI 175.27 175.53 175.64 175.79 175.84

WindmillPoint, MI 175.47 175.75 175.87 176.03 176.09

S1.Clair Shores, MI 175.52 175.8 175.92 176.07 176.13

Erieau, ONT 174.72 174.97 175.08 175.22 175.27

Kingsville,ONT

Bar Point, ONT

Tecumseh, ONT

Belle River ONT 175.59 175.87 175.99 176.16 176.22



Maximum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Autumn

39

Return Period (years)
Location

2 5 10 50 100

Fairport, OH 174.67 174.92 175.03 175.18 175.24

Cleveland, OH 174.75 175.01 175.12 175.30 175.39

Marblehead, OH 174.80 175.06 175.18 175.39 175.49

Toledo,OH 175.02 175.30 175.44 175.73 175.88

Stony Point, MI 174.88 175.14 175.25 175.43 175.52

Gibraltar, MI 174.93 175.19 175.29 175.47 175.55

Wyandotte, MI 175.12 175.37 175.47 175.61 175.66

Fort Wayne, MI 175.2 175.46 175.56 175.71 175.77

WindmillPoint, MI 175.41 175.69 175.81 175.96 176.01

St. Clair Shores, MI 175.45 175.73 175.85 176.01 176.05

Erieau, ONT 174.63 174.88 174.98 175.13 175.19

Kingsville,ONT

Bar Point, ONT

Tecumseh,ONT

Belle River. ONT 175.53 175.81 175.93 176.09 176.14
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Maximum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence

Winter

40

Return Period (years)
Location

2 5 10 50 100

Fairport, OH 174.48 174.77 174.92 175.19 175.28

Cleveland, OH 174.57 174.86 175.02 175.30 175.41

Marblehead, OH 174.76 175.08 175.26 175.58 175.74

Toledo, OH 175.04 175.39 175.58 175.96 176.15

Stony Point, MI 174.88 175.21 175.38 175.72 175.88

Gibraltar, MI 174.88 175.2 175.37 175.66 175.8

Wyandotte, MI 175.12 175.41 175.55 175.78 175.89

Fort Wayne, MI 175.18 175.47 175.60 175.80 175.89

WindmillPoint, MI 175.28 175.59 175.76 176.04 176.15

St. Clair Shores, MI 175.32 175.63 175.79 176.07 176.17

Erieau,ONT 174.47 174.76 174.91 175.18 175.28

Kingsville,ONT

Bar Point, ONT

Tecumseh,ONT

Belle River. ONT 175.37 175.69 175.86 176.15 176.26



Minimum Instantaneous Levels (m, IGLD 85): Frequency of Occurrence
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Return Period (years)
Location

2 5 10 50 100

Fairport, OR 173.96 173.66 173.50 173.22 173.12

Cleveland, OR 173.82 173.50 173.32 173.00 172.85

Marblehead, OR 173.53 173.18 172.99 172.63 172.46

Toledo, OR 173.04 172.56 172.27 171.59 171.27

Stony Point, MI 173.26 172.78 172.47 171.74 171.37

Gibraltar, MI 173.43 173.05 172.83 172.38

Wyandotte, MI 174.28 173.96 173.78 173.46 172.15

Fort Wayne, MI 174.42 174.10 173.94 173.63 173.30

WindmillPoint, MI 174.67 174.34 174.16 173.85 173.73

St. Clair Shores, MI 174.81 174.49 174.32 174.01 173.90

Erieau, ONT 173.85 173.54 173.37 173.08 172.96

Kinsville, ONT

Bar Point, ONT

Tecumseh,ONT

Belle River. ONT 174.82 174.50 174.33 174.03 173.92



MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Summer

42
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Return Period (years)
Location

2 5 10 50 100

Fairport, OH 174.30 174.01 173.82 173Al 173.24

Cleveland, OH 174.23 173.93 173.74 173.33 173.15

Marblehead, OH 174.13 173.83 173.64 173.22 173.04

Toledo,OH 173.84 173.50 173.30 172.87 172.67

Stony Point, MI 173.99 173.67 173047 173.05 172.87

Gibraltar, MI 174.08 173.77 173.57 173.15 172.97

Wyandotte, MI 174.64 174.35 174.16 173.75 173.58

Fort Wayne, MI 174.78 174.49 174.30 173.89 173.71

WindmillPoint, MI 175.04 174.72 174.52 174.06 173.87

St. Clair Shores, MI 175.18 174.87 174.66 174.21 174.02

Erieau, ONT 174.27 173.98 173.79 173.38 173.20

Kingsville, ONT

Bar Point, ONT

Tecumseh,ONT

Belle River. ONT 175.15 174.83 174.63 174.17 173.98



MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Autumn

43

Return Period (years)
Location 2 5 10 50 100

Fairport, OR 174.03 173.74 173.56 173.14 172.97

Cleveland, OR 173.92 173.62 173.43 173.02 172.84

Marblehead, OR 173.70 173.37 173.17 172.74 172.55

Toledo, OR 173.38 172.98 172.74 172.25 172.00

Stony Point, MI 173.48 173.11 172.88 172.42 172.18

Gibraltar, MI 173.66 173.33 173.12 172.70 172.51

Wyandotte, MI 174.34 174.04 173.85 173.45 173.28

Fort Wayne, MI 174.55 174.27 174.08 173.68 173.51

WindmillPoint, MI 174.87 174.56 174.36 173.91 173.72

St. Clair Shores, MI 175.01 174.70 174.50 174.05 173.86

Erieau,ONT 173.92 173.63 173.44 173.03 172.15

Kingsville,ONT

Bar Point, ONT

Tecumseh,ONT

Belle River ONT 174.98 174.67 174.46 174.01 173.82



MinimumInstantaneous Levels (m, IGLD 85): Frequency of Occurrence

Winter
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Return Period (years)
Location 2 5 10 50 100

Fairport, OH 173.86 173.56 173.40 173.12 173.01

Cleveland, OH 173.67 173.35 173.18 172.87 172.74

Marblehead, OH 173.24 172.84 172.61 172.13 171.89

Toledo, OH 172.72 172.26 171.99 171.42 171.16

Stony Point, MI 172.88 172.49 172.28 171.91 171.73

Gibraltar, MI 173.22 172.88 172.71 172.39 172.25

Wyandotte, MI 174.13 173.83 173.67 173.38 173.26

Fort Wayne, MI 174.31 174.00 173.84 173.56 173.43

WindmillPoint, MI 174.62 174.30 174.13 173.82 173.71

St. Clair Shores, MI 174.78 174.46 174.29 174.00 173.89

Erieau, ONT 173.67 173.35 173.18 172.88 172.75

KingsviIIe,ONT

Bar Point, ONT

Tecumseh, ONT

Belle River. ONT 174.78 174.46 174.29 173.98 173.88
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