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Abstract. Scenarios of water supplies reflecting CO2-induced climatic change are 
used to determine potential impacts on levels of the Laurentian Great Lakes and 
likely water management policy implications. The water supplies are based on 
conceptual models that link climate change scenarios from general circulation 
models to estimates of basin runoff, overlake precipitation, and lake evaporation. 
The water supply components are used in conjunction with operational regulation 
plans and hydraulic routing models of outlet and connecting channel flows to esti- 
mate water levels on Lakes Superior, Michigan, Huron, St. Clair, Erie, and 
Ontario. Three steady-state climate change scenarios, corresponding to modeling 
a doubting of atmospheric CO 2, are compared to a steady-state simulation ob- 
tained with historical data representing an unchanged atmosphere. One transient 
climate change scenario, representing a modeled transition from present condi- 
tions to doubled CO 2 concentrations, is compared to a transient simulation with 
historical data. The environmental, socioeconomic, and policy implications of the 
climate change effects modeled herein suggest that new paradigms in water man- 
agement will be required to address the prospective increased allocation conflicts 
between users of the Great Lakes. 

1. Introduction 

The Great Lakes comprise one of the world's major freshwater resources. Contain- 
ing approximately 23,000 km 3 of water, they represent about 20% of the world's 
fresh surface water. The lakes are also one of the most intensively used freshwater 
systems in the world, serving navigation, hydropower, irrigation~ water supl~ly, and 
recreation interests, while providing important fish and wildlife habitat. Present 
Great Lakes management strategies are largely based on net basin supplies, lake 
levels, and connecting channel flows experienced over the first 75 years of this cen- 
tury. Strategies based upon typical assumptions of climatic stationarity will likely 
prove inadequate if global warming due to increased atmospheric concentrations of 
CO2 and other gases occurs as expected (Changnon, 1987). Expensive projects 
with long lifetimes (e.g., control structures, navigation locks, hydropower produc- 
tion facilities, shore protection works) can especially benefit from consideration of 
potential climate change impacts, even though those impacts are highly uncertain. 

The U.S. Environmental Protection Agency (EPA), at the direction of the 
Congress, coordinated several regional studies ot~potential effects of a doubling of 
atmospheric CO2 (2 x COz) on various aspects of society, including agriculture, 
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forestry, and water resources (EPA, 1988). As part of that study, Croley (1990) 
assessed steady-state and transient changes in Great Lakes net basin supplies con- 
sequent with simulated atmospheric scenarios from three general circulation 
models. Cohen (1986) has highlighted the need to extend Great Lakes climate 
change impact analyses to lake-level changes and potential consequences for the 
regional economy and environment. Marchand et al. (1988) reported lake-level 
changes based on Cohen's 2 x CO 2 water supply estimates; however, the supply 
estimates represent only a single atmospheric scenario and have important limita- 
tions as discussed by Croley (1990). This paper uses the hydrologic changes 
developed by Croley to determine impacts on Great Lakes levels and flows, and 
environmental, socioeconomic, and policy implications of the resulting changes in 
the Great Lakes system. 

1.1. The Physical System 

The Great Lakes system extends over 3200 km from the western edge of Lake 
Superior to the Moses-Saunders Power Dam on the St. Lawrence River. Over this 
distance, the water surface drops in a cascade from 182 m to sea level. The most 
upstream, largest, and deepest lake is Lake Superior. Lake Superior outflows are 
controlled according to Plan 1977, under the auspices of the International Joint 
Commission (IJC). The lake has two interbasin diversions of water into the system 
from the Hudson Bay basin: the Ogoki and Long Lac diversions. Lake Superior 
waters flow through the lock and compensating works at Sault Ste. Marie, Michigan 
and down the St. Marys River into Lake Huron where it is joined by water flowing 
from Lake Michigan. 

Lakes Michigan and Huron are considered to be one lake hydraulically because 
of their connection through the deep Straits of Mackinac. The second interbasin 
diversion takes place from Lake Michigan at Chicago, Illinois. Here water is di- 
verted from the Great Lakes to the Mississippi River basin. The water from Lake 
Huron flows through the St. Clair River, Lake St. Clair, and Detroit River system 
into Lake Erie. The drop in water surface between Lakes Michigan-Huron and 
Erie is only about 2.4 m. This results in a large backwater effect between Lakes 
Erie, St. Clair, and Michigan-Huron; changes in Lakes St. Clair and Erie levels are 
transmitted upstream to Lakes Michigan and Huron. 

From Lake Erie the flow continues through the Niagara River and Welland 
Canal diversion into Lake Ontario. The 52 m drop over Niagara Falls precludes 
changes in Lake Ontario from being transmitted to the upstream lakes. The 
Welland Canal diversion is an intrabasin diversion bypassing Niagara Falls and is 
used for navigation and hydropower production. There is also a small diversion 
into the New York State Barge Canal system (too small to have a measurable effect 
on lake levels) which is ultimately discharged into Lake Ontario. Lake Ontario out- 
flows are controlled in accordance with Plan 1958-D, also under the auspices of 
the IJC. From Lake Ontario, the water flows through the St. Lawrence River to the 
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Gulf of St. Lawrence and the Atlantic Ocean, passing through an important harbor 
at Montreal, Quebec. 

The hydrologic cycle of the Great Lakes basin determines the lake levels. Net 
basin supplies typically reach a maximum in the late spring and a minimum in late 
fall. The imbalance between total water supplies (net basin supplies and inflows 
from any upstream lake) and outflows from a lake results in rising or falling levels. 
There are three primary types of fluctuations of Great Lakes levels: annual, season- 
al, and short-term variations due to wind setup and storm surge. Annual fluctua- 
tions result in most of the variability leading to record high or low lake levels. There 
is an overall range of about 1.8 m in the annual levels. Superimposed on the annuhl 
levels are seasonal cycles, which range from about 0.38 m on Lake Ontario to 
about 0.30 m on Lake Michigan-Huron. In general, seasonal cycles have a mini- 
mum in the winter, usually January or February. The levels then rise due to in- 
creasing net basin supplies from snowmelt and spring precipitation until they reach 
a maximum in June for the smaller lakes (e.g., Erie and Ontario) or in September in 
the case of Lake Superior. The lakes begin their seasonal declines in the late 
summer and fall. The final type of fluctuation, storm surge or wind setup, is rela- 
tively short-lived, lasting only several hours. While sometimes large (Lake Erie has 
experienced differences between levels on the eastern and western ends of the lake 
as large as 4.9 m), they are too transitory to be considered by the model applica- 
tions herein and are not discussed further. 

1.2. Study Approach 

The Great Lakes Environmental Research Laboratory (GLERL) received three 
2 x CO 2 scenarios from the EPA expressed as ratios of 'future' to 'present' meteo- 
rology. They were obtained from three different general circulation models 
(GCMs) from the Goddard Institute for Space Studies, the Geophysical Fluid 
Dynamics Laboratory, and Oregon State University (referred to as the GISS, 
GFDL, and OSU scenarios, respectively). Croley (1990) applied these ratios to 30- 
year historic data sets for air temperatures, precipitation, humidity, wind speed, 
and cloud cover to estimate sequences of atmospheric conditions associated with a 
changed climate. He then used conceptual models to simulate runoff from the 121 
subbasins draining into the Great Lakes, overlake precipitation into each lake, and 
evaporation from each lake. Each of the net basin supply components was modeled 
separately and then combined to estimate supplies to Lakes Superior, Michigan, 
Huron, St. Clair, Erie, and Ontario. These climate change scenarios were compared 
to a 'base case scenario' derived using the same models but with unmodified his- 
toric data sets. 

To determine the impacts of changed net basin supplies on levels and flows 
throughout the entire Great Lakes system, operational regulation plans for Lakes 
Superior and Ontario were integrated with a hydraulic routing model for the un- 
regulated lakes. The integrated models enabled a comparison between simulations 
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based on changed net basin supplies (representing changed climates) and simula- 
tions based on net basin supplies derived from historic meteorology (representing 
an unchanged climate). For the steady-state scenarios, lake level simulations were 
repeated with initial lake levels set equal to their averages over the 30-year simula- 
tion until they were unchanging. For the transient-state scenario, initial lake levels 
were set to those actually occurring on 1 January, 1981. 

Based on resulting changes in lake levels, qualitative impact scenarios are devel- 
oped for various economic and environmental scenarios following Cohen's frame- 
work (1986). Croley (1990) discusses several assumptions and limitations inherent 
in his modeling of net basin supplies, including unchanged solar insolation, 
unchanged over-water and over-land atmospheric relationships, and averaging all 
meteorologic variables in the same manner. The approach used herein and by 
Croley does not enable consideration of changes in interannual variability or 
altered frequencies of extreme events. Thus, while this paper provides an idea of 
the general nature and direction of potential climate change impacts, it does not 
address how new extremes or frequencies of droughts, floods, heat spells, or cold 
snaps may affect the lakes and their use. 

2. System Models 

2.2. Lake Superior Regulation 

Lake Superior outflows are determined by using Plan 1977 as implemented for 
simulation studies (International Lake Superior Board of Control, 1981, 1982), 
with modifications (discussed subsequently). Plan 1977 was designed to balance 
the levels of Lakes Superior and Michigan-Huron relative to their long-term aver- 
age levels while considering their normal variability. It requires net basin supply 
estimates and initial water levels for Lakes Superior, Michigan-Huron, St. Clair, 
and Erie. For each month during May through November, the Lake Superior out- 
flow structure gates are opened to the average setting required over the remainder 
of the period through November. Regulation over December through April is 
accomplished by setting the gate opening to the average required over the 5-month 
period and leaving it unchanged throughout. 

For this study, a constant Long Lac diversion of 40 m 3 s -1 is added to the net 
basin supplies each month for all scenarios. The Ogoki diversion, which averages 
about 119 m 3 s -1, is implicitly included in the net basin supplies to Lake Superior; 
the diversion comprises part of the gaged river flows into Lake Superior and thus is 
included in the modeled basin runoff. In addition, net basin supplies are reduced by 
7 m 3 s -1 for all scenarios to reflect present consumptive water use estimates 
(International Great Lakes Diversions and Consumptive Uses Study Board, 1981). 
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2.3. Hydraulic Routing 

Plan 1977 requires a hydraulic routing model for the connecting channels to deter- 
mine projected water levels for Lake Michigan-Huron, which then affect the 
control of Lake Superior outflows. The routing model must consider net basin 
supplies, diversions, St. Marys River flows, and ice retardation of flows in the deter- 
mination of water levels on Lakes Michigan-Huron, St. Clair, and Erie, and flows 
through the St. Clair, Detroit, and Niagara Rivers. Plan 1977 uses an iterative 
approach in level-pool routing to solve a series of stage-fall-discharge equations for 
each of the connecting channels and continuity for each lake. However, GLERL's 
Hydrologic Response Model (HRM) (Quinn, i978; Hartmann, 1988), which uses 
the same reservoir routing concepts, uses discharge equations that better reflect 
present channel conditions, more appropriately relates lake storage changes to lake 
level fluctuations, and considers consumptive use rates (Hartmann, 1987). The 
HRM also uses a second-order finite-difference solution technique requiring 50 
times fewer computations, offering significant advantages for studies requiring 
many simulations or for implementation on small computers. Hence, the hydraulic 
routing component of Plan 1977 used herein is the HRM. 

The HRM was calibrated to determine discharge parameters that minimize 
errors between modeled and actual monthly lake levels over the calibration period, 
1962-1980 (Hartmann, 1988). For this study, the HRM is updated to include a 
Niagara River discharge equation that reflects the changed flow regime resulting 
from landfills in the upper reaches of the channel that were completed in early 
1973; the new equation is based on measured flows over 1974-1986 (Quinn, 
1988). Table I shows statistics on use of the HRM over 1962-1980 using the new 
Niagara River equation. Although the updated HRM is thus strictly applicable only 
after the landfills, Table I shows that the model adequately simulates conditions in 
the unregulated portion of the Great Lakes even for earlier periods. The compara- 
tively large modeled Niagara River flow errors reflect, in part, widely recognized 
uncertainties in 'actual' flow estimates of the same order of magnitude as the 

TABLE I: Hydrologic response model application statistics, 1962-1980 

Mean Mean Std. dev. Std. dev. Root mean 
monthly monthly actual model square error 
actual model 

Levels (m) 
Lake Michigan-Huron 176 34 176.35 0.43 0.44 0.02 
Lake St. Clair 174.94 174.97 0.40 0.36 0.07 
Lake Erie 174.06 174.10 0.37 0.34 0.05 

Flows (m 3 s -l) 
St. Clair River 5388 5383 640 640 62 
Detroit River 5522 5531 630 639 73 
Niagara River 5938 6020 774 767 151 
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modeling error of Table I (F. H. Quinn, GLERL, personal communication, 1988). 
Application of the HRM for the present study requires several assumptions con- 

cerning diversions, consumptive use rates, and the ice retardation of flows in the 
connecting channels. Constant diversion rates of 91 and 261 m 3 s -1 are used for the 
Chicago and Welland Canal diversions respectively. Consumptive use rates of 56 
and 62 m 3 s -1 are used for Lakes Michigan-Huron and Erie respectively (Inter- 
national Great Lakes Diversions and Consumptive Uses Study Board, 1981); no 
such estimates exist for Lake St. Clair. Long-term average rates of ice retardation of 
flows over 1937-1981 are used for the St. Clair and Detroit Rivers; estimates of ice 
effects on flows through those channels are not available for other periods. 
Although the climate change scenarios indicate that ice cover on the lakes will like- 
ly be significantly reduced, prospects still remain for ice retardation of flows in the 
connecting channels (Assel, 1988). No ice retardation is considered for the Niagara 
River, since the ice boom effectively eliminates ice jams on that river. 

2.4. Lake Ontario Regulation 

Lake Ontario levels and outflows are determined using Plan 1958-D (International 
St. Lawrence River Board of Control, 1963). The plan attempts to satisfy many, 
often conflicting, interests including riparian, hydropower, and shipping concerns 
both upstream and downstream of the lake outlet. Plan 1958-D first derives a basic 
regulated outflow, then applies a seasonal adjustment, and finally modifies the 
flows to comply with minimum and maximum outflow limitations. Simulations de- 
scribed herein use a consumptive use rate from the lake of 15 m 3 s -1 (International 
Great Lakes Diversions and Consumptive Uses Study Board, 1981). 

Plan 1958-D was designed to accommodate extended periods of above average 
water supplies, but it also allows for discretionary authority (i.e., ad hoc regulation) 
during extreme conditions. During the high water supply conditions of 1985 and 
1986, discretionary authority was credited with reducing levels on Lake Ontario by 
0.76 m, preventing record high lake levels (U.S. Army Corps of Engineers, 1987). 
Suitability of the plan for extended low water supplies is less certain; such condi- 
tions have not been experienced since the plan was developed. 

2.5. Model Appficability 

It is difficult to assess the applicability of the integrated models by comparing simu- 
lated and historical levels and flows over an extended period. The Great Lakes 
system has a long history of human manipulation, including dredging of the St. 
Clair and Detroit Rivers for mining gravel and improving navigation channels, 
landfilling and hydropower operations in the Niagara River channel, and the regu- 
lation of Lakes Superior and Ontario under a variety of regulation plans. Addi- 
tionally, Lakes Superior and Ontario have each experienced discretionary regula- 
tion during extreme water supply conditions. Thus, any evaluation of the integrated 
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Mean Mean Std. dev. Root mean 
monthly monthly actual square error 
actual model 

Corr. 

Levels (m) 
Lake Superior 183.12 183.14 0.14 0.08 0.84 
Lake Michigan-Huron a 176.63 176.54 0.24 0.15 0.87 
Lake St. Clair 175.24 175.11 0.21 0.17 0.85 
Lake Erie 174.33 174.18 0.23 0.19 0.89 
Lake Ontario 74.78 74.72 0.28 0.12 0.94 

Flows (m 3 s -1) 
St. Marys River 2217 2256 403 507 0.49 
St. Clair River 5743 5680 494 238 0.89 
Detroit River 5904 5878 468 225 0.88 
Niagara River 6761 6414 460 426 0.85 
St. Lawrence River 8091 7735 833 535 0.88 

a Historical Lake Michigan-Huron levels are arithmetic averages of Lake Michigan mad Lake Huron 
levels. 

models is limited to only the recent past. Table II provides statistics on levels and 
flows over 1973-1980 and suggests that the integrated models adequately repre- 
sent the Great Lakes system. Some of the differences shown by Table II directly 
reflect errors in modeling net basin supplies that are discussed by Croley (1989). 
Other differences result from the use of constant, rather than actual, diversion rates 
and uncertainties in Niagara River flows discussed previously. In addition, the low 
correlation between historical and modeled St. Marys River flows reflects that Lake 
Superior has been regulated under Plan 1977 only since October 1979; the 
previous regulation plan did not consider Lake Micffigan-Huron levels. 

3. Lake Level Impacts 

3.1. Steady-State Scenarios 

Steady-state behaviors of the net basin supplies, lake inflows (inflows from the 
immediate upstream lake through the connecting channel), lake outflows, and lake 
levels are exemplified by Figure 1 for the Lake Erie basin for the GISS and base 
case comparisons. Table III summarizes impacts for all lakes and all climate change 
scenarios. Each scenario assumes unchanging diversions and consumptive uses, 
and the GISS andOSU scenarios assume no changes in Lake Superior regulation 
operations. For all lakes except Lake Superior (which has no upstream lake), con- 
necting channel inflows and outflows comprise a large part of the water budget and 
drops in inflows are accompanied by even larger drops in outflows. However, 
reductions in outflows only partly offset the combined drops in connecting channel 
inflows and net basin supplies. For example, Table III shows that Lake Erie's aver- 
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Fig. 1. Steady-state GISS Lake Erie lake level model outputs. 

age GISS steady-state inflow minus its outflow rises 656 mm (compared to the 
drop in net basin supplies of 671 mm) while lake levels drop about 1.16 m. 

Some of the planned results were not obtainable because of failure of the regula- 
tion plans under the climate change scenarios. As earlier climate change and con- 
sumptive use studies by others have found, the Lake Ontario regulation plan's 
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mathematical algorithms behave erratically under extreme low water supply condi- 
tions that are insufficient to maintain both Lake Ontario levels and St. Lawrence 
River flows within the ranges specified by the regulation rules (E H. Quinn, 
GLERL, personal communication, 1988; C. Southam, Environment Canada, per- 
sonal communication, 1988). Under these conditions, Plan 1958-D typically 
attempts to maintain Lake Ontario levels by requiring negative outflows, an impos- 
sibility. No attempt was made to determine what Lake Ontario levels might be for 
the three scenarios; the lake's small size relative to the other lakes (enabling a 
greater degree of control of levels) and its lack of influence on the upper lakes 
means that a wide range of alternative regulation strategies are possible, including 
storing and releasing water over periods extending beyond the annual cycle. 

The GFDL scenario produced such low water supplies to Lakes Superior and 
Michigan-Huron that the rule curves of the Lake Superior regulation plan failed as 
well. Within Plan 1977, the balancing equation becomes mathematically 
meaningless when Lake Superior's levels fall too low. To assess possible system 
behavior under the GFDL scenario, an alternative regulation strategy was 
assumed, one which essentially reflects historical operations by precluding long- 
term storage of net-basin supplies or mining of the lake's water. Thus, for the 
GFDL scenario, Lake Superior outflows were taken equal to Lake Superior net 
supplies and other inputs (e.g., Long Lac diversions) on an annual basis. This is 
suitable for long periods (actual Lake Superior net basin supplies plus diversions 
differ from the St. Marys River outflows by less than 1% over 1951-80) and, for 
the 30-year period used herein, gives an estimation of long-term differences in lake 
levels for the downstream lakes. 

The lake levels drop more under the GFDL and GISS scenarios than under the 
OSU scenario because of their much larger decreases in net basin supplies to all 
lakes but Superior than is observed under the OSU scenario. Lake Superior drops 
more under the OSU scenario due to larger decreases in net basin supplies than in 
the GISS scenario, as discussed by Croley (1990). GFDL has smaller drops in net 
basin supplies than GISS for Lakes Huron, St. Clair, Erie, and Ontario yet larger 
drops in the water levels on these lakes because of its larger drop in net basin 
supplies to Lakes Superior and Michigan which affect inflows to lower lakes and 
offset the reduced drops in net basin supplies there. Because the GISS scenario 
shows larger drops in net basin supplies on the remaining downstream lakes than 
the GFDL and OSU scenarios, the drops in lake levels in Table III under the three 
scenarios approach each other somewhat on the downstream lakes. The lake levels 
drop 40 to 130 cm for the GISS scenario, 190 to 250 cm for the GFDL scenario, 
and 50 to 100 cm for the OSU scenario. 

3.2. Transient-State Scenarios 

One transient scenario was supplied by EPA and used with the integrated models, 
representing the transition from the present climate to near the 2 x CO 2 climate 
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T A B L E  III: Average annual  steady-state net  bas in  supply, flows, and  lake level differences 

Net  bas in  supply a (mm) c Inflow ' (mm)~ 

Lake  GISS G F D L  O S U  GISS G F D L  O S U  

Superior - 1 6  - 4 7 9  - 1 6 3  - - - 
Mich igan-Huron  - 3 9 9  - 4 4 1  - 2 1 0  - 1 0  - - 1 1 3  
St. Clair d - 2 2 1 9  - 1 2 5 2  - 1 1 0 2  - 4 0 6 2 8  - - 3 2 8 9 2  
Erie  - 6 7 1  - 5 4 0  - 3 3 1  - 1 8 5 7  - - 1 4 7 3  
Ontar io  - 8 4 4  - 5 6 4  - 2 1 0  - 3 4 0 7  - - 2 4 3 2  

Lake  outflow (ram) c Lake  level (m) 

Lake  GISS G F D L  O S U  GISS G F D L  O S U  

Superior - 1 4  - - 1 6 2  - 0 . 4 6  - - 0 . 4 7  
Mich igan-Huron  - 3 8 6  - - 3 1 2  -1 .31  -2 .48  - 0 . 9 9  
St. Clmr  a - 4 2 8 3 1  - - 3 3 9 8 0  -1 .21  - 2 . 1 2  -0 .87  
Erie  - 2 5 1 3  - - 1 7 9 4  -1 .16  -1 .91  - 0 . 7 9  
Ontar io  . . . . . .  

a Adap ted  f rom Croley (1990). 
b Inflows f rom the immedia te  ups t r eam lake through the connect ing channel .  Note  Lake  Superior has  
no  ups t r eam lake and thus no inflow in this table. 
c Expressed  as a depth  over  the  lake. 
d Lake  St. Clair inflows and outflows are relatively large since it is such a small  lake. 

during the period 1981-2060. Beginning with actual lake levels on 1 January 1988, 
the 80-year sequences of net basin supplies derived by Croley (1990) were used 
with the system model to determine lake level impacts. As Croley (1990) points 
out, there are serious difficulties in analyzing transient impacts of climate change 
with short historical data sets. The differencing approach described by Croley is 
used herein as well to give an idea of trends in climate change impacts that elimi- 
nate the effect of repetitive natural climate variations that otherwise would domi- 
nate the scenario comparisons. 

Table IV shows that net basin supplies are highly variable but generally drop on 
all lakes except Superior. These changes in net basin supplies are reflected in 
changes in outflows and lake levels. The increased net basin supplies to Lake 
Superior are more than offset by increases in outflows which result in a small de- 
cline in Lake Superior levels of about 13 mm/decade. This is a consequence of the 
Lake Superior regulation plan which endeavors to balance water levels on Lakes 
Superior, Michigan, and Huron about their long-term mean values. The associated 
rise in the combined Michigan and Huron inflows (Lake Superior outflows) allows 
their annual outflows in Table IV to drop only 31 mm/decade; their combined net 
basin supplies drop more causing lake levels to fall about 59 mm/decade. On the 
other lakes, there are drops in net basin supplies, outflows, and lake levels; Lake St. 
Clair drops about 64 ram/decade, while Lake Erie drops about 66 ram/decade, 
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TABLE IV: GISS transient changes summary (mm/decade) a 

Lake Annual net Annual net Lake 
basin supply outflow level 

Superior +17 +20 -13 
MicNgan-Huron -34  -31 -59  
St. Clair -245 -241 -64  
Erie -75  -70  -66  
Ontario -75 - 5 7  b --93 b 

a Expressed as a depth over the lake. 
b Computed over the first 7 decades since the Ontario regulation plan 
fails in the eighth. 

59 

and Lake Ontario drops about 93 mm/decade. Only the first seven decades were 
used in computing the average decadal difference in outflows and lake levels for 
Lake Ontario since the regulation plan failed (as in the steady-state scenarios) in 
the eighth decade. Note that while there are similar patterns in the behavior of the 
lake levels between this transient analysis and the GISS steady-state analysis (see 
Table III), the magnitudes of the drops aie dissimilar (while of the same general 
order of magnitude). 

4. Implications of Results 

Climate change has the potential to alter many traditional activities in the Great 
Lakes region. Although changes in lake levels have major implications for Great 
Lakes users, altered precipitation, evaporation, and runoff patterns, presented by 
Croley (1990), will be important as well. Potential consequences of the altered 
hydrometeorologic patterns reported by Croley are discussed herein in addition to 
the implications of lake level impacts. Although environmental and socioeconomic 
consequences are addressed separately, these concerns are often intimately inter- 
twined, since a healthy ecosystem is vital for the social or economic wellbeing of a 
number of interests (e.g., riparian, commercial fishing, recreation, commercial 
interests) and some issues (e.g., disposal of toxic dredge spoil) combine environ- 
mental, social, and economic dimensions. 

4.1. Environmental Implications 

Lowering of Great Lakes levels could dramatically affect the Great Lakes' ecosys- 
tem production through dependence on the consistent availability of marshes and 
wetlands that serve as breeding and nursery areas for fish and wildlife. Even a 20 
cm lowering of Lake Michigan-Huron levels could affect 64% of all Great Lakes 
wetlands in the U.S. (Malmy, 1984). Although confined wetlands may be especially 
vulnerable to disruption from lake level declines (Wall, 1988) even open shoreline 
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wetland extents could be permanently reduced due to their direct lake level depen- 
dence, unsuitable offshore substrates, and steep offshore drop offs, combined with 
a resulting reduction in seeds and rhizomes for colonization (Manny, 1984). On the 
other hand, the total areas of different wetland types may remain nearly unchanged 
if water levels drop so slowly that the shoreline can adapt (Meisner et  al., 1987). 
Decreased wetland extents could significantly reduce Great Lakes fisheries pro- 
duction, even in deeper waters; over half of all Great Lakes fish species use wet- 
lands for spawning and nursery habitat (Goodyear et al., 1982). 

Increased water temperatures may result in substantial changes in the Great 
Lakes ecosystem. With water temperatures remaining above 4 "C throughout the 
year, buoyancy-induced turnovers in the fall and spring may not occur. Without 
turnover, hypolimnion chemistry may be altered; oxygen may be depleted, releasing 
nutrients and metals from lake sediments. On the other hand, the lakes may 
experience single winter turnovers (routinely or sporadically) even with water tem- 
peratures above 4 ~ if temperature gradients are small and winds are strong 
enough to induce turbulent mixing (Hutchinson, 1957). Meisner et  al. (1987) pro- 
vide an initial assessment of the potential impacts of increased water temperatures 
on Great Lakes fishes (potential changes in the lakes' turnover regimes are not con- 
sidered). Among their general expectations are northward shifts in the geographical 
distribution of warm and cold water species, changes in relative abundance of 
species within fish communities, and changes in yields of different species. Table V 
summarizes some of these anticipated impacts. 

TABLE V: Anticipated impacts of increased water temperatures on selected Great Lakes basin fishes a 

Species Impacts 

smallmouth bass 
largemouth bass 
bigmouth buffalo 

lake trout 
lake whitefish 

brook trout 

whitefish 
yellow perch (south) 
walleye (south) 

alewife 
yellow perch (north) 
walleye (north) 

lake whitefish 
northern pike 
walleye 

- northward extension of range 

- northward contraction of range 

- contraction of range to stream head waters 
- reduced populations due to competition with other trout for re- 

maining habitat 

- decreased populations due to increased egg and larval mortality or 
inhibited reproduction 

- increased populations due to increased reproduction and reduced 
mortality 

- decreased sustainable yield 

a From Meisner et aL (1987). 
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4.2. Socioeconomic Implications 

Power Production 
The waters of the Great Lakes are extensively used for hydropower production. 
Facilities range from low-head plants on the St. Marys River to high-head facilities 
in the Niagara and St. Lawrence Rivers. A climatic warming would result in de- 
creased flows and water-surface elevations which would contribute to lower hydro- 
power production. Record low levels and flows in the 1960s, while less severe than 
the climate change scenarios, resulted in hydropower production losses of 19-26% 
on the Niagara and St. Lawrence Rivers (Allsop et al., 1981). Such losses could be 
especially important since hydropower is inexpensive and nonpolluting when com- 
pared to the primary alternatives, fossil fuel or nuclear power facilities. Coal-fired 
power plants additionally require the economic efficiencies provided by water- 
borne transportation of coal; with lower water levels, higher transportation costs 
would directly affect power production costs. 

The full impact of climate change on power production interests depends not 
only on the water supplies available for hydropower, cooling, or transportation, but 
on the changes in peak power demands that result from the increased air tempera- 
tures. In much of the U.S. portion of the Great Lakes basin, peak power demands 
occur in the summertime for cooling (R. Crissman, New York Power Authority, 
personal communication, 1988); climatic warming could increase peak power 
demands, making the loss of hydropower production even more critical. On the 
other hand, climatic warming may substantially reduce the peak power demands 
for winter heating that occur in Canada, making replacement of hydropower facili- 
ties nonproblematic (J. Eaton, Ontario Hydro, personal communication, 1988). 
Impacts on peak power demands are difficult to predict since they are so closely 
tied to population levels, and continued growth in the use of air conditioners in 
Canada could raise summer peak demands above winter levels. 

Navigation 
The Great Lakes/St. Lawrence Seaway is a major freshwater transportation system. 
This system depends upon adequate depths in the connecting channels and harbors 
to function at full capacity. During conditions of low levels, more trips must be 
made to move the same amount of cargo; this increases shipping costs and the 
increased traffic could cause backups at recognized bottlenecks in the system (e.g., 
Welland Canal). On the other hand, a decreased ice season could lead to an exten- 
sion of the current navigation season, contributing to better vessel utilization and a 
decrease in stockpiling. Any impacts on the shipping industry will have direct 
effects on industries that depend upon the Great Lakes for transport of production 
inputs or final products (e.g., iron, steel, grain). 

Shipping interests suggest that industry contraction in the 1960s was related to 
the record low water levels of that period (Marchand et al., 1988). Under the 
climate change scenarios, those low levels will be typical. Climate change impacts 
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on the shipping industry could be made even more severe if the trend towards 
increased vessel size continues; for dense cargos (e.g., iron ore) those ships' capaci- 
ties are extremely sensitive to changes in draft. Decreased channel depths will likely 
require extensive dredging in both the connecting channels and harbors to maintain 
present shipping capabilities. However, many important channels and harbors 
throughout the Great Lakes system (including 41 of the 42 Areas of Concern iden- 
tified by the IJC) have severe sediment contamination problems, generally related 
to heavy metals or toxic chemicals. In these areas, adaptation to lower levels via 
dredging will be constrained by government regulations and high costs related to 
disposal of the contaminated dredge spoil. 

Industrial Operations 
Industrial interests typically use the Great Lakes as part of the production process 
(e.g., water supply, waste disposal) and/or as a mode of transportation for inputs or 
products. These interests include companies involved in a wide range of activities, 
including grain shipment, food processing, pulp and paper processing, petroleum 
refining, organic chemicals and synthetics, inorganic chemicals, industrial minerals, 
metal mining and refining, iron and steel production, metal casting, metal plating, 
and plastics fabrication. Thus, lowered Great Lakes levels would likely have ad- 
verse effects that pervade regional and national industrial operations and econo- 
mies. 

Commercial Operations 
For many businesses in the Great Lakes region (e.g., marinas, hotels, resorts, 
restaurants), economic success is intimately tied to their shoreline location. As lake 
levels fall, these businesses will experience problems similar to those of the 1960s: 
reduced scenic views, inaccessible docking facilities, and unusable water intakes or 
waste disposal outlets. However, these adverse effects would likely be only tran- 
sitory; although individual businesses may suffer under the steady-state climate 
change conditions, the industry as a whole will likely be able to adapt by simply 
moving with the lakeshore. There may be notable exceptions, however. The lower 
lake levels and connecting channel water levels would greatly reduce the areas 
accessible to small craft, including passenger vessels. This could require extensive 
private dredging and the rebuilding of ramps. Many municipalities and private har- 
bors would likely have to cease operation if faced with the costs associated with 
dredging (E Keillor, Wisconsin Sea Grant Institute, personal communication, 
1988). 

Other types of businesses may be affected more by hydrometeorologic changes 
than lowered lake levels; thus, these impacts will not be limited to lakeshore busi- 
nesses. Commerce that depends upon reliable snow cover (e.g., skiing, snow- 
mobiling, ice fishing) may suffer total collapse throughout much of the Great Lakes 
region, especially in areas that are only climatically marginal for winter recreation 
at present; other areas (e.g., the more northern portions of the Lake Superior and 
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Huron basins) may still have sufficient snow during their peak tourist season (Wall, 
1988). Riverine canoe rental operations may become more seasonal as river flows 
become too low except during peak runoff periods. 

Commercial Fishing 
Commercial fishing operations (e.g., commercial anglers, fish packers, processors, 
exporters) use the Great Lakes to provide an essential production input. Harbor 
access problems will occur due to the lowered lake levels, but changes in fisheries 
populations may be even more important. Fisheries production is intimately tied to 
wetland extent, which may be irretrievably lost as lake levels are lowered (Manny, 
1984). Even if stocking programs are used to maintain fish populations, the indus- 
try may have to adjust to use of different species since increased water tempera- 
tures and the absence of semi-annual lake turnovers may affect what fish can be 
harvested at marketable levels. Additionally, climate change could indirectly affect 
commercial fishing operations; in many areas, dredging of channels and harbors 
will make toxic contaminants available for uptake by fish, potentially limiting their 
marketability. 

Agriculture 
Agricultural interests near Great Lakesshorelines use the lakes for water supply 
and take advantage of the soil fertility and climate moderation provided by lake- 
shore locations. Climate change will likely provide both benefits and costs to agri- 
culture. More moderate winter temperatures may provide suitable conditions for 
significant increases in insect and disease problems. In northern portions of the 
Great Lakes basin, increased air temperatures would improve growing conditions 
and enable major agricultural expansion (Smit, 1987). Agricultural producers 
located in areas without substantial moisture reserves would experience harsh 
growing conditions during the summer as soil moisture drops below levels suitable 
for traditional crops (Smit, 1987). Lakeshore producers could mitigate any short- 
falls in soil moisture by increased use of Great Lakes water for irrigation, although 
possible exacerbation of lower lake levels could create conflicts with other interest 
groups. Under lower lake level conditions, many low-lying areas will have improved 
drainage and additional fertile bottom lands will be available. However, as agri- 
cultural products are often shipped via waterborne transport, lowered lake levels 
will increase transportation costs for Great Lakes farming products. 

Recreation Interests 
Recreation interests use the Great Lakes in such a wide variety of ways that climate 
change is certain to provide both benefits and costs. Recreation acffvities that 
depend upon the ecosystem production of the Great Lakes (e.g., fishing, hunting, 
birding) will suffer if productivity is reduced due tO loss of wetlands or lack of lake 
turnovers. For recreation uses dependent on other lake amenities (e.g., shoreline 
location) adverse effects would likely be only transitory; although recreation at 
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specific sites may suffer under the steady-state climate change conditions, the 
recreational activities (e.g., beach use, water sports, camping) as a whole will likely 
be able to adapt by simply moving with the lakeshore. There may be notable excep- 
tions, however. Long-term loss of marina and harbor access due to lower lake levels 
could affect recreational boating. Beach use could be affected if public access to the 
shoreline is not maintained via land acquisition or easement programs. Winter 
recreation (e.g., skiing, ice fishing) would be negatively affected by the warmer 
winter temperatures. Riverine canoeing opportunities could be reduced as river 
flows become too low during all but peak runoff periods. 

Riparians 
Great Lakes riparian interests derive many benefits from their shoreline location, 
including water supplies, shore access for beach use and other recreation, and 
scenic vistas. Individual benefits can be very sensitive to lake levels as their proper- 
ty becomes inundated or far removed from the waterfront. Under the climate 
change scenarios examined, transitory effects for riparians may be severe. Under 
steady-state conditions of climate change, however, although individual property 
owners may suffer, riparians as a whole will likely adapt by simply moving with the 
lakeshore. 

4.3. Policy lmplications 

Climatic warming will require new paradigms of how the Great Lakes will be 
viewed from social, economic, and ecological perspectives. Reduced water supplies 
and lake levels likely will require management strategies to resolve conflicts over 
the allocation of Great Lakes water. Management will be made especially difficult 
because different interestgroups are affected differently by climate change; while 
some groups may experience severe negative effects, others may actually benefit. In 
addition, Great Lakes uses are often conflicting; optimizing for one interest may 
adversely affect another. System interdependencies (i.e., changes in levels or flows 
in one part of the Great Lakes system affect levels and flows throughout the 
remainder of the system) add to the complexity of management. A major policy 
decision will be the distribution of benefits between commercial, riparian, recrea- 
tional, and ecological interests, between upstream and downstream interests, and 
finally, between the many jurisdictional (e.g., U.S., Canadian, federal, state, provin- 
cial, municipal) interests. It's likely that the U.S. and Canadian governments will 
react based upon the relative strengths of the interest groups and the pressures they 
can exert. 

Presently, the Boundary Waters Treaty between the U.S. and Canada mandates a 
specific hierarchy of Great Lakes interests to be protected or enhanced; the pri- 
mary interests are domestic and sanitary uses, followed by navigation, and power 
and irrigation, in that order (IJC, 1965). The treaty may have to be modified to 
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reflect the changed relative importance of those interests compared to other com- 
mercial and industrial, riparian, recreational, and ecological interests. 

No historical analog, comparable to conditions suggested by the climate change 
scenarios, exists to provide insight as to what the management response will be to a 
prolonged period of extremely low lake levels. During the relatively mild and short- 
term low levels of the mid-1960s, there was an increased emphasis on bringing 
additional water into the system, improved regulation, and on further system-wide 
water level regulations to counteract lake level lowerings that resulted from histori- 
cal dredging and mining operations. According to Cohen (1988), no attempt was 
made to allocate water among various interests during this period; it's unclear 
whether this reflects sufficient water supplies or if the low levels episode was too 
short-lived to engender serious disputes over rights to levels and flows. 

A major thrust ofwater management under a warmer climate will probably be to 
keep water in the system. This will require extensive revision of the existing Lake 
Superior and Ontario regulation plans as well as the possible regulation of Lakes 
Michigan-Huron and Erie. The existing regulation plans were not designed for the 
low net basin supplies and connecting channel flows expected with climate change, 
and failed in some assessment simulations. The installation of flow-restricting sills 
in the St. Clair River, originally proposed (but never implemented) to prevent the 
permanent lowering of Lake Michigan-Huron levels from creation of the 27-foot 
navigation channel, may be reconsidered as well (Cohen, 1988). However, any 
attempts to maintain lake levels will require reductions in connecting channel flows 
and water levels on the St. Lawrence River, further decreasing hydropower produc- 
tion throughout the system and increasing adverse impacts on domestic water sup- 
plies and navigation downstream of Lake Ontario. 

The debate over interbasin diversions of water will also likely intensify. There 
will probably be demands to increase the amount of water brought into the Great 
Lakes through existing diversions into Lake Superior as well as the consideration of 
new incoming diversions. In addition, efforts will likely be made to curtail the water 
diversion out of Lake Michigan at Chicago, even in the face of pressures to further 
increase the diversion to mitigate climate change effects to the south and west. In 
the summer of 1988, Illinois' governor requested an increase in the Chicago diver- 
sion to provide relief from record low Mississippi River levels. Presently, a non- 
binding agreement, 'The Great Lakes Charter', between governors and premiers in 
the Great Lakes region exists to forestall new diversions out of the Great Lakes 
basin (McAvoy, 1986). With probable increased demands for water from outside 
the basin, that agreement will require greater authority to remain effective. 

5. Summary 

Analyses of three steady-state climate change scenarios, each reflecting a doubling 
of atmospheric CO 2 concentrations, and one transient-state scenario suggest that 
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climate change, if it occurs as expected, will lead to a lowering of Great Lakes water 
levels and connecting channel flows. The average steady-state lake levels are seen to 
drop between i/2 to 11/3 m for the GISS 2 • CO 2 climate scenario, drop 2 to 21/2 m 
for the GFDL scenario, and drop 1/2 to 1 m for the OSU scenario. Analyses of the 
GISS 80-year transient scenario indicate that the lakes would drop between 13-93 
ram/decade on average. The Lake Ontario regulation plan fails in all steady-state 
and transient climate change analyses, reflecting its design for regulation within 
present ranges of Lake Ontario total water supplies and levels. The Lake Superior 
regulation plan fails under the GFDL steady-state scenario. 

The climate change effects modeled herein will require new paradigms in water 
management in the Great Lakes Basin. Allocation conflicts between users of the 
Great Lakes will likely result. Lowered lake levels could produce large reductions 
in wetland areas and lower hydropower production. While reduced lake ice forma- 
tion could lengthen the shipping season, lower lake levels could also increase 
waterborne shipping costs via lower vessel load limits, traffic backups at the 
Welland Canal and Sault Ste. Marie, and dredging of sediments highly contami- 
nated with toxics. Dredging and disposal of toxic-contaminated harbor sediments 
may pose critical problems for municipal and private marinas and create conflicts 
between the many governments having jurisdiction over the lakes. To manage 
potential allocation conflicts, the Boundary Waters Treaty of 1909 may have to be 
modified to consider commercial, industrial, riparian, recreational, and ecological 
interests in addition to presently considered domestic and sanitary water supply, 
navigation, hydropower, and irrigation interests. The Lake Superior and Ontario 
regulation plans would require revision to handle persistently low water supplies. 
Additional work is anticipated to determine the potential to minimize the hydro- 
logic impacts of climate change via alternative regulation strategies, each of which 
will require trade0ffs between lake levels and connecting channel flows and 
between the upper and lower lakes. 

Low confidence in the GCM outputs and subsequent lake level estimates is 
probably a major obstacle to long-term contingency planning. In addition, other 
factors that are difficult to predict (e.g., economic, demographic, technological) are 
certain to complicate policy development. Although these climate change scenarios 
are highly uncertain, they highlight the need for policies to increase the region's 
resiliency to climatologic uncertainty. Policies that protect the quality of existing 
water supplies, encourage efficient use of existing supplies, and adequately address 
present allocation conflicts will provide advantages for future water management 
even if climate changes fail to materialize as expected. 
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