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ABSTRACT 
The Great Lakes Environmental Research Laboratory 
(GLERL) used their conceptual models for simulating 
moisture storages in, and runoff from, the 121 water- 
sheds draining into the Laurentian Great Lakes, over- 
like precipitation into each lake, and the heat storages 
in, and evaporation from, each lake. GLERL combined 
these components as net water supplies for each lake to 
consider climate change scenarios, developed from 
general circulation models of the global atmosphere, 
through linkages on air temperature, precipitation, 
humidity, wind speed, and cloud cover. Steady-state 
doubling of atmospheric C02 was considered by ab- 
stracting changes in linkages, making these changes in 
historical data, observing the impact of the changed 
data in the model outputs, and comparing it to model 
results using unchanged data, representing comparison 
to an unchanged atmosphere. This study indicates a 20 
to 100% reduction in net basin supplies for each of the 
Cireat Lakes. The basins' various moisture storages 
become dryer and the lakes are warmer with associated 
hydrological impacts. 

NDIX - NOTATION 

wind parameter, T > 3.98-C [evaporation 
model empirical pammeter] 
wind parameter, T < 3.98'C [evaporation 
model empirical pammeter] 
proportionality constant for snowmelt per 
degree-day [runoff model empirical param- 
eter] 
area of the ice surface 
area of the watershed 
area of the open-water (ice-free) lake surface 
deep percolation coefficient [nmoff model 
empirical parameter] 
groundwater coefficient [runoff model 
empirical pammeter] 

a,, = interflow coefficient [runoff model empiri- 
cal parameter] 

apcr = percolation coefficient [runoff model empir- 
ical parameter] 

a, = surface outflow coefficient [runoff model 
empirical pammeter] 

b = wind parameter, T > 3.98.C [evaporation 
model empirical parameter] 

b' = wind parameter, T < 3.98'C [evaporation 
model empirical parameter] 

b, = empiricalconstant 
b, = empirical constant 
p = partial linear reservoir coefficient 

Pep = groundwater zone evapotranspiration coeffi- 
cient [runoff model empirical parameter] (= 
0 )  -, 

PC, = lower zone evapotranspiration coefficient 
[runoff model empirical parameter] (= 0)  

pes = surface zone evapotranspiration coefficient 
[runoff model empirical parameter] 

PeU = upper zone evapotranspiration coefficient 
[nmoff model empirical parameter] 

C. = specific heat of ice 
C' = specific heat of air at constant temperature < = specific heat of water 

bulk evaporation coefficient over water 
bulk evaporation coefficient over ice 

C? 
= sensible heat coefficient over water 

C;, = sensible heat coefficient over ice 
D = ice pack depth (thickness) 
DD = degree-days per day 
A = time increment of mass balance computation 

period 
e = evaporation or evapotranspiration rate 

e~ = rate of evaporation or evapotranspiration 
still possible 

= over-water evaporation rate 
= over-ice evaporation rate 

E" = volumetric Ate of evaporation from ice 

El = evapotranspiration from the groundwater 
I 
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zone storage 
E, = evapotranspiration from the lower soil zone 

storage 
El = evapotranspiration from the surface storage 

EU = evapotranspiration from the upper soil zone 
storage 

E = emissivity of water 
= emissivity of the atmosphere 7 = infiitration rate 
= ratio of surface temperature rise on day k ' from heat added on day m to that heat addi- 

tion 
F = representing lake volume at which a heat 

addition is uniformly fully mixed, T > 
3.98'C [evaporation model empirical 
parameter] 

F' = representing lake volume at which a heat 
addition is uniformly fully mixed, T < 
3.98'C [evapomtion model empirical 
parmeter] 

GZM = content of groundwater zone 
y, = latent heat of fusion 
y,, = latent heat of vaporization 
H = heat stored in the lake 
H' = heat stored in the ice pack 

= nonlatent heat released to the atmosphere 
= parameter relating cloudiness to atmospheric 

longwave radiation [evaporation model 
empirical parameter] 

K = units and proportionality constant ' 

LSZM = moisture content of lower soil zone 
m = daily snowmelt rate 
m- = daily potential snowmelt rate 

= mixing volume size on day k of heat added 
ondavm 
numbkr of days in the mass balance compu- 
tation period 
daily net supply rate to the watershed sur- 
face 
fraction of sky covered in clouds 
precipitation rate 
specific humidity of the air aver the water 
specific humidity of the air over the ice 
unit (per unit area) cloudless sky short-wave 
radiation rate 
unit evaporative (latent and advected) heat 
transfer rate 
unit evaporative (latent and advected) heat 
transfer rate from ice pack 
unit sensible heat transfer rate 
unit sensible heat transfer rate to ice pack 

qi = unit incident shortwave radiation rate 
= unit precipitation heat advection rate to 

water surface 

$ = unit precipitation heat advection rate to ice 
pack 

= unit reflected shortwave radiation rate 2 = unit reflected shortwave radiation rate to ice 

I pack 

qw = specific humidity of saturated air at tempera- 
ture of water 

q\: = specific humidity of s a m t e d  air at tempera- 
ture of ice 

qT = longwave radiation emitted by the water 
MY 

q,, E longwave radiation from the atmosphere 
absorbed by the water surface 

Q = basin outflow volume for n days 
Qa = heat flux between atmosphere and ice pack 

used for freezing or melting 
Ql = net longwave radiation exchange rate 

Qx = total heat flux between the water body and 
the ice pack 

QI = net heat advection to the lake from surface 
flows 

O = sum of all surface inflows to lake 

0: = sum of all outflows from lake 
= reflectivity of the water surface 

rr = daily solar insolation at the watershed sur- 
face 

p = density of ice 
= density of air 
= density of water 

sw = volumetric rate of snow falling on ice 
SNW = water content of the snowpack 
SS = content of surface storage zone 
o = Stephan-Bolzman constant 
t = time 
T = water surface temperature 
T' = ice surface temperature 
Ta = air temperature 
Ti = over-ice air temperature 
T, = a base scaling temperature [nmoflmodel 

empirical parameter] 
Tmax = maximum daily air temperature 

Tm = minimum daily air temperature 
z = daily extra-terrestrial solar radiation 

= parameter reflecting ice pack shape, vertical- 
lateral change ratios along atmosphere-ice 
boundary, and ice buoyancy [evaporation 
model empirical parameter] 

Zw = parameter reflecting ice pack shape, vertical- 
lateral change ratios along water-ice bound- 
ary, and ice buoyancy [evaporation model 
empirical parameter] 

U = wind speed over water 
USZC = capacity of the upper soil zone (= 2 cm) 
USZM = moisture content of upper soil zone 
V = volume of the ice pack 
V' = volume of ice formed by only by freezing or 

melting 
Vc = lake volume (capacity) 

Ve = equilibrium lake volume approached as a 
limit by mixing [evaporation model empiri- 
cal parameter] 

W = daily wind movement 
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X = ratio of hours of bright sunshine to maxi- 
mum possible 

Y = total heat available for evapotranspiration 
during the day 

Z = volume of water in storage 

INTRODUCTION 

Climatic change will i m ~ a c t  on manv asDects of the 
,hydrologic cyde with coisequences for mankind that 
aie interrelated and often-times difficult to discern. A 
doubling of atmospheric CO, will have impacts on 
Cireat Lakes water supply components and basin stor- 
ages of water and heat that must be understood before 
lilke level impacts can be assessed. Because the Laure- 
ntian Great Lakes possess tremendous water and heat 
storage capacities, they respond slowly to changed 
nleteorologic inputs. This "memory" results in a filter- 
ing or dampening of most short-term meteorologic 
fluctuations and in a response to longer-period fluctua- 
tions characteristic of climate change. Thus the large 
Cireat Lakes system is ideal for studying regional ef- 
f a t s  of climate changes. 

Preliminary estimates of the impact of climatic 
warming on the Great Lakes water resources have been 
undertaken and are summarized elsewhere (Croley and 
Hartmann, 1989; Croley. 1990). The Environmental 
Protection Agency (EPA) coordinated several regional 
studies of various impacts of a doubling of atmospheric 
C10, at the direction of the U.S. Congress. As part of 
that study, the Great Lakes Environmental Research 
Laboratory (GLERL) assessed steady-state and tran- 
sient changes in Great Lakes hydrology consequent 
with simulated atmospheric scenarios from three gener- 
al circulation models (GCMs). Those studies, in part, 
and the high water levels of the late 1980s prompted the 
International Joint Commission to reassess climate 
change impacts on Great Lakes hydrology and lake 
thermat structure. 

The methodology established in the EPA studies 
was adopted with slight modifications for use in the UC 
studies. The methodology integrates hydrology and 
lake heat storage models (Croley. 1991, 1992b) to con- 
sider climate scenarios supplied by the Canadian 
Climate Centre (CCC) from its GCM (Louie, 1991; 
McFarlane, 1991). Cohen (1991) discusses the prob- 
lems with this approach. The CCC provided a "pres- 
ent-climate" meteorology simulation (IxCO,) and a 
changed-climate scenario (2xC0,) developed from 
their atmospheric global circulation model. GLERL 
abstracted differences between the CCC-generated 
IxCO, and 2xC02 atmospheres, made these changes to 
historical data, and observed the impact of the changed 
data in the hydrological outputs of their models. 

The EPA studies included partial assessments of 
large-lake heat storage associated with climate change 
on Lakes Michigan (McCormick, 1989) and Erie 
(Blumberg and DiToro, 1989). The IJC study looked in 

less detail but more breadth at large-lake thennodynant- 
ics in that while only lake-wide effects were consid- 
ered, all lakes were assessed. This paper briefly de- 
scribes the Great Lakes, outlines GLERL's hydrologi- 
cal models and their applicability, presents the method- 
ology of linkage between regional hydrological models 
and the GCMs as used especially in the IJC studies. 
describes their limitations, and presents and iruerprets 
the IJC studies of hydrological changes predicted 
through use of the Canadian Climate Centre's GCM. 

The Laurentian Great Lakes contain 23,000 km3 of 
water (about 20% of the world's fresh surface water) 
and, with their surrounding basins, cover 770,000 km2 
in the United States and Canada; see Fig. 1. The lakes' 
surface areas comprise about one-third of the total basii 
area. The basin extends over 3200 km from the west- 
ern edge of Lake Superior to the Moses-Saunders 
Power Dam on the St. Lawrence River. The water 
surface drops in a cascade over this distance more than 
182 meters to sea level. The most upstream, largest, 
and deepest lake, is Lake Superior. 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 through 
the Straits of Mackinac. 

Another interbasin diversion takes place from Lake 
Michigan at Chicago. Here water is diverted 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. 
From Lake Erie the flow continues through the Niagara 
River and Welland Canal diversion into Lake Ontario. 
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 which is 
ultimately discharged into Lake Ontario. From Lake 
Ontario, water flows through the St. Lawrence River to 
the Gulf of St. Lawrence and the Atlantic Ocean. 

The hydrologic cycle of the Great Lakes basin and 
nleteorology determine the net basin water supples to 
the lakes (runoff and precipitation less evaporation). 
Runoff comprises a significant part of the Great Lakes 
net basin supplies, particularly during the snowmelt 
season, late March through early June. Because the 
lakes are so large, lake precipitation and evaporation 
are of the same order of magnitude as runoff. On a 
nionthly scale, precipitation is fairly uniformly distrib 
uted throughout the year. Lake evaporation typically 
has the greatest effect on net basin supplies during the 
winter months when dry air and warm water result in 
niassive evaporation. Condensation on the cool lake 
surface from the wet overlying air occurs in the 
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summer. Net groundwater flows to each of the Great 
Lakes are generally negligible. Net basin supplies 
typically are maximum in late spring and minimum in 
liite fall. 

As water temperatures generally peak in August 
(September for Superior) at 15-25 'C and drop to freez- 
ing or near-freezing during the winter, the water 
column in each lake "turns over" (deep lower-density 
waters rise and mix with heavier surface layers) twice a 
year as surface temperature passes through that of 
maximum density for water (about 4 'C). There is also 
extensive ice cover on most of the lakes during most 
winters. The large heat storage of the deep lakes fore- 
stalls and reduces ice formation as well as shifts the 
large evaporation response to fall and winter. 

GREAT LAKES PHYSICAL PROCESS MODELS 

The Great Lakes Environmental Research Laboratory 
developed, calibrated, and verified conceptual model- 
based techniques for simulating hydrological processes 
in the Laurentian Great Lakes (including Georgian Bay 
and Lake St.Clair, both as separate entities). GLERL 
integrated the models into a system to estimate lake 
levels, whole-lake heat storage, and water and energy 
balances for forecasts and for assessment of impacts 
associated with climate change (Croley, 1990, 1993a.b; 
Croley and Hartmann, 1987, 1989; Croley and Lee, 
1993; Hartmann, 1990). These include models for 
rainfall-runoff [I21 daily watershed models (Croley, 
1982, 1983a,b; Croley and Hartmann, 1984)], over-lake 
precipitation (a daily estimation model), one-dimen- 
sional (depth) lake thermodynamics [7 daily models for 
lake surface flux, thermal structure, and heat storage 
(Croley, 1989a.b, 1992a; Croley and Assel, 1993)], 
channel routing [4 daily models for connecting channel 
flow and level, outlet works, and lake levels (Hart- 
mann, 1987, 1988; Quinn, 1978)], lake regulation [a 
monthly plan balancing Lakes Superior, Michigan, and 
Huron (International Lake Superior Board of Control, 
1981, 1982) and a quarter-monthly plan balancing Lake 
Ontario and the St. Lawrence Seaway (International St. 
Lawrence River Board of Control, 1963)], and diver- 
sions and consumptions (International Great Lakes 
Diversions and Consumptive Uses Study B c ~ d ,  1981). 

Runoff Modeling 

The GLERL Large Basin Runoff Model (LBRM) is an 
interdependent tank-cascade model which employs 
analytic solutions of climatologic considerations relev- 
ant for large watersheds (Croley, 1983a.b). It consists 
of moisture storages arranged as a serial and parallel 
cascade of "tanks" to coincide with the perceived basin 
storage structure of Fig. 1. Water enters the upper soil 
zone tank and flows from the upper to the lower soil 
zone and surface storage tanks, from the lower to the 
groundwater and surface tanks, from the groundwater 
to the surface tank, and from the surface tank out of the 

+ + mAmmmsmAmN 

ZONE MOISTURE 
7-1 

t 
BASIN CUTFLOW 

Fig. 1. Large Basin Runoff Model Tank-Cascade 
Conceptual Schematic. 

watershed. 

Snowmelt and Infiltration. Water enters the snow- 
pack, if present, and some then infiltrates into the upper 
soil zone based on degree-day determinations of 
snowmelt and net supply: 

= as DD, T, > 0 (1) 

where m = daily potential snowmelt rate (m3 d-'); as = 
proporti&-iality constant for snowmelt per degree-day 
(m3 'c-I d.1 I); T. = air temperature, estimated as the 

average of the daily maximum and minimum air temper- 
atures ("C); and DD = degree-days per day ('C d d"), 
computed as the integral of air temperature with time 
over those portions of the day when it is positive. Since 
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the fluctuation of air temperature during the diurnal 
cvcle is unknown. a triangular distribution is assumed 
(io approximate an expesed sinusoidal variation) for 
ease of computation. The resulting expression for 
degree-days is: 

= Ti, / (T- - T,) 12, Tm, < 0 < Tmu. 

where Tmv = maximum daily air temperature ('C) and 
Tm, = mlnlmum daily air temperature ('C). Actual 
snowmelt depends upon the snowpack: 

where m = daily snowmelt rate (m3 d") and SNW, = 
water content of the snowpack at the beginning of the 
day (m3). Snowpack mass balance and water supply to 
the watershed surface can now be determined: 

where t = time, p = precipitation rate (m3 d-I), and ns = 
daily net supply rate to watershed surface (m3 d"). 

Heat Available for Evapotranspiration. The heat 
available for evapotranspiration is estimated empirical- 
ly from the average air temperature as follows: 

where Y = total heat available for evapotranspiration 
during the.day (cal), K = units and proportionality 
constant (cal), and T, = a base scaling temperature 
("C). The constant, K, is determinable from the follow- 
ing boundary constraint on the long-term heat balance: 

where rr = daily solar insolation at the watershed 
surface (cal d-'), p = density of water (= lo6 gm mS), 
y, = latent heat 07 fusion (= 79.7 cal gm-I), and the 
subscript, i, refers to daily values. Equation 7 con- 
serves energy in that all absorbed insolation not used 
for snowmelt appears sooner or later as other compon- 
ents of the heat balance that determine Y'. Daily insola- 
tion is taken as: 

where A, = area of the watershed (mZ), z = daily 
extra-terrestrial solar radiation (langleys bl), b, and bz 
= constants, and X = daily ratio of hours of bright 
sunshine to maximum possible hours of bright 
sunshine, estimated from daily air temperatures: 

While calculations for ns and Y are performed on a 
daily basis, the mass balance computations (following) 
are performed on an n-day basis (n = 1.7, and 28-31 
are typical). The net supply and energy available for 
evapotranspiration are summed over the n-day periods 
prior to the mass balance: 

where ns, = average net supply rate for n days (m3 d"), 
Ya = accumulated energy available for evapotranspirta- 
tion over n days (cal), and n = number of days in the 
ons;rss balance computation periods. The subscripts refer 
to dail f values within the computation period. 

Infitration. Infiltration is  taken as instantaneously 
pupmional to the supply rate and to the areal extent of 
the muamrated portion of the upper soil zone (partial- 
area infiltration amxpt). 

f = nsa (USZC - USZM) / USZC (12) 

where f = infiltration rate (m3 d"), USZC = capacity 
of the upper soil zone (m3), and USZM = content of 
upper soil zone (m3). The difference between the net 
supply rate and infiltration is surface runoff in Fig. 1. 

Evapotranspiration. All incoming heat is considered 
here to be released by the watershed surface by ignor- 
ing heat storage and the energy advected by evapora- 
tion. It consists of short-wave reflection, atmospheric 
heating (composed of net long wave exchange, sensible 
heat exchange, net atmospheric advection, and net 
hydrospheric advection), and evaporation-evapotranspi- 
ration (referred to herein jointly as evapotranspiration). 
The total heat available for evapotranspiration over a 
day is composed of the heat actually x e d  for evapo- 
transpiration and that used for atmospheric heating. At 
any instant, the rate of evaporation or evapotranspira- 
tion, e, is proportional to the amount of water available, 
Z (reflecting both areal coverage and extent of supply), 
and to the rate of nonlatent heat released to the at- 
mosphere, 6H46t (atmospheric heating): 
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where e = evaporation or evapotranspiration rate (m3 
d-I), p = partial linear reservoir coefficient (ma), Z = 
volume of water in storage (m3), ep = rate of evapora- 
tion or evapotranspiration, respectively (m3 d-I), still 
possible and yV = latent heat of vaporization (596 - 0.52 
TI cal gm"). This agrees with existing climatologic 
and hydrologic concepts for evapotranspiration oppor- 
tunity. 

Over large areas, climatic observations suggest that 
actual evapotranspiration affects temperatures, wind 
speeds, humidities, and so forth, and hence it affects the 
potential evapotranspiration (evapotranspiration oppor- 
tunity or capacity); the heat used for evapotranspiration 
reduces the opportunity for additional evapotranspira- 
tion (complementary evapotranspiration and evapo- 
transpiration opportunity concept). This concept is 
modified here by considering that, for short time peri- 
ods, the total amount of energy available for evapo- 
transpiration, Y ,  during the time period is split into that 
used for evapotranspiration and that used for at- 
niospheric heating. From (13). for the daily time peri- 
od, 

where HI = nonlatent heat released to the atmosphere 
during the day (cal) and EU, El, Eg, and Es = evapora- 
tion or evapotranspiration from the upper soil zone, 
lower soil zone, groundwater, and surface storages 
(m3), respectively. The evaporation from stream 
channels and other water surfaces (surface zone) in a 
Iiirge basin is very small compared to the basin evapo- 
transpiration; groundwater evapotranspiration is also 
tilken here as being relatively small. 

Bfass Conservation. Percolation from the upper zone 
enters the lower soil zone, and deep percolation from 
the lower zone enters the groundwater zone; see Fig. 1. 
L.atera1 flows from these zones of surface runoff, inter- 
flow, and groundwater flow, respectively, enter the 
surface storage zone which represents surface waters 
that ultimately flow from the basin. These flowrates 
are taken as instantaneously proportional to their re- 
spective storages (linear-reservoir flow concept). The 
mass balances for snowpack, upper and lower soil 
zones, groundwater, and surface water use these physi- 
cally-based concepts, in the cascade of Fig. 1, to form a 
set of simultaneous ordinary linear differential equa- 
tions whose joint solution depends upon the relative 
magnitude of all parameters, inputs, and system states 
(storages) pictured in Fig. 1. 

6 
- r. USZM = ns, (1 - USZM / USZC) - apcl USZM 
01 

- pen ep USZM (15) 

6 
- LSZM = apr USZM - a, LSZM - a+ LSZM 
6t 

- Pel ep LSzM (16) 
6 
- GZM = a+ LSZM - aW GZM 
6t 

- SS = ns. USZM / USZC + a,, LSZM 
6t 

+ aP GZM - a, SS - pel ep SS (18) 

where apr = percolation coefficient (dl), PC,, = upper 
zone evapotranspiration coefficient (m'3), a,, = inter- 
flow coefficient (&'). LSZM = content of lower soil 
zone (m3), adp = deep percolation coefficient (d"), pel 
= lower zone evapotranspiration coefficient (ma), agw 
= groundwater coefficient (d-I), GZM = content of 
groundwater zone (m3), P, = groundwater zone evapo- 
transpiration coefficient [m-'), a, = surface outflow 
coefficient (dl), SS = content of surface storage zone 
(m3), pU = surface zone evapotranspiration coefficient 
(m-3), Q = basin outflow volume for n days (m3), and A 
= n times d. The value of e is determined by simulta- 

P 
neous solution of (15)-(19) and the following comple- 
mentary relationship between actual evapotranspiration 
and that still possible from atmospheric heat, derived 
from (13) and (14): 

Jti, + (PC. USZM + p, LSZM + peg GZM 
n 

Analytical Solution. In the analytical solution,.results 
from one storage zone are used in other zones where 
their outputs appear as inputs. There are 30 different 
analytic results, depending upon the relative mag- 
nitudes of the inputs (ns), the initial conditions 
(USZM,, LSZM,, GZM , SS,, SNW,), and the model 
parameters (TL. as. ap h. a. adp, P,, aW. and a 
in (15)-(19) (note that 6% andbe, are taken as zeroes. 
Complete analytic solutions for all possible ranges of 
values are available (Croley, 1982). Since the inputs 
and initial storages each day change from day to day. 
the appropriate analytic result, as well as its solution, 
varies with time; mathematical continuity between 
solutions is preserved however. Small parameter 
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values for a tank outflow imply small releases and large 
storage volumes; large values imply small storages and 
outflows nearly equal to inflows. The differential equa- 
tions for the mass balances can be applied over any 
time increment by assuming that the input (precipita- 
tion and snowmelt) and heat available for evapotranspi- 
ration are uniform over the time increment. Thus, the 
resolution of the equations is limited only by the inter- 
vals over which precipitation and temperature data are 
available; numerical solutions are unnecessary so that 
approximation enors are avoided. Furthermore, solu- 
tions may proceed for either flow rates or storage 
volumes directly. The mass-balance computation 
interval may be any length greater than or equal to the 
interval length for which meteorologic data are avail- 
able. 

Application. The model is applied to daily data with 
either a fixed 1-d or a fixed 7-d mass-balance computa- 
tion interval. Input and heat available for evapotranspi- 
ration are combined on a daily basis and summed over 
the interval as input to the mass-balance computations. 
The model is applied to monthly data with a variable 
mass-balance computation interval. The interval may 
represent 28 to 31 d, depending on the month and year. 
Input and heat available for evapotranspiration are 
computed over the same monthly interval. Data re- 
quirements include initial storage values, daily maxi- 
mum and minimum air temperatures, daily precipita- 
tion, and for comparison purposes, daily basin outflow. 
Clther data requirements are easily met. The mid- 
monthly extra-terrestrial solar radiation (from which 
daily values are interpolated) and the empirical con- 
stants, b, and b,, are available in standard cl.imatologic 
summaries. The area of the watershed is also required. 

For application of the LBRM to a Great Lakes 
drainage basin, the basin is first divided into subbasins 
draining directly to the lake (there are 121 subbasins in 
the entire Great Lakes basin). The meteorologic data 
from typically 150-300 stations about and in the subba- 
sins are combined through Thiessen weighting to 
produce areally-averaged daily time series of precipita- 
tion and minimum and maximum air temperatures for 
each subbasin. Weights are determined for each day of 
record, if necessary, since the data collection network 
changes frequently as stations are added, dropped, and 
moved or fail to report from time to time. This is feasi- 
ble through the use of an algorithm for determining a 
Thiessen area-of-influence about a station by its edge 
[Croley and Hartmann, 19851. Records for all "most- 
downstream" flow stations are combined by aggregat- 
ing and extrapolating for ungauged areas to estimate the 
daily runoff to the lake from each subbasin. Thus, the 
LBRM is applied in a "distributed-parameter" applica- 
tion by combining model outflows from each of the 
subbasins to produce the entire basin runoff. 

By combining the meteorologic and hydrologic data 
for all subbasins to represent the entire basin, the 
LBRM may be calibrated in a lumped-parameter appli- 

cation to the entire basin at one time. Although the 
application of lumped-parameter models to very large 
areas necessarily fails to represent areal distributions of 
watershed and meteorologic characteristics, spatial fil- 
tering effects tend to cancel data errors for small areas 
as the areas are added together. Distributed-parameter 
applications, in which the LBRM is calibrated for each 
subbasin and model outflows rrre combined to represent 
the entire basin, make use of information that is lost in 
the lumped-parameter approach; the integration then 
filters individual subbasin model errors. 

There are five variables to be initialized prior to 
modeling: SNW, USZM, LSZM, GZM, and SS. While 
the initial snowpack, SNW,, is easy to determine as 
zero during major portions of the year, these variables 
are generally difficult to estimate. If the model is to be 
used in forecasting or for short simulations, then it is 
important to determine these variables accurately prior 
to use of the model. If the model is to be used for 
calibration or for long simulations, then the initial 
values are generally unimportant. The effect of the 
initial values diminishes with the length of the simula- 
tion and after 1 year of simulation, the effects are nil 
from a practical point of view. Calibrations are repeat- 
ed with initial conditions equal to observed long-term 
averages until there is no change in the averages to 
avoid arbitrary initial conditions when their effects do 
not diminish rapidly. 

Calibration. We calibrate the LBRM for each subbasin 
with 30 years of daily weighted subbasin climatologic 
data. The nine parameters are determined (Croley and 
Hartmann, 1984) by searching the parameter sDace 
systematically, m.inimizing the Yoot mean square error 
between model and actual outflows for each parameter, 
selected in rotation, until all parametersconverge 
within two significant digits. Comparisons with other 
runoff models (Croley, 1983a) and climatology (Croley 
and Hartmann, 1984) show the LBRM to be far superi- 
or for estimates of runoff volumes from large basins. 

The LBRM captures a "realism" in its structure that 
has several advantages over other models. Basin stor- 
ages, modeled as "tanks", are automatically removed as 
respective parameters approach their limits. Thus, the 
structure of the model changes within a calibration. 
This is achieved without the use of "threshold pmme- 
ters in the model since physical concepts are used 
which avoid discontinuities in the goodness-of-fit as a 
function of the parameters; these concepts appear 
especially relevant for large-basin modeling. Because 
the "tanks" relate directly to actual basin storages, in- 
tialization of the model corresponds to identifying 
storages from field conditions which may be measured; 
interpretations of a basin's hydrology then can aid in 
setting both initial and boundary conditions. The tanks 
in Fig. 1 may be intialized to correspond to measure- 
ments of snow and soil moisture water equivalents 
available from aerial or satellite monitoring. Snow 
water equivalents are used in Lake Superior applica- 
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tions (Gauthier et al., 1984). 
The LBRM calibration periods generally cover 

1965-1982 depending upon flow data availability. 
Table 1 presents overall calibration results for the dis- 
tributed-parameter applications. The LBRM was also 
used in forecasts of Lake Superior water levels (Croley 
and Hartmann, 1987), and comparisons with climatic 
outlooks showed the runoff model was very close to 
actual runoff (monthly correlations of water supply 
were on the order of 0.99) for the period August 1982 - 
December 1984 which is outside of and wetter than the 
calibration period (Croley and Hartmann, 1986). The 
model also was used to simulate flows for the time 
period 1956-63, outside of the period of calibration. 
The correlation of monthly flow volumes between the 
model and observed during this verification period are 
also contained in Table 1. They are a little lower than 
the calibration correlations but quite good except for 
Lakes Superior and Huron (there were less than two 
thirds as many flow gages available for 1956-63 as for 
tlie calibration period for these basins). 

Studies on the Lake Ontario basin (Croley, 1982, 
1983b) show that the simple search algorithm described 
herein does not give unique optimums for calibrated 
parameter sets because of synergistic relationships 
between parameters. However, the calibration proce- 
dure does show a high degree of repeatability for recal- 
ibrations with different starting values, and consistent 
paramter values are obtained for subbasins with simi- 
lar hydrologic characteristics. On the other hand, the 
nonuniqueness of calibrated parameters was demon- 
strated by recalibrating for a synthetic data set. The 
model was calibrated for the.entire Lake Superior basin 
and then used to simulate outflows to create a new data 
set for calibration. Subsequent calibration started with 
a very different initial parameter set and yielded an 
"optimum" parameter set different from the original 
with a relatively poor goodness-of-fit. If the original 
parameter set had been unique, the parameter values 

produced from the recalibration to the synthetic data set 
sho'uld have been the same as the parameters used to 
create that data set. This illustrates the nonuniqueness 
of the parameters, the importance of the starting values 
used in the search, and the problems inherent in search- 
ing the parameter space. Additionally, some compon- 
ents of the LBRM (such as linear reservoirs) are more 
likely to adequately represent their processes in the real 
world than other (such as degree-day melting or com- 
plementary evapotranspiration). Parameter estimation 
techniques that properly weight a model's more accu- 
rate parts could improve parameter estimates. 

Over-Lake Precipitation 

The lack of over-lake precipitation measurements 
means that estimates typically depend on land-based 
measurements and there may be differences between 
land and lake meteorology. Although gage exposures 
may significantly influence the results of lake-land 
precipitation studies (Bolsenga, 1977, 1979), Wilson 
(1977) found that Lake Ontario precipitation estimates 
based on only near-shore stations averaged 5.6% more 
during the warm season and 2.1% less during the cold 
season than estimates based on stations situated in the 
lake. By using a network that also included stations 
somewhat removed from the Lake Ontario shoreline, 
Bolsenga and Hagman (1975) found that eliminating 
several gages not immediately in the vicinity of the 
shoreline increased over-lake precipitation estimates 
during the warm season and decreased them during the 
cold season. Thus, for the Great Lakes, where lake 
effects on near-shore meteorology are significant and 
the drainage basins have relatively low relief, the use 
here of all available meteorologic stations throughout 
the basin is probably less biased than the use of only 
near-shore stations. Overlake precipitation is taken 
equal to overland precipitation (on the basis of depth) 
without further corrections. 

Table 1. Large Basin Runoff Model Calibration Statistics*. 

Number Root 
of Mean Flow Mean Correlation 
Sub- l-day Std. Square ------------------- 

Lake basins Flow Dev. Error Calib. Verif. 
(mmIb (mmIb (mmIb ....................................................................................... 

Superior 22 1.12 0.67 0.25 0.93 0.77 
Michigan 29 0.89 0.47 0.18 0.93 0.86 
Huron 27 1.06 - 0.69 0.26 0.92 0.69 
St. Clair 7 0.90 1.36 . 0.62 0.89 0.87 
Eric 21 1.01 1.28 0.54 0.91 0.90 
Ontario 15 1.41 1.13 0.43 0.93 0.89 - - - - -  ------------------- 
*Statistics and calibrations generally cover 1966-83; v d ~ c a t i o n  generally 
covers 1956-63. 

. '~quivalent depth over the land portion of the basin. 
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Over-Lake Evaporation 

Great Lakes hydrologic research mandates the use of 
continuous-simulation models of daily lake evaporation 
over long time periods. Such models must be usable in 
the absence of water surface temperature and ice cover 
observations. They also must be physically based to 
have application under environmental conditions dif- 
ferent than those under which they were derived. 
CRERL developed a lumped-parameter (point) model 
of evaporation and thermodynamic fluxes for the Great 
Lakes based on an energy balance at the lake's surface 

/Croley, 1989a,b) and on one-dimensional (vertical) 
lake heat storage (Croley, 1992a). Ice formation and 
loss is coupled also to lake thermodynamics and heat 
storage (Ctoley and Assel, 1993). 

l'hennodynarnic Fluxes. The thermodynamic fluxes to 
and from a lake include incident shortwave radiation, 
q,, reflected shortwave radiation, qr and qi (over water 
and over ice, respectively), evaporative (latent and 
advected) heat transfer, and <, sensible heat transfer, 
q, and q;l, precipitation heat advection, q and q', net 
longwave radiation exchange, Q,, and &rfacePflow 
advection, QI; see Croley (1989a,b) for details: 

qi = [0.355 + 0.68 (1 - N)] q, (21) 

where qi = daily average unit (per unit area) rate of 
shortwave radiation incident to the earth's surface, N = 
fraction of the sky covered by clouds, and qq = daily 
average unit rate of short-wave radiation recelved on a 
horizontal unit area of the Earth's surface under cloud- 
less skies; 

where qr = average unit reflected shortwave radiation 
rate from the water surface; 

where ew = over-water evaporation rate, pa = density 
of air, C = bulk evaporation coefficient over water, qw 
= specific humidity of saturated air at the temperature 
of the water surface, q = specific humidity of the 
atmosphere over water, and U = windspeed over water; 

where = average unit evaporative (latent and advect- 
ed) heat transfer rate from the water surface, Cw = 
specific heat of water, and T = water surface ternpera- 
ture; 

where q, = average unit sensible heat transfer rate to 

tile water surface, Cp = specific heat of air at constant 
temperature, and CH = sensible heat coefficient over 
water; 

= C w T . P w ~ ,  T, 2 O'C (26) 

where q = average unit precipitation heat advection 
rate to thPe water surface; 

where qT = average unit longwave radiation emitted by 
the water bodv. o = Ste~han-Bolzman constant 
(5.67 x lo-' w k" OK.'), a i d  ew = emissivity of the 
water surface; 

where Q =  average unit longwave radiation from the 
atmosphere absorbed by the water surface and E,  = 
emissivity of the atmosphere; 

where Ql = average net longwave radiation exchange 
rate between the entire water body and the atmosphere 
(effects of ice cover on the net longwave exchange are 
ignored here), 1 = empirical coefficient relating cloud- 
iness to atmospheric longwave radiation, Aw = area of 
the open-water (ice-free) surface, and A = area of the 
ice surface; 

where QI = daily net heat advection to the lake from 
overland flow and channel inputs and outputs, ei = 
sum of all surface inflows to the lake, and Q0 = sum of 
all outflows from a lake; 

where q; = average unit reflected shortwave radiation 
rate from the ice pack, f,, = fractipn of ice covered with 
new snow, fo = fraction of ice covered with old snow, 
fm = fraction of ice covered with melting snow, and f,, 
= fraction of ice that is bare of snow; 

where e; = over-ice evaporation rate, C' = bulk evapo- 
ration coefficient over ice, q; = specific humidity of 
saturated air at temperature of ice, q' = specific humid- 
ity of the atmosphere over ice, and U' = windspeed 
over Ice; 
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where $ = average unit evaporative (latent and advect- 
ed) heat transfer rate from the ice pack and T' = ice 
surface temperature; 

q,: = p, Cp Ct; (Ti - T') U' 

where q; = average unit sensible heat transfer rate to 
the ice pack, CA = sensible heat coefficient over ice, 
and T = temperature of the air over ice; and 

where q' = average unit precipitation heat advection 
rate to thg ice pack. 

Gray et al. (1973) provided (21), generalized maps 
of mid-monthly values from which q,, may be interpo- 
lilted by date, and the shortwave reflection of (22) and 
(31). Recause data are unavailable and because subse- 
quent heat budgets are insensitive to their values, f,,, fo, 
and fm are set to zero here and f, is set to unity. Values 
of over-water and over-ice meteorology (q, U, T,, N, 
q', U', and Ti) are determined from overland values by 
adjusting for over-water conditions. Phillips' and 
Irbe's (1978) regressions for over-water corrections are 
used directly by replacing the fetch (and derived quanti- 
ties) with averages. The bulk evaporation coefficients 
over water and over ice (C, and CL) are determined 
similar to Quinn (1979) from over-water or over-ice 
(respectively) windspeed, air temperature, and surface 
temperature. The over-water and over-ice sensible heat 
coefficients (C, and Ct;) are taken equal to the bulk 
evaporation coefficients, respectively (Quinn, 1979). 
The emissivities of water and air in (27) and (28) [note 
the reflectivity of the water surface in (28) is ra = 1 - E d are taken, respectively, as 0.97, and 0.53 + 0.065 ea 
where ea is the vapor pressure of the air (mb) after 
Keijman (1974). Temperatures in (27) and (28) are 
absolute ('K). 

Heat Storage. The heat added to a lake and the heat 
added to the ice pack, from the surface fluxes, are 
governed by simple energy and mass balances, energy- 
storage relationships, and boundary conditions on ice 
growth, water temperature, and ice temperature; see 
Fig. 2. The rate of change of heat storage in a lake with 
time is: 

where 6H/6t = time rate of change of heat storage H in 
the lake and Q, = total heat flux between the water 
body and the ice pack. The rate of change of heat 
storage in the ice pack with time is defined here as: 

SURFACE FLUX PROCESSES I 
ATMOSPHERIC S l A B l L l N  

BULK TRANSFER COEFFICIENTS 
AERODYNAMIC EQUATION (DALTON'S LAW) 

/ 1 \ 

SHORT REFLECTION NET ADVECTION SENSIBLE LATENT 
WAVE LONGWAVE HEAT HEAT 

RADIATION RADIATION FLUX FLUX 
L 

ATMOSPHE~E-LAKE FLUX ATMOSPHEAE-ICE FLUX 

FLUX ENERGY BALANCE 
I 

I r 
SURFACE >PERANRE HEATIN ICE 

TEMPERATURE PROFILE STORAGE COVER- 
I I / t 

Fig. 2. Large Lake Thermodynamic Fluxes and 
Heat Storage Model Schematic. 

where 6H'/6t = time rate of change of heat storage H' 
in the ice pack. 

Kraus and Turner's (1967) mixed-layer thermal 
structure concept is exttmded for the Great Lakes to 
allow the determination of simple heat storage. The 
effects of past additions or losses are superimposed to 
determine the surface temperature on any day as a 
function of heat in storage; each past addition or loss is 
parameterized by its age. Turnovers (convective 
mixing of deep lower-density waters with surface 
waters as surface temperature passes through that at 
maximum density) can occur as a fundamental behavior 
of this superposition model and hysteresis between heat 
in storage and surface temperature, observed during the 
heating and cooling cycles on the lakes, is preserved. 
Water surface temperature becomes (Croley, 1992a): 

k 
+ c fkm ( MIN H,, - MIN Hn) 
m= 1 msn& m- lsnsk 

(38) 

where Tk = water surface temperature and H, = heat 
storage in the lake k days after the last turnover, and 
f k m  is a "wind-aging" function, defined subsequently, 
relating surface temperature rise on day k to heat added 
on day m. Ice pack surface temperature is related to ice 
pack heat storage here as: 
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where Ti = ice surface temperature on day k, = heat 
storage in the ice pack on day k, p = density of ice, Ci 
= specific heat of ice. V, = volume of the ice pack on 
day k, and VC = volume of ice formed by freezing or 
melting on day k. The boundary conditions on water 
surface temperature and vclume of the ice pack for 
every day (dropping the daily subscript) are: 

V = 0 ,  T 2  O'C (40) 

T = O'C. v 2  o (41) 

These equations are satisfied by selecting the heat flux 
between the water and ice, Qw, appropriately. Qw, if 
negative, is yielded as ice forms (to keep water surface 
temperature from going below freezing) and, if posi- 
tive, is used in melting ice (to keep water surface 
temperature at freezing as long as there is ice present). 
The boundary conditions on ice surface temperature 
and volume of the ice pack for every day (dropping the 
daily subscript) are: 

T' = Ta, V >  OandTaS O'C (42) 

T' = O'C, V =  OorTa> O'C (43) 

where Ta = over-ice air temperature. The volume of 
the ice pack, V, and the volume of ice formed by freez- 
ing or melting, V', are related: 

where S = volumetric rate of snow falling on the ice 
and E = volumetric rate of evaporation from the ice. 
The "wind-aging" function, fkm, 1s: 

and M,.,, < MAx(Vc, -- 

where Vc = volume (capacity) of the lake and Mkm = 
mixing volume size in the lake, on day k, of the heat 
added on day m (a function of accumulated wind 
nlovement, Wj, from day m through day k), 

Also, a, b, F, and Ve = empirical parameters to be 
determined in a calibration to observed data. Ve is 
interpreted as the "equilibrium" volume approached as 
a limit (in a sufficiently deep lake) since the effects of 
wind mixing at the surface dir.%nish with distance from 
the surface. F is interpreted as the mixing volume at 
which a heat addition is  fully mixed throughout. 
Parameters a, b, and F are defined for water temper- 
atures above 3.98-C ("turnovsr" temperature of water at 
maximum density) and are replaced by a', b', and F', 
respectively, for water temperatures below 3.98-C. 
Details for the flux terms in (36) and (37) are presented 
by Croley (1989a,b). Derivation details of (38). (45), 
and (46) are available elsewhere (Cfoley, 1992a). 

Ice Pack Growth. In (39), linear vertical temperatures 
are used through the ice pack from T' on the surface to 
O'C on the bottom, similar to Green and Outcalt (1985). 
Differentiating (4) and ignoring small terms, 

Thus, the heat change is split between a temperature 
change in the ice pack and a volume change due to 
melting or freezing. Comparing (37) and (47), note the 
temperature change in (47) is taken here as resulting 
from a portion of the heat added from (or lost to) the 
atmosphere [A (q. - q: - + q;l + q?]. The remainder of 
that heat is identihed as%: 

1 6T' 
Q a =  A ( q i -  q : - $ + q L + q ' )  - - p C i V -  

2 6t 

This heat (Qa) and all of the heat added from the water 
body, Qw, then result in changes to the ice pack volume 
(freezing or melting); from (37). (44). (47). (48): 

Consider a prismatic ice pack with surface area A and 
depth (or thickness) D. The heat exchange between the 
atmosphere and the ice pack available for freezing or 
melting, Qa, is taken as resulting in either melt (along 
the entire atmosphere-ice surface) or freezing (along 
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the entire water-ice surface). The heat exchange 
between the water body and the ice pack, Q, is taken 
as resulting in changes along only the waterlice surface 
(either melt or freezing). After simplification (Croley 
and Assel, 1993), 

where I(, )(x) = indicator function (equal to unity if the 
quantity 'in parentheses, x, is within the indicated inter- 
val and equal to zero if not), Z, and Z~ = empirical 
coefficients depending upon ice pack shape, the ratios 
of vertical to lateral changes along the atmosphere-ice 
interface and along the water-ice interface, and the 
buoyancy of ice. The change in total ice volume is, 
from (50) and (51): 

Note (49) and (54) agree. 
Equations (36)-(48). (50)-(54). and those for the 

component fluxes, (21)-(35), may be solved simultane- 
ously to determine the heat storage, the water and ice 
surface temperatures, and the ice pack extents. 

Calibration Procedure. Two calibrations are involved 
in applying the model in a particular setting. The first 

determines the fust eight parameters (a, b, F, a', b'. F', 
\Ie. and 11). The fust seven parameters relate to super- 
position heat storage (Croley, 1992a) and the eighth 
oarameter. TI. reflects the effect of cloudiness on the 
htmosphenc net longwavc radiation exchange (Croley, 
1989a.b). This calibration minimizes dailv water sur- 
face tikperature root mean square error ~ R M S E )  by 
using methods described elsewhere (Croley and Hart- 
mann, 1984). Meteorology data for 1948-1985 and 
water surface temperature data on each of the Great 
Lakes, except Lake Michigan, were taken from airplane 
and satellite measurements, extended through August 
1988. and prepared as described by Croley (1989a.b). 
Water surface temperature data for Lake Michigan 
from 1981 through 1985 were gleaned from areal maps 
prepared at the National Weather Service's Marine 
Predictions Branch (B. Newell, personal communica- 
tion, 1990) and extended through August 1988 also. 
The second calibration determines the two parameters 
(T. and z ~ )  that minimize daily ice cover RMSE with 
these same calibration techniques. Lake-averaged ice 
cover for model calibration was calculated from 
GLERL's digital ice cover data base (Assel, 1983). In 
most cases, less than 100% of a lake was observed on 
any given date. If less than 70% of the Lake Superior 
surface was observed, the ice cover for that date was 
not included in the model calibration. A subjective 
estimate of lake-averaged ice cover was made for the 
other Great Lakes if the data were insufficient. 

Parameters are determined, in both cases, in auto- 
mated systematic searches of the parameter spaces to 
minimize the RMSE between simulated and model 
outputs. Each parameter, selected in rotation, is 
searched until all parameter values converge to four 
digits, instead of searching only until the RMSE stabi- 
lilizes. This simple search algorithm does not give 
unique optima for calibrated parameter sets because of 
synergistic relationships between parameters which 
allow parameter compensations to occur. However, the 
model concepts have been carefully chosen so that the 
parameters have physical significance; this allows them 
to be interpreted in terms of the thermodynamics they 
represent. Initialization of the model corresponds to 
identifying values from field conditions which may be 
measured; interpretations of a lake's thermodynamics 
then can aid in setting both initial and boundary condi- 
tions. 

Prior to calibration or model use, the (spatial) 
average temperature-depth profile in the lake and the 
ice cover must be initialized. While the ice cover is 
easy to determine as zero during major portions of the 
year, the average temperature-depth profile in the lake 
is generally difficult to determine. If the model is to be 
used in forecasting or for short simulations, then it is 
important to determine these variables accurately prior 
to use of the model. If the model is to be used for 
calibratim s r  for long simulations, then the initial 
values are generally unimportant. The effect of the 
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initial values diminishes with the length of the simula- 
tion, and after 2-3 years of simulation, the effects are 
nil from a practical point of view. 

Empirical coefficients of the eva))oration, heat 
storage, and ice sub-models were calibrated in an itera- 
tive process that used the two calibrations sequentially 
in rotation. We used independent data (lake-averaged 
daily surface temperature for the lake thermodynamics 
and heat storage sub-models and lake-averaged daily 
ice cover for the lake ice cover sub-model). First we 
minimized the RMSE of daily water surface tempera- 
ture by calibrating lake thermodynamics model parame- 
ters and holding the parameters for the ice cover sub- 
model constant. We then held lake thermodynamics 
model parameters constant and calibrated the parame- 
ters of the ice cover sub-model to minimize the RMSE 
of daily ice cover. Then we repeated the process until 
the RMSEs for both water surface temperatures and ice 
cover were not significantly reduced from the previous 
iteration. The results are summarized in Table 2. 

Turnovers (convective mixing of deep lower-densi- 
ty waters with surface waters as surface temperature 
passes through that at maximum density) occur as a 
fundamental behavior of GLERL's thermodynamic and 
heat storage model. Hysteresis between heat in storage 
and surfacc te-ature, observed during the heating 
and cooling cycles an the lakes, is  preserved. The 
model also correctly depicts lake-wide seasonal heating 
and cooling cycles, vertical tempertaure distributions, 
and other mixed-layer developments. There is good 
agreement between the actual and calibrated-model 
water surface temperatures; the RMSE is between 1.1- 
1.6 'C on the large lakes [within 1 .I-1.9 "C for an 
independent verification period: 1966-78 (Croley, 
1989a,b, 193La)l. There is also good agreement with 8 
years of bathythermograph observations of depth- 
temperature profiles on Lake Superior and 1 year of 
independently-derived weekly or monthly surface flux 
estimates on Lakes Superioj, Erie, and Ontario (2 
estimates). 

Calibration Issues. There were several problems in 
calibrating the model. First, it appears that the models 
are close to being over-specified in terms of the number 
of parameters used; i.e., there appear to be almost too 
many degrees of freedom allowed for the data sets used 
in the calibrations. The result is that the optimulns are 
not unique and it is not possible to determine meaning- 
ful values of any additional parameters. Parameter 
compensation exists so that changes in one parameter 
can be offset by changes in other parameters with little 
change in the RMSE of the calibration. This made it 
difficult to determine an ice break-up model, not pre- 
sented here, which had an additional three parameters. 
We had considered ice breakage and rejoining by 
developing a differential equation for the rate of change 
with time of the number of ice pieces as a function of 
wind stress, melting, and refreezing. We cmld  not 
meaningfully calibrate this addition to the ice model 

with the ice cover data sets we had, and so we eliminat- 
ed ice break-up from the model presented here. Per- 
haps when other parameters are reduced through niodel 
reformulations in calibrations at a later date, it will be 
possible to model and calibrate for ice break-up in a 
meaningful manner. 

Second, optimizing parameters with regard to two 
objectives (minimizing RMSEs associated with water 
surface temperatures and ice c,over) does not produce 
the same parameter sets. There seems to be a trade-off 
between the two objectives at times and RMSE of 
water temperatures decreases at the expense of ice 
cover RMSE and vice-versa. 

The model has ten parameters calibrated to match 
water surface temperatures and ice cover. Seven of 
them are defined in the superposition heat storage 
submodel. The number of empirical model parameters 
could perhaps be reduced by use of other one- 
dimensional mixed-layer heat-storage models (McCor- 
mick and Meadows, 1988; Hostetler and Bartlein, 
1990). The critical limitation of such models for long- 
term hydrological forecasting and simulation is the lack 
of representative or accurate hourly hydrometeorologi- 
cal data over long periods. Secondarily, computer time 
can be excessive for such models in forecast or multi- 
year simulation environments. 

Models Applicability 

Although GLERL uses a dailv resolution of data with 
their &els, basin-wide procdsses of runoff, over-lake 
~rec i~ i ta t ion .  and lake eva~oration (described with 
modeis here) respond discemably to weekly changes at 
best, and monthly is usually adequate for net supply 
and lake level simulation (this ignores short-term fluc- 
tuations associated with storm movement which are not 
addresssd in this study). Likewise, spatial resolution 
finer than about 1000-5000 km2 (the present average 
resolution of GLERL's models and their applications) 
is unnecessary, for use with general circulation models 
(GCMs) of the atmosphere, and much can be done in 
assessing hydrology changes at resolutions of 100,000 - 
1,000,000 km2 with lumped versions of the models. 
This coarse spatial resolution is still much finer than 
present GCM grids. 

The models were assessed partially by computing 
net basin supplies to the lakes (basin runoff plus over- 
lake precipitation minus overlake evaporation) with 
historical meteorological data for 1951-80 and compar- 
ing to historical net basin supplies. The absolute aver- 
age annual difference ranged from 1.6% to 2.7% on the 
deep lakes, while the Lake St. Clair and Lake Erie 
applications were 12.0% and 7.0% respectively; month- 
to-month differences showed more variation. These 
differences generally reflect poorer evaporation model- 
ing on the shallow lakes and snowmelt and evapotrans- 
piration model discrepancies for the other lake basins. 
While monthly differences were generally small, a few 
were significant. The low annual residuals were felt to 
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Table 2. Daily Lake Evaporation Model Calibration Results. 

Lake 
................................................................................. 

Superior Michigan Huron Georgian Erie Ontario .----------------------------------------------------------------------------------------------------------------- 
CALIBRATION PERIOD STATISTICS 

Means Ratiob 
Variances Ratioc 
Correlationd 
R. M. S. E.= 

Means Ratios 
Variances Ratioh 
Correlation' 
R. M. S. E.' 

Water Surface Temperatures (1980-88). 
1.00 1.01 0.98 1.01 1.03 0.99 
1.01 0.98 0.95 1.02 1.08 0.99 
0.98 0.97 0.98 0.99 0.99 0.98 
1.13 1.56 1.33 1.10 1.58 1.43 

Ice Concentrations (1960-1988)' 

VERIFICATION PERIOD STATISTICS 

Water Surface Temperatures (1966-79)' 

Means ~ a t i o ~  0.96 1.03 0.98 1.05 0.94 
Variances RatioC 1.10 0.95 1.00 1.10 0.97 
Correlationd 0.97 0.99 0.98 0.98 0.96 
R. M. S. E.= 1.09 1.10 1.34 1.91 1.92 .................................................................... .................................................................... 
"Data between January 1,1980 and August 31, 1988 for all lakes except Michigan and 
between January 1, 1981 and August 31,1988 for Lake Michigan, with an initialization 
period for all lakes except Georgian Bay starring January 1,1948 and January 1,1953 for 
Georgian Bay. 

b ~ a t i o  of mean model surface temperature to data mean. 
'Ratio of variance of model surface temperature to data vaiiance. 
dCorrelation between model and data surface temperature. 
'Root-mean-square error between model and data surface temperatures in degrees C. 
'Data between January 1,1960 and August 31,1988 for all Great Lakes except Superior and 

between March 1,1963 and August 31,1988 for Lake Superior, with an initialization period 
for all lakes starting January 1, 1958. 

gRatio of mean model ice concentration to data mean. 
hRatio of variance of model ice concentration to data variance. 
'Correlation between model and data ice concentration. 
JRoot-mean-square error between model and data ice concentrations in %. 
k ~ a t a  between January 1, 1966 and December 31,1979 for all lakes except Michigan with an 
initialization period for all lakes except Georgian Bay starting January 1, 1948 and January 1, 
1953 for Georgian Bay. 

be acceptable for use of these models in assessing 
changes from the current climate as they would be 
consistently applied to both a "present" and a "changed 
climate. Further assessment of model deficiencies with 
comparisons to historical net basin supplies is difficult 
since the latter are derived from water budgets which 
incorporate all budget term errors in the derived net 
basin supplies. 

There is some indication of model applicability 
outside of the time periods over which the models were 
calibrated as indicated above and in Tables 1 and 2. To 
assess the applicability of the process models to a 
climate warmer than the one under which they were 
calibrated and verified requires access to meteorologic 
data and process outputs for the warmer climate which 
unfortunately do not exist. Warm periods early in this 
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century are not sufficiently documented for the Great 
Lakes. In particular, data are lacking on watershed 
runoff to the lakes, water surface temperatures, wind- 
speed, humidity, cloudcover, and solar insolation. 

It is entirely possible that the models are tied 
somewhat to the present climate; empiricism is em- 
ployed in the evapotranspiration component of the 
LBRM and in some of the heat flux terms in the heat 
balance and lake evaporation model. Coefficients were 
determined or selected in accordance with the present 
climate. The models are all based on physical concepts 
that should be good under any climate; however, the 
assumption is made that they represent processes under 
a changed climate that are the same as the present ones. 
7'hese include linear reservoir moisture storages, par- 
tial-area infiltration, lake heat-storage relations with 
surface temperature, and gray-body radiation. Howev- 
er, the calibration and verification periods for the 
component process models include a range of air 
temperatures, precipitation, and other meteorological 
variables that encompass much of the changes in these 
variables predicted for a changed climate. Even though 
the changes are transitory in the calibration and verifi- 
cation period data sets, the models appear to work well 
under these conditions. 

GREAT LAKES CLIMATE CHANGE RESPONSE 

Methodology 

GLERL constructed a master computer procedure to 
integrate the Large Basin Runoff Model, over-lake 
precipitation estimates, and the lake evaporation 
models for all lakes to provide a net water supply 
model for the entire Great Lakes system. They devel- 
oped it specifically to look at the impact of changed 
climate by doing simulations with changed meteorolo- 
gy that represent scenarios of changed climate and 
comparing with simulations based on historical meteor- 
ology (representing an unchanged climate). Inputs are 
areal-average daily precipitation and maximum and 
minimum air temperatures for each of the 121 water- 
sheds about the Great Lakes and areal-average daily air 
temperature, cloudcover, humidity, and windspeed for 
each of the five Great Lakes and Lake St. Clair. 

GLERL's general procedure for the investigation of 
steady-state behavior under a changed climate is similar 
to that used for the EPA, as detailed elsewhere (Croley, 
1991; Louie, 1991); it required that GLERL first simu- 
late 38 years of "present" hydrology by using historical 
daily maximum and minimum air temperatures, precipi- 
tation, windspeed, humidity, and cloud cover data for 
the 1951-88 period; this is called the "base case" or 
"lxC0," scenario. The initial conditions were arbitrari- 
ly set but an initialization simulation period of 1 Janu- 
ary 1948 through 31 December 1950 was used to allow 
the models to converge to conditions (basin moisture 
storages, water surface temperatures, and lake heat 
storages) initial to the 1 January 1951 through 31 

December 1988 period. GLERL then attempted to 
estimate "steady-state" conditions, but there were 
~roblems. 

The procedure to estimate "steady-state" conditions 
is to repeat the 41-yr simulation with initial conditions 
(basin moisture stoiages, lake heat storages, and surface 
temperatures) set equal to their values at the end of the 
simulation period, until they are unchanging. This 
~rocedure reauires manv iterations for a few subbasins 
'with very sloh ground4ater storages and suggests very 
different initial moundwater storages than were used in 
calibrations. ~ i t u a l l ~ ,  the origi$l calibrations of the 
models used arbitrary (but fixed) initial conditions. 
GLERL should have determined initial conditions also 
in the calibrations, but that was unfeasible; there is little 
confidence in calibrated parameter sets that suggest 
very slow groundwater storages (half-lives on the order 
of several hundred years in some cases) since only 10 
to 20 years were used in the calibrations. Therefore, 
the best estimate of "present" hydrology is to use cal- 
ibrated parameters with initial conditions on "the same 
order" as those assumed for the calibrations. GLERL 
did the latter and then conducted simulations with 
adjusted data sets. 

Average monthly absolute air temperatures, specific 
humidities, cloudcover, precipitation, and windspeed 
were supplied for each month of the year by the Cana- 
dian Climate Centre as resulting from their second- 
generation global circulation model (CCCGCMII); see 
McFarlane (1991) and McFarlane et al. (1991). While 
available at grid points spaced 3.75 degrees latitude by 
3.75 degrees longitude, Louie (1991) interpolated 
monthly averaged data to a grid of 1 degree latitude by 
1 degree longitude for both the "present" and "future" 
atmospheres (with one and two times the CO, content 
of the "present" atmosphere). He weighted values at 
surrounding grid points inversely to the square of the 
distance to each point. GLERL computed ratios of 
"future" (2xC0,) to "present" (IxCO,) monthly average 
absolute air teAperSures, specific humidities, cloud- 
cover, and precipitation and monthly average differenc- 
es of ~ X C O  to-lxCO, windspeeds at each of these 
gridpoints. 'hey then used these ratios and differences 
with the historical data to estimate the 41-year sequenc- 
es (1948-88) of atmospheric conditions associated with 
a changed climate, referred to as the "2xC0," scenario. 

GLERL inspected each of the 770,000 square 
kilometers within the Great Lakes basin to see which 
gridpoint it is closest to and applied the monthly ad- 
justment at that gridpoint to data representing that 
square kilometer. By combining all square kilometers 
representing a watershed or the lake surface, GLERL 
derived an areally-averaged adjustment to apply to their 
areally-averaged data sets for the watershed or lake 
surface, respectively. They then used the 2xC0, 
scenario in simulations similar to the base case 
scenario. They repeated the 41-yr simulation with 
initial conditions set equal to their values at the end of 
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the simulation period, until they were unchanging to 
estimate "steady-state" future copditions. They then 
interpreted differences between the 2xC0, scenario and 
the base case scenario, for the 1951-88 period, as result- 
ing from the changed climate. 

Transfer of information between the GCMs and 
GLERL's hydrologic models in the manner described 
involves several assumptions. Solar insolation at the 
top of and through the atmosphere on a clear day are 
assumed to be unchanged under the changed climate, 
modified only bv cloudcover changes. Over-water 
corrections are made in the same way, albeit with 
changed meteorology, which presumes that over- 
waterlover-land atmospheric relationships are un- 
changed. GLERL': procedure for transfering informa- 
tion from the GCM grid to their spatial data is an objec- 
tive approach but simple in concept. It ignores interde- 
pendencies in the various meteorologic variables as all 
are averaged in the same manner. Of secondary impor- 
tance, the spatial averaging of meteorologic values over 
a box centered on the GCM grid point (implicit in the 
use of the nearest grid point to each square kilometer of 
interest) filters all variability that exists in the GCM 
output over that box. If GCM output were interpolated 
between these point values then at least some of the 
spatial variability might be preserved. The interpola- 
tion performed by Louie from the original GCM grid to 
a finer grid reduced this problem but it still exists in the 
use of the finer grid with the hydrology models. Of 
course. little is known about the validity of various 
spatial interpolation schemes and, for highly variable 
spatial data, they may be inappropriate. However, the 
same is true for the spatial averaging that was used to 
supply the GCM results for this study. 

Steady-state behavior, in all aspects of the hydro- 
logical cycle, are exemplified here in figures for the 
Lake Superior basin and summarized for all lakes and 
all climate-change scenarios for the entire period in 
tables. 

Basin Meteorology 

The annual cycles of all meteorologic variables were 
averaged over the 195 1-88 period and inspected. The 
2xC0, climate air temperatures are higher throughout 
the annual cycle than the IxCO, climate (base case); 
the difference is smallest during the late fall to early 
winter and largest during the late winter to early spring 
for all lakes; see Fig. 3. The difference is smallest and 
largest (most variability in the seasonal cycle) for the 
southem-most lakes. The average annual air temper- 
atures are 4.4-6.1 'C higher, depending on the basin, 
see Table 3. The 2xC0, climate precipitation is gener- 
ally higher during the spring and lower during the fall 
and winter than the lxC0, climate precipitation over aU 
of the Great Lakes' basins, although generally lower to 
the south, see Fig. 3. The average steady-state annual 
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Fig. 3. Steady-St?te Lake Superior Over-Basin 
Meteorologic Climate Changes. 

precipitation is 8% higher over the Superior basin to 
10% lower over the Erie basin with a fairly smooth 
change with longitude; see Table 3. Precipitation 
changes and air temperature changes are both fairly 
consisitent with longitude as illustrated in Table 3. 

Basin Hydrology 

The resulting average annual steady-state evapotranspi- 
ration from the land portion of the basins is higher for 
the 2xC02 climate in all lake basins, with a fairly 
smooth change with longitude from 26% higher over 
the Superior basin to 17% higher over the Erie basin; 
see Table 3. However, over the seasonal cycle, 2xC0, 
evapotranspiration exceeds the base case the most in 
the late spring to early summer (late on Lake Superior 
basin) and is actually smaller in the early fall, see Fig. 
4. Runoff from the land portion of the basin is reduced 
by the 2xC02 climate in d l  basins, changing from only 
12% lower over the Superior basin to 56% lower over 
the St. Clair basin in a fairly smooth variation with 
latitude; see Table 3. The average annual cycle of 
runoff, depicted in Fig. 4, has changed as well; runoff 
peaks slightly earlier and with smaller magnitude under 
the 2xC0, c m t e  than under the IxCO, climate. This 
is largely the result of the very big changes observed in 
the snowpack accumulation and ablation as well as in 
other basin moisturc storages. 

On the Superior basin, the average steady-state 
snowpack storage is reduced by more than half; on the 
other basins, more to the south. the snowpack is almost 
entirely absent under the 2xC0, climate; see Fig. 4 and 
Table 4. This reduction in snowpack accumulation 
results from the higher air temperatures, especially 
during the winter, that accompany the changed climate. 
The snow season is  shortened also more than one 
month. The effects on the snowpack are felt throughout 
the basin in terms of,the derived moisture storages in 
the soil zone, groundwater, and surface zones. Figure 4 
illustrates the general impact of generally lower mois- 
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Table 3. Average Annual Steady-State Basin Hydrology Differences. 
........................................................... 

Air Temperatures and Precipitation" and 
Basin Absolute Differences Relative Changes 

................................... ..................................... 
IxCO, 2xC02 Diff. IxCO, 2xC0, Diff. 

................................................................................................... 
Superior 2.4' 6.8' 4.4' 817 mm 880mm 8 % 
Michigan 7.2" 12.8' 5.6' 825 mm 797 mm -3 % 
Huron 5.4" 10.4' 5.0' 870 mm 852 mm -2 % 
St. Clair 8.3" 14.4' 6.1" 849mm 772 mm -9 % 
Erie 9.1' 15.1" 6.0' 905mm 817 mm -10 % 
Ontario 7.2" 12.2' 5.0' 930 mm 879 mm -6 % 

Evapotranspiration" and 
Basin Relative Changes 

Runoff and 
Relative Changes 

................................... ..................................... 
lxCO, 2xC02 Diff. lxC02 2xC0, Diff. 

................................................................................................... 
Superior 423 mm 534mm 26 % 394mm 346mm -12% 
Michigan 507 mm 600 mm 18 % 317 mm 196mm -38 % 
Huron 493 mm 608 mm 24 % 377 mm 243 mm -36 % 
St. Clair 535 mm 632 mm 18 % 315mm 140mm -56% 
Erie 565 mm 659 mm 17 % 341mm 158mm -54% 
Ontario 472 mm 575 mm 22 % 459 mm 304 mm -34 % 
........................................................... 
"Expressed as a depth over the land portion of the basin. 

Table 4. Average Annual Steady-State Basin Storage Differences. 

Snow Water Equivalent" Soil Moisture" and 
Basin and Relative Changes Relative Changes 

................................... ..................................... 
IxCO, 2xC0, Diff. 1xC0, 2xC02 Diff. 

................................................................................................... 
Superior 50 mm 24 mm -51 % 42mm 36mm -14% 
Michigan 12 mm 2 mm -87 % 35 mrn 22 mm -37 % 
Huron 28 mm 6 mrn -79 % 54mm 40 mm -26 % 
St. Clair 9mm l m m  -91% 6mm 2 mm -67 % 
Erie 6mm 1 mm -90% 7mm 3 mm -63 % 
Ontario 16mm 2mm -85 % 21 mm 14mm -31 % 
................................................................................................... 

Groundwater Moisturea Total Basin Storagea and 
Basin and Relative Changes Relative Changes 

................................... ..................................... 
IxCO, 2xC0, Diff. IxCO, 2xC0, Diff. 

Superior 146 mm 124 mm -15 % 295 mm 237 mm -20 % 
Michigan 61 mm 41 mm -33 % 114mm 68mm -40% 
Huron 8mm 5mm -39% 99mm 57 mm -43 % 
St. Clair 10 mm 5 mm -51 % 28 mm 9 mm -67 % 
Erie 9mm 4mm -52% 24 mm 8 mm -65 % 
Ontario 11 mm 7 mm -36 % 61mm 33mm -46% 

"Expressed as a depth over the land portion of the basin. 
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Fig. 4. Steady-State Lake Superior Over-Basin 
Hydrologic Changes. 

ture storages that peak earlier in the 2xCO climate than 
in the IxCO, climate scenarios for a l f ~ r e a t  Lake 
basins. This general lowering of moisture in storage in 
each of the basins is summarized in Table 4 and in 
some cases represents greater than a 50% reduction in 
available moisture (see "Total Basin Storage" column). 

Over-Water Meteorology 

The over-lake air temperature, humidity, and wind 
speed differs from over-land since the lower atrnospher- 
ic layer is affected by the water surface over which it 
lies. The model corrections to over-land meteorology 
observations for over-water conditions depend heavily 
on the water surface temperature which in turn is a 
function of the over-lake meteorology and heat balance 
at the surface of the lake. Figure 5 illustrates the 
2xC0, and the base case annual cycles for Superior 
over-lake meteorology (air temperature, absolute 
humidity, and wind speed), and Fig. 6 illustrates water 
temperature, evaporation, and net basin supply. In 
general, the synergistic relationship that exists between 
air and water temperature in the 2xC0, scenario yields 
a general increase in both that follows the IxCO, 
climate patterns, similar to over-land behavior in Figs. 
5 and 6. The most pronounced increase in both occurs 
in the summer for Lake Superior. Table 5 shows that 
the average steady-state air temperature difference 
between the 2xC0, and base cases varies from 5.3 'C 

a0 Air Temperature ('C) 
0 

Absolute Humidity (mb) 
3Or 

- 2 x CQ 
1 or Wind Speed (mlJ 

0 0  
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Fig. 5. Steady-State Iake Superior Over-Lake 
Meteorologic Climate Changes. 

"a, 
Water Temperature ('C) 
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Fig. 6. Steady-State Lake Superior Over-Lake 
Hydrologic Changes. 

on Lakes Superior and Huron to 5.9 "C on Lake Michi- 
gan. Variations in the impact with latitude or longitude 
or size of the lake are not pronounced, in terms of 
volume or heat capacity. Relative humidity over the 
lakes is increased, probably due to the increased lake 
evaporation, and cloud cover generally has decreased 
slightly for the 2xC0, climate; see Fig. 5 and Table 5. 
Again, the difference is  most pronounced in the 
summer. Over-water wind speed is not greatly affected 
after correction of over-land values for over-water 
conditions at increased water temperatures; Fig. 5 and 
Table 5 show only a slight decrease for each lake in 
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Table 5. Average Annual Steady-State Owr-Lake Meteorology Differences. 

Air Temperatures and Absolute Humidity and 
Basin Absolute Differences Absolute Differences 

................................... ..................................... 
IxCO, 2xC02 Diff. 1xCO2 2xC02 Diff. 

Superior 3.1' 8.4' 5.3" 7.2 mb 10.3 mb 3.1 mb 
Michigan 7.7' 13.6' 5.9" 9.7 mb 13.3 mb 3.6 mb 
Huron 6.5' 11.8' 5.3' 9.0 mb 12.4 mb 3.4 rnb 
St. Clair 10.3" 16.0' 5.7' 11.2 mb 15.1 mb 3.9 mb 
Erie 9.7" 15.3' 5.6" 10.9 mb 14.7 mb 3.8 mb 
Ontario 8.0' 13.4' 5.4' 9.8mb 13.6mb 3.8mb 

Cloud Cover and Wind Speed and 
Basin Relative Changes Relative Changes 

................................... ..................................... 
1xCO- 2xCO- Diff. 1xCO. 2xC0,. Diff. 

L L L L ................................................................................................... 
Superior 0.57 0.58 2 %  5.7 m/s 5.7 m/s 0 % 
Michigan 0.43 0.42 -2 % 6.1 m/s 5.9 m/s -3 % 
Huron 0.55 0.55 -1 % 6.Om/s 5.91111s -2% 
St. Clair 0.50 0.47 -4 % 5.7 m/s 5.6 m/s -2 % 
Erie 0.63 0.61 -3 % 6.3 m/s 6.1 m/s -3 % 
Ontario 0.59 0.58 -1  % 6.1 m/s 6.0 m/s -2 % ........................................................... 

Table 6. Selected Average Annual Steady-State Hydrology Differences. 

Water Temperature and Over-Lake Evaporationa 
Basin Absolute Differences and Relative Changes 

............................................ .......................................... 
lxCOz 2xC0, Diff. lxC02 2xC0, Diff. 

........................................................................................................... 
Superior 5.4' 10.5' 5.1' 561 mm 7 3 6 m  31 % 
Michigan 8.5' 14.1' 5.6' 647 mm 8 5 4 m  32 % 
Huron 8.0' 13.0' 5.0' 627 mrn 829mm 32 % 
St. Clair 1.0' 15.8" 4.8' 936 mm 1234mm 32 % 
Erie 10.9" 15.8' 4.9' 898 mm 1197 mm 33 8 
Ontario 9.0' 14.4' 5.4' 665 mm 874mm . 31 % 

"Expressed as depths over the lake. 

steady-state windspeed averages. 

Lake Heat Balance 

now reside in the deep lakes throughout the year, in- 
creasing latent and sensible transfers to the atmosphere; 
see Fig. 6. The increased heat in storage also means 

The heat budget gives rir to increased water that ice formation will be greatly reduced over winter 

temperatures as seen in Fig. 6 and summarized in Table on the deep Great Lakes. The higher water surface 

6. The average steady-state increase in water surface temperatures under the 2xCO2 climate result in in- 
temperatures for the 2 x ~ ~ ,  scenario range from 4.8 'C creased annual lake evaporation of about 31-332; see 
on ~ a k ~  st. clair to 5.6 *con ~~k~ ~ i ~ h i ~ ~ .  ~h~ heat Table 6. The increased heat storage also changes 
storage ca~acitv of a lake has an influence on the in- km~erature-de~th profiles in the lakes. 
crease in \;ater surface temperatures that can almost be Some of the deep lakes (Michigan, Huron, and seen in Fig. 6. Water surface temperatures are seen to Ontario) show water surface temperatures that stay 
peak earlier On deep lakes under the 2xC02 climate above 3.98 'C throughout the average annual cycle. than under the IxCO, climate. Large amounts of heat ~i~~~~ 7 illustrates fiis for 1961 on ~ a k ~  superior, 
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Fig. 7. Steady-State Lake Superior Temperature- 
Depth Profiles. Fig. 8. Steady-State Lake Superior Depth-Time 

Temperature Isolines. 

This means that bouyancy-driven turnovers of the water 
column do not occur in the same way as they do at 
present. 

In some years, the large lakes are changed from 
dimictic lakes (turnovers occur twice a year as water 
temperatures pass through the point of maximum densi- 
ty, 3.98 "C) to monomictic lakes (maximum turnover 
occurs at the temperature "reversal" where temperatures 
stop declining and start rising again and the minimum 
temperature is greater than 3.98 'C). Figure 7 shows 
that the IxCO, temperature profile for Lake Superior 
passed through 3.98'C in June 1961 and approached, in 
December. the January 1962 transition. Under the 
2xC0, scenario, temperatures remain above 3.98'C but 
approach a vertical profile most in March. This repre- 
sents a change from dimictic to monomictic. 

Table 7 shows that the large lakes remain dimictic 
under the 2xC0, climate only between 2% and 76% of 
the time. The largest change is associated with Lake 
Ontario which is the furthest south of the deep lakes. 
Least effected are Lakes Erie and St.Clair which are 
very shallow and have relatively little heat storage. As 
the lakes move to one reversal per year in some years, 
instead of two turnovers per year, the interarrivd times 

of the ~naximum mixing extent increase. Table 7 illus- 
trates that the average interarrival time grows to nearly 
a full year on Lake Ontario since only 2% of the years 
have dimictic behavior. Table 7 also illustrates the 
monomictic reversal temperature is, of course, well 
above the point of maximum water density. 

The timing, of maximum turnovers or temperature 
reversals, shifts. Table 8 shows the time between the 
spring turnover and the fall turnover (for dimictic 
behavior) increases. The spring turnover occurs earlier 
and the fall turnover occurs later in the annual cycle. 
For ~nonomictic behavior, the single maximum turno- 
ver occurs even earlier in the year than the dimictic 
turnovers. These are consequences of greater heat 
storage in, and heat inputs to, the lakes. 

Temperature-depth profiles for every day of a 
single model 'year can be combined and depicted as 
depth-time plots of temperature isolines; see Fig. 8 for 
an example on Lake Superior. Then, not only are the 
turnover timing changes depicted between IxCO, and 
2xC0, climates, but depth changes are more apparent 
as well. Table 8 also summarizes the maximum depths 
at  turnover in the lakes. Dimicitic spring turnovers 
exhibit shallower average depths under 2xC02 condi- 
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Table 7. Average Characteristics of Tumovers/ReversaL 

Fraction Dirnictic Interarrival Times 
...................... ..................... 2xCO Monomictic Reversal 
lxC02 2xC02 lxC02 2xC02 &ater Temperature 

.......................................................................................................... 
Superior 100 % 67 % 182d 211d 4.5 'C 
Michigan 100 % 15 % 182d 318d 4.9 'C 
Huron 100% 24% 182d 292d 4.9 'C 
St. Clair 100 % 100 % 183d 185d 
Erie 100% 76% 183 d 206 d 4.9 "C 
Ontario 100 % 2 % 182d 356d 5.9 'C 

Table 8. Average Dates and Depths of Maximum -mover or Temperature 
Reversal. .................................... ..................................... 

Basin lxC0, 2xC02 ...................... .......................................... 
Dimictic Dimictic Monomictic 

...................... ..................... 
Spring Fall Spring Fall 

DATES 
Superior 02 Jul 23 Dec 24 Apr 11 Feb 24 Mar 
Michigan 27 May 01 Jan 27 Mar 28 Jan 22 Feb 
Huron 26 May 10 Jan 26Mar 11Feb 1OMa 
St. Clair 30 Apr 20 Nov 04- 28Nov 
Erie 30 Apr 24 Dcc 03Mar O6Jm 01Feb 
Ontario 20May 18 Jan 10Mar 29 Jan 03 Mar 

DEF'THS 
Superior 234m 162m 127 m 257 m 297 m 
Michigan 132 m 11 1 m 52m 199m 231m 
Huron 229 ma 229 ma 140 rn 229 ma 229 ma 
St. Clair 6ma 6ma 6ma 6m" 
Erie 64ma 64 ma 48 m 64 ma 53 m 
Ontario 232 m 242 m 70 m 244 ma 244 ma 
...................................................... 
'Maximum average depth of the lake. 

tions and fall turnovers are deeper, where not limited by 
the depth of the lake. Monomictic turnovers are gener- 
ally even deeper. 

There is a normal hysteresis observed in graphs of 
lake heat plotted with surface temperature, such as in 
Fig. 9. This reflects the mixing of heat at depth. Sur- 
Face temperatwes rise quickly, and heat storage follows 
after the spring turnover. When surface temperatures 
then begin to drop in the fall, stored heat initially does 
not. Then heat storage drops more slowly. Similar 
behavior occurs after the fall turnover, and both result 
in the characteristic double "loop" in the plot. Under 
the warmer climate change scenario, temperatures 
sometimes never drop below that at maximum density 
(3.98'C). This results in only one hysteresis loop, but it 

is much larger. 

Net Supply Components 

Over-lake precipitation, runoff, and lake evaporation 
sum algebraically as the net basin supply and are pre- 
sented again in Table 9 for convenience. Since over- 
lake precipitation is taken here as the same as over- 
land, Table 9 shows the same relations for 2xC0, vs. 
base case precipitation as does Table 4. Net basin 
supply in Table 9 is seen to be less under the 2xC0, 
climate than under the IxCO, climate on all lakes. This 
is true throughout the year for Lake Erie and nearly true 
on the other lakes (see Fig. 6). Net basin supplies are 
lower throughout the annual cycle except for February 
and March on Lake Superior, February on I akes 
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Table 9. Average Annual Steady-State Net Supply Components Differences. ........................................................ .......................................................... 
Over-Lake Precipitationa Basin Runoffl and 

Basin and Absolute Differences Absolute Differences 
........................................ ........................................ 

lxC0, 2xC02 Diff. lxC02 2xC0, Diff. 
................................................................................................... 
Superior 817mm 880mm 63mm 615mm 539mm -75mm 
Michigan 825 mm 797 mm -28 mm 635 mm 393 mm -242mm 
Huron 869 mm 852 mm -18 mm 836 mm 539 mm -297 mm 
St. Clair 849 mm 772 mm -77 mm 4453 mm 1980 mm -2474 mm 
Erie 905 mm 817 mm -88 mm 803 mm 372mm -431 mm 
Ontario 930 mm 879 mm -51 mm 1694 mm 1123 mm -571 mm 
................................................................................................... 

Over-Lake Evaporation' Net Basin Supply and 
Basin and Absolute Differences Relative Changes 

........................................ ........................................ 
lxC0, 2xC02 Diff. lxC0, 2xC02 Diff. 

-----------------------------------------.--------------------------------------------------------- 
Superior 561 mm 736mm 175 mm 871 mm 684mm -21 % 
Michigan 647 mm 854mm 207 mm 813 mm 336 mm -59 % 
Huron 627 mm 829mm 202 mm 1079 mm 562 mm -48 % 
St. Clair 936 mm 1234mm 298 mm 4367 mm 1517 mm -65 % 
Erie 898mm 1197mm 299mrn 810mm -8mm -101% 
Ontario 665 mm 874 mm 209 mm 1959 mm 1127 mm -42 % ......................................................... ......................................................... 
'Expressed as depths over the lake. 

Table 10. Average Annual Steady-State Great Lakes Basin Hydrology and Net 
Basin Supply Components. ........................................................... ........................................................... 

Scen- Over Evapo- Basin Over Over Net 
ario Land trans- Runoff Lake Lake Basin 

Precip- piration Precip- Evap- supply 
itation itation oration 

GISS~ 2% 21% -24% 4% 27% -37% 
GFDLc 1% 19% -23% 0% 44% -51% 
OSud 6% 19% -11% 6% 26% -23% ........................................................... 
'Canadian Climate Centre, prepared by Louie (1991). 
b~oddard Institute for Space Studies GCM, used by Croley (1990). 
"Geophysical Fluid DynamicsLaboratory GCM, used by Croley (1990). 
doregon State University GCM, used by Croley (1990). 



Great Likes climate impacts 

month starts and year end are labeled 

a n -- 

53: 

0 2 :  

" - " - 

: i 
0 5 10 15 20 

Surface Temperature (Deg. C) 

Fig. 9. Steady-State Lake Superior Heat-Temperature 
Hysteresis. 

Michigan and Huron, January on Lake St. Clair, and 
January and February on Lake Ontario. Table 10 
summarizes the changes in the hydrologic and net basin 
supply components for the entire Great Lakes basin; 
they were computed by converting the equivalent 
depths of Table 9 to annual flow rates on each lake and 
adding them over all the lakes. The changes from the 
base case are also expressed relatively in Table 10. 
Also expressed relatively are changes from other stud- 
ies that used other general circulation models (Croley, 
1990); they are provided for comparison. Net basin 
supplies to all Great Lakes are seen to drop to about 
one half under the CCC GCM; this corresponds to the 
GCM from the Geophysical Fluid Dynamics Labora- 
tory (GFDL) in the earlier studies. This drop in net 
basin supply seems to result from the increases in lake 
evaporation and overland evapotranspiration (reducing 
subsequent runoff to the lakes) observed in the 2xC0, 
scenario from the GCM. 

Sensitivities 

Without temperatures below freezing, the snowpack is 

irrsensitive to precipitation. Although the steady-state 
scenarios on different lakes show different estimates of 
precipitation change, each shows increases in air 
temperatures that significantly reduce the snowpack, 
especially in the southern basins. Thus, even if precipi- 
tation increases more than suggested by the GCM, the 
snowpack will be much reduced under warmer winters. 
Similarly, regardless of actual changcs in precipitation, 
the Great Lakes basin will experience reduced soil 
moisture storage and runoff. Both peak shortly after 
snowmelt, and then drop throughout the summer and 
fall, due to high evapotranspiration; each climate 
scenario produces earlier snowmelt and a longer period 
of evapotranspiration. Although soil moisture and 
runoff certainly vary with precipitation, they are most 
sensitive to it in midsummer when at their annual 
minimums. Thus, within the limits of precipitation 
produced by the GCMs, soil moisture and runoff 
scenarios are relatively insensitive to precipitation. 

Of the meteorological variables that affect lake 
evaporation (air temperature, humidity, cloud cover,' 
and wind speed) wind speed is probably the most criti- 
cal, although air temperature and humidity are also 
important. Across all lakes and scenarios, daily evapo- 
ration was reduced (compared to the base case) only 
when the scenarios showed reduced wind speeds. If 
wind speeds remain near historical levels, evaporation 
will still increase somewhat, however, due simply to 
the increase in air temperatures that then increase water 
temperatures. Thus, within the range of other meteoro- 
logic variables shown by the GCMs, only if wind 
speeds are less than historical levels by about 0.5% will 
lake evaporation not increase. 

Because net basin supplies are a sum of lake evapo- 
ration, runoff, and precipitation, they are equally sensi- 
tive to changes in any of the components. Thus, as 
long as wind speeds are not much less than historical 
levels, regardless of precipitation changes (unless much 
larger than any shown by the GCMs), net basin sup- 
plies are likely to drop due to higher air temperatures 
that increase evaporation and decrease runoff. 

Summary 

The study results should be received with caution as 
they are of course dependent on the GCM outputs, 
which have large uncertainties. The linkage method 
used here does not recognize interdependencies bet- 
ween meteorological variables. It also simply changes 
the magnitude of meteorological time series without 
affecting their temporal structures. Therefore, changes 
in variabilities that would take place under a changed 
climate are not addressed. Seasonal timing differences 
in the GCM for the changed climate are not reproduced 
with this method of coupling. Instead, while seasonal 
meteorology patterns are preserved in the 2xC0, 
scenario as they exist in the IxCO, historical data, one 
still can observe seasonal changes induced by storage 



effects. Water temperatures increase and peak earlier, 
heat resident in the deep lakes increases throughout the 
year. Mixing of the water column diminishes, as most 
of the lakes become mostly monomictic, and lake 
evaporation increases. Changes in annual variability 
are less clear, again as a result of using the same histor- 
ical time structure for both the base case and the 
changed climate scenarios. 

The higher air temperatures under the 2xC0, 
scenarios lead to higher over-land evapotranspiration 
and lower runoff to the lakes with earlier runoff peaks 
since snowpack is reduced up to 100% and the snow 
season is shortened more than one month. This also 
results in a reduction in available soil moisture. Water 
surface temperatures peak earlier and are higher with 
larger amounts of heat resident in the deep lakes 
throughout the year. Also, bouyancy-driven turnovers 
of the water column do not occur as often on all lakes 
except St. Clair. Currently, they occur twice a year on 
all lakes. Without biannual turnovers, hypolimnion 
chemistry may be altered; oxygen may be depleted, 
releasing nutrients and metals from lake sediments. 
The lakes may experience more than a single winter 
turnover if temperature gradients are small and winds 
are strong enough to induce turbulent mixing (Hutchin- 
son, 1957). Ice formation will be greatly reduced over 
winter on the deep Great Lakes, and lake evaporation 
will increase. The average steady-state net supplies to 
all lakes are seen to drop. 
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