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Abstract

A simulation model for ice and snow covers is applied to dimictic and polymictic lakes of the temperate zone to project
the effects of possible climate warming on ice and snow covers. The winter cover model is associated with a deterministic,

Ž .one-dimensional water temperature model. The lake parameters required as model input are surface area A , maximumS
Ž .depth H , summer and Secchi depth as a measure of radiation attenuation and trophic state. The model is driven by dailymax

weather data. The model has been validated with extensive data. Standard errors between simulated and measured values are
0.12 m for ice thicknesses, 0.07 m for snow covers and less than 6 days for ice formation dates. The model is applied to
simulate effects of projected climate change on winter ice and snow covers on different types of lakes in Minnesota. Lake
depth and latitude are shown to have the strongest influence on freeze-over dates. Lake morphometry causes variations of up
to 6 days in the mean value of ice-in dates. The trophic state and shape of a lake have little effect on ice-out date, but
latitude is important.

Ž .The projected climate change due to a doubling of atmospheric carbon dioxide 2=CO is obtained from the output of2
Ž .the Canadian Climate Center Global Circulation Model CCC GCM and the Goddard Institute of Space Studies at Columbia

Ž .University GISS GCM . The 2=CO climate delays the ice formation by as much as 20 days, reduces maximum ice and2

snow thicknesses by 50%, and shortens the ice cover period by up to 60 days. These changes would eliminate fish winterkill
in most shallow lakes, but would endanger snowmobiles and ice fishermen. To illustrate the effect of projected climate
change on winter icersnow cover characteristics, separate graphs are presented for values simulated with inputs of past

Ž .climate conditions 1961–79 and with a projected 2=CO climate scenario. Independent variables used on these plots are2

a lake geometry ratio A0.25rH and Secchi depth. The lake geometry ratio measures the susceptibility of a lake toS max

stratification.
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1. Introduction

In cold regions, transfer processes which normally
occur through the open-water surface of a lake are
substantially altered by ice and snow covers. Ice
formation on small freshwater lakes generally occurs
on a calm, cold night. Rising winds and daytime

heating may subsequently break up this cover until
calm and cold conditions occur again and the ice

Ž .cover forms a second time Ashton, 1986 . The ice
formation date is usually associated with the coldest

Ž .water temperature in a lake Stefan and Fang, 1995 .
An ice cover on a lake stops oxygen exchange
Ž .reaeration between the atmosphere and the water.
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As a consequence dissolved oxygen concentration,
which is essential to many aquatic organisms in a
lake, diminishes after an ice cover has formed due to
sedimentary and water column oxygen demand. With
an additional snow cover on a lake, most light
attenuates within the snow, and therefore photosyn-
thetic oxygen production by plants reaches zero. Fish
winterkill can occur in shallow lakes near the end of

Ž .the ice cover period early spring when dissolved
oxygen concentrations drop below 2 mgrl. This is
but one example of how an icersnow cover on a
lake influences water quality and ecology in a lake.

This paper summarizes results obtained with a
model that simulates the formation and the character-

istics of icersnow covers on lakes and the associated
daily water temperature profiles in lakes using daily
weather data as input. The model includes sediment
heat exchange in all layers of a lake. This is most
important for the simulation of ice covered lakes
because heat released from the sediment during the
winter warms the lake water under the ice. Coeffi-
cients in the model are derived from extensive data

Ž .from Minnesota lakes Table 1 . The model is thus a
‘‘regional’’ model which is applied without further
calibration.

Because the model is driven by daily weather
parameters as input, it can be used to study the
effects of climate change on lake icersnow covers.

Table 1
Parameters and coefficient values used in the model

Parameters and symbols Units Range and references Selected value

Open water season
aRadiation absorption for water b y 0.4 0.4w

y1 y1 bSediment specific heat c kcal kg 8C 0.2–0.3 0.28psed
y1 y1 y1 bSediment thermal conductivity k kcal day 8C m 8.64–51.8 19.25sed

2 y1 cRadiation attenuation by Chl-a m m g Chl-a 0.2–31.5 20.0ch
y1 dRadiation attenuation by water m m 0.33–1.03 0.51w

y3 bSediment density r kg m 1650–2300 1970sed
eWind sheltering W y 0.01–1.0 variesstr

Winter ice coÕer
hSurface reflectivity for ice a y 0.55 0.55i

lSurface reflectivity for snow a y 0.4–0.95 0.80sw
fRadiation absorption for ice b y 0.17–0.32 0.17i
gRadiation absorption for snow b y 0.17–0.34 0.34sw
lSnow compaction c y 0.125–0.5 0.4sw

y1 y1 y1 bIce thermal conductivity k kcal day 8C m 45.8 53.6i
y1 y1 y1 bSnow thermal conductivity k kcal day 8C m 2.16 5.57sw

y3 bIce density r kg m 920 920.0i

Snow density r kg my3 100–400 l 300.0sw
y1 jRadiation attenuation by ice m m 1.6–7.0 1.6i
y1 iRadiation attenuation by snow m m 20–40 40.0sw

y1 kIce latent heat of fusion l kcal kg 80 80.0i
y1 kSnow latent heat of fusion l kcal kg 80 80.0sw

a Dake and Harleman, 1969.
b Carslaw and Jaeger, 1959.
c Bannister, 1974.
d Megard et al., 1979.
e Riley and Stefan, 1987.
f Wake and Rumer, 1979.
g Scott, 1964.
h Bolsenga, 1977.
i Greene, 1981.
j Pivovarov, 1972.
k Ashton, 1986.
l Lock, 1934.
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To project potential effects of climate change on lake
Žwater quality e.g. water temperature, dissolved oxy-
.gen, nutrients and ecology of lakes in cold regions,

ice formation and icersnow covers on lakes have to
be simulated first. To do this, projected changes in
climate conditions were obtained from the output of
the Canadian Climate Center Global Circulation

Ž .Model CCC GCM and the Goddard Institute of
Ž .Space Studies at Columbia University GISS GCM

for a doubling of atmospheric CO . The monthly2
Ž .differences between the present 1=CO and pro-2

Ž .jected 2=CO climate scenarios were applied to2

measured past climate conditions from 1961 to 1979.
Results on winter covers of lakes in Minnesota are
given herein for both past and 2=CO climate2

scenarios.

2. Model development

2.1. Ice-coÕer and water temperature model

The numerical simulation model for water tem-
perature profiles in cold climate lakes solves the
one-dimensional, unsteady heat transfer equation

ET 1 E ET fw w w
s K A q 1Ž .z

Et A Ez E z rcp

Ž . Ž .where T 8C is the water temperature, t day is thew
Ž 2 .time, A m is the horizontal area as a function of
Ž . Ž 2 y1.depth z m , K m day is the vertical turbulentz

Fig. 2. Simulated and measured ice thicknesses and snow depths
on Ryan Lake, Minnesota.

Ž y3 y1.heat diffusion coefficient, rc J m 8C repre-p

sents heat capacity per unit volume and is the density
Ž . Ž .of water r times heat capacity of water c , andp

Fig. 1. Schematic diagram of a stratified lake showing heat transfer components and temperature profiles in summer and winter.
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Ž y3 y1.f J m day is the heat source or sink strengthw

per unit volume. Solar radiation absorption in the
water column makes a contribution to the heat source
term. Heat exchange between the lake and the atmo-
sphere is treated as a sourcersink term for the
topmost water layer in a lake during the open water

Ž .season Fig. 1 . The determination of source and sink
terms and the computational scheme have been dis-

Ž .cussed, e.g., by Edinger et al. 1968 , Ford and
Ž . Ž .Stefan 1980 , Harleman 1982 , and Hondzo and
Ž . Ž .Stefan 1993a , among others. Eq. 1 is solved

numerically using an implicit finite-difference
scheme and a Gaussian elimination method.
Timesteps of one day and layer thicknesses of one
meter were used.

The snow and ice thickness submodels were origi-
Ž .nally developed by Gu and Stefan 1990 , but have

been used with some modifications. A new algorithm
replacing the previous empirical and lake size depen-

dent criteria to predict the date of ice formation has
been developed and incorporated in the new model
Ž .Fang et al., 1996 . The new algorithm uses a full
heat budget equation to estimate surface cooling,

Ž .quantifies the effect of forced convective wind
mixing and includes the latent heat removed by ice
formation. The algorithm has a fine spatial resolution
near the water surface where temperature gradients
before freeze-over are the greatest.

The water temperature simulation model has also
been expanded significantly from its previous ver-

Ž .sion Hondzo and Stefan, 1993a by including the
heat exchange f between each water layer and itssed

Ž .adjoining sediments Fig. 1 . Although a boundary
condition, the sedimentrwater heat flux is treated as
a contribution to the sourcersink term for each water
layer from the water surface to the lake bottom
Ž .Fang and Stefan, 1996a . On a seasonal timescale
heat is transferred from water to lake sediments

Ž . Ž . Ž .Fig. 3. Past 1961–1979 and projected 2=CO climate scenarios CCC GCM and GISS GCM . Monthly averages of air temperature 8C ,2
Ž . Ž y1 . Ž y2 .dew point temperature 8C , wind speed m s and solar radiation W m at Duluth Airport, Minnesota.
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during the summer and released from lake sediments
into the water during the winter. However the direc-
tion of the heat flux reverses frequently on shorter,

Ž .e.g. daily timescales Fang and Stefan, 1996b . Heat
can transfer into or out of the lake sediment during
both the open water season and the winter ice cover
period. Therefore the lake sediments not only pro-
vide seasonal heat storage, but also add significant
thermal inertia to the lake. Sediment heat fluxes are
most important in winter, particularly for shallow
lakes. Other features of the winter water temperature
model include a new expression for vertical turbulent
diffusion coefficients during the ice cover period

Ž .Ellis and Stefan, 1997 and adaptation of the com-
Ž .putational scheme proposed by Pivovarov 1972 .

During the ice cover period, the model simulates
ice thicknesses and sediment temperature profiles
Ž .heat conduction equation first, then determines the

Ž .heat sourcersink term f in Eq. 1 , and finallyW
Ž .solves the heat transfer Eq. 1 to obtain water

temperature profiles below the ice. The model uses a
stacked layer system, the layers consisting of lake

Ž .sediments, water, ice cover and snow cover Fig. 1 .
ŽAt the airrsnow interface or airrice interface if

.snow is absent , the net heat flux from the atmo-
sphere into or out of the snowrice cover is calcu-

Ž . Ž . Ž .Fig. 4. a Simulated ice thicknesses on a medium surface area, deep lake Lake 22 under three climate scenarios. b Simulated snow
Ž .depths on a medium surface area, deep lake Lake 22 under three climate scenarios.
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Ž .Fig. 4. continued .

lated. Contributions are made by solar radiation
Ž . Ž . Ž .f , evaporation f and convection f . TheSN E C

latter two are functions of the wind speed U. Atmo-
spheric radiation f and backradiation f areA BR

Ž .assumed to balance in winter Gu and Stefan, 1990 .
Snow thickness is determined from snow accumula-
tion, followed by compaction and melting of snow

Žby surface heat input convection, rainfall, solar
.radiation and melting within the snow layer due to

internal absorption of short wave radiation. In the
model ice growth occurs only at the icerwater inter-
face, but ice can decay at the snowrice interface, the
icerwater interface, and within the ice layer. The

complete set of equations used has been summarized
Ž .by Fang and Stefan 1994 .

2.2. Model Õalidation

Ice formation dates are directly related to the rate
of surface cooling and the amount of heat stored in a
lake in summer. The water temperature model was
therefore calibrated against measured temperature
profiles in nine Minnesota lakes. Measurements were
available for selected years from 1980 to 1993, a
total of 48 ‘‘lake years’’ during the open water

Ž .season over 5,000 data pairs . The average standard
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error between simulated and measured water temper-
atures was 1.48C with a range from 0.92 to 1.698C.

Measured ice thicknesses, snow depths and water
temperatures under the ice cover for Ryan Lake,

Ž .Minnesota from 1989 to 1995 , Thrush Lake, Min-
Ž .nesota from 1986 to 1991 and Little Rock Lake,

Ž .Wisconsin from 1983 to 1991 were used for model
Ž .validation Fang and Stefan, 1996a . Standard errors

between simulated and measured values were 0.07 m
for snow depths and 0.12 m for ice thicknesses for

Žlong-term simulations 128 data pairs of icersnow
.measurements over 8 years in Thrush Lake and

Little Rock Lake. Average standard error between
simulated and measured water temperatures during
the ice cover season was 0.58C for these two lakes.
Predicted freeze-over dates were compared with ob-

Žservations in nine Minnesota lakes for multiple 1 to
. Ž .36 years Fang et al., 1996 . The difference between

the simulated and observed ice formation dates was
less than 6 days for all lakes studied. As an example,
simulated ice and snow thicknesses in Ryan Lake,
Minnesota, are shown in Fig. 2. The standard error
between simulated and measured ice thicknesses in
Ryan Lake was 0.02 m as shown.

3. Model inputs

3.1. Lake types

ŽLakes were classified into 27 types Stefan et al.,
. Ž .1992 based on surface area A , maximum lakeS
Ž .depth H and trophic state. Representative valuesmax

for surface area were selected to be 0.2, 1.7, and 10
km2 for small, medium and large lakes, respectively.
Maximum depths selected for shallow, medium and
deep lakes were 4, 13 and 24 m, respectively. Secchi
depth was used to represent trophic state of a lake.
Secchi depths of 1.2, 2.5, 4.5 m for eutrophic,
mesotrophic and oligotrophic lakes were chosen, re-
spectively. Also, all Minnesota lakes were divided
into two regions, southern and northern Minnesota,
because there is a significant ‘‘break’’ in geological,
topographic, hydrological, climatological and ecolog-
ical parameters across the mid-section of the state
Ž .Baker et al., 1985; Heiskary et al., 1987 .

ŽThe lake morphometry hypsographic curve or
.depth–area curve is one of the model input parame-

ters. Representative area–depth relationships for dif-

Table 2
Parameters used to define long-term winter ice-cover characteristics

Parameter Description Formulationrdefinition

Ž .Earliest ice-in date T First day with ice cover in fall, but ice may melt out yei

Latest ice-in date Last day with open water in fall; followed by ice growth and winter ice cover y

Earliest ice-out date First day without ice cover in spring, but ice cover may form again y

Ž .Latest ice-out date T Last day with ice cover in spring; followed by open water season yio

Ž .Duration of ice cover Total number of days with lake ice cover D yice

Total period of ice cover Days between earliest ice-in and latest ice-out dates T yTio ei

Dice
Continuous ice cover ratio Duration of ice cover divided by total period of ice cover

T yTio ei

Ž . w xMaximum ice thickness m Maximum ice thickness over winter ice cover period Max d , ts1, 365i

ÝdsnowŽ .Average snow depth m Cumulative snow depth on ice divided by duration of ice cover
Dice

TeiÝ d )0T snowioContinuous snow cover ratio Number of days with snow cover divided by duration of ice cover
Dice
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ferent lake classes in Minnesota were specified by an
equation of the form

A z zŽ .
sa exp b qc 3Ž .ž /A HS max

Ž .where A z is the horizontal area at depth z below
Ž .water surface. Regression coefficients a,b,c were

Žobtained from data for 122 Minnesota lakes Hondzo
.and Stefan, 1993b .

3.2. Past and 2=CO climate scenarios2

Weather data are model inputs and consist of
daily air temperature, dew point temperature, wind
speed, solar radiation, total cloud cover, and precipi-

Ž .tation both rainfall and snowfall . Past climate con-

ditions were modelled with weather data from 1961
to 1979, obtained from the National Climatic Data

Ž .Center CD SAMSON . During this period the cli-
mate was relatively stable, i.e. no trends appeared in
the data, although variability existed, of course, from
year to year. Meteorological data collected at the
MinneapolisrSt. Paul Airport and the Duluth Airport
were used for northern and southern Minnesota,
respectively.

The outputs of the Goddard Institute of Space
Ž .Studies Global Circulation Model GISS GCM and

of the Canadian Climate Center Second-Generation
Ž . ŽGeneral Circulation Model CCC GCM McFarlane

.et al., 1992; Boer et al., 1992 were used to specify
the increments in monthly climatic parameter values
representative of a doubling of atmospheric CO .2

Ž . Ž .Fig. 5. Simulated total days of ice cover in southern left and northern right Minnesota lakes plotted as isopleths against two lake
Ž . Ž .parameters. Past conditions top , projected 2=CO CCC GCM climate scenario middle , and differences between 2=CO and past2 2

Ž .climate conditions bottom .
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Ž .The second generation model CCC GCM includes
higher spatial resolution 3.758=3.758 than previous
models and full diurnal and annual cycles. The global
annual increases in surface air temperature simulated
by the GISS and the CCC models are 4.2 and 3.58C,
respectively.

Monthly climate parameter increments obtained
from GCMs were applied to the past climate condi-

Ž .tions 1961 to 1979 to generate the future 2=CO2

climate scenario. The GCM outputs were taken from
the grid points nearest Minneapolis and Duluth. No
interpolation with other grid points was performed in
agreement with EPA recommendations for climate
effect studies. For the GISS model, these grid points
were located outside Minnesota. For the CCC model,
the grid point closest to both Minneapolis and Du-

luth is located centrally within Minnesota. The same
mean monthly adjustments for both southern and
northern Minnesota were therefore used for the CCC.
The average increases of air temperatures during the

Ž .cold season November to March and the warm
Ž .season April to October were 6.4 and 4.38C, re-

spectively. Fig. 3 shows 19-year averages of monthly
weather parameters for both past and 2=CO cli-2

mate scenarios for the southern part as an example.
Those derived from the GISS model were previously

Ž .given by Hondzo and Stefan 1993b .
The accuracy of the GCM’s is not without debate

but difficult to quantify, especially for 2=CO con-2

ditions. At present, the GISS and the CCC are
considered to be among the more reliable GCM’s.
The outputs of several GCM’s have been compared

Ž . Ž .Fig. 6. Simulated continuous ice cover ratio in southern left and northern right Minnesota lakes plotted against two lake parameters. Past
Ž . Ž .conditions top , projected 2=CO CCC GCM climate scenario middle , and differences between 2=CO and past climate conditions2 2

Ž .bottom .
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at various times, and a widely shared assessment is
that of all the climate parameters simulated by
GCM’s, the most reliable is air temperature. This
parameter has a very direct and immediate influence
on ice and snow covers. Moisture related parameters,
e.g. cloud cover, are less reliably simulated. Any
uncertainty in the GCM output is, of course, carried
over into the heat budget equations which affect ice
and snow covers. The uncertaintyraccuracy of the

Ž .icersnow cover model for past 1=CO climate2
Ž .has been assessed; for the projected 2=CO cli-2

mate scenario this is, however, much more difficult
to do.

4. Simulated winter cover characteristics

Time series plots of simulated ice thicknesses
Ž . Ž .Fig. 4a and snow depths Fig. 4b for the 19-year
Ž .1961–79 simulation period are shown for the lake
class 22 as an example. The variability from year to
year is pronounced. A 19-year average value of
maximum ice thickness is on the order of 0.59 m in
the south and 0.67 m in the north for all lakes under

Ž .past climate conditions Stefan and Fang, 1995 .
Variations among lakes of different size, depth, and
trophic state are no more than 10% or 0.05 m. The
largest daily ice thickness in the entire simulation
period of 19 years is about 50% larger than the
19-year average. Results obtained for 2=CO cli-2

Ž .mate scenarios CCC and GISS GCM are plotted in
Fig. 4a and b for comparison with those for past
climate conditions. Maximum ice thicknesses are
projected to become about half the present values,
i.e. on the average 0.25 m and 0.40 m in the south

Ž .and north Stefan and Fang, 1995 , respectively. This
will occur because under the 2=CO climate sce-2

narios the period of ice growth will be shortened.
Nineteen-year averages of maximum cumulative
Ž .compacted snow depths are only 10 cm and 20 cm
in the south and north under past climate, respec-
tively. The cumulative snow depths are projected to
be reduced by even more than half if the 2=CO2

climate scenario becomes reality.
Ten parameters defined in Table 2 were selected

to quantify the characteristics of ice and snow covers
on lakes. The selected characteristics have all ecolog-
ical significance, e.g. for water temperature and dis-

solved oxygen, consequently the survival and growth
of fishes. Since the main objective of the investiga-
tion was to identify trendsrchanges in lake charac-
teristics in response to climate change, and not ex-
treme values which may occur over a 19-year
Ž .1961–1979 period, the 19 values of simulated pa-
rameters were averaged.

Herein examples of ice cover characteristics were
plotted against lake surface area, maximum lake
depth, and Secchi depth. The surface area, A , andS

maximum depth, H , were combined in a lakemax
Ž 0.25 .geometry ratio A rH which was previouslyS max

Žshown Gorham and Boyce, 1989; Stefan et al.,
.1993 to be a good relative measure of a lake’s

susceptibility to stratify; Secchi depth z was re-S

tained as a measure of lake transparency and trophic
state. To show the effect of latitude, the results for
the southern and northern half of Minnesota are
presented separately. Results on the left side of Figs.
5–8 are for climate recorded at 44853X N latitude and
labeled ‘‘south’’, those on the right are for climate at
46850X N, a 28 latitudinal difference, and labeled
‘‘north’’. The values projected for a doubling of
atmospheric CO are given in the row labeled ‘‘2=2

CO ’’. The differences between values simulated2

with projected 2=CO climate scenario and histori-2
Ž .cal 1961–1979 weather data as input are shown in

the bottom row and labelled ‘‘2=CO — PAST’’.2
Ž .The total duration of ice coÕer Fig. 5 is the total

number of days when an ice cover is present on a
lake. Total duration of ice cover is presently about
140 days in southern Minnesota, and about 160 days
in northern Minnesota. It will be shortened by about
55 days and 40 days, respectively, under a 2=CO2

Ž .climate scenario. Lake geometry area and depth is
of some influence; lake trophic state has virtually no
influence on the length of the ice cover period.

Ž .The continuous ice coÕer ratio Fig. 6 measures
whether an ice cover is continuous or discontinuous.
It is calculated as the number of days with ice cover
divided by the total period of ice cover defined as
the period from first freeze-over to last ice-out. A
value of 1.0 indicates a continuous ice cover. Ice
covers are more continuous in northern than in

Ž .southern Minnesota Fig. 6 . After climate warming,
they are projected to be less continuous in both the
south and the north. A discontinuous ice-cover is one
that melts and then forms again at least once in a
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given winter. Discontinuous ice covers predomi-
nantly form at the beginning of winter. Therefore the
latest ice-in date has also been extracted from the
simulation results.

( )The last latest ice-in date in fall or winter is the
date after which the ice cover exists continuously
until spring ice-out. After this date no further aera-
tion of the water surface occurs. This average date
has been plotted as Julian day in Fig. 7a, and the
standard deviation from this date based on 19 years

Ž .of data is given in Fig. 7b. Standard deviation STD
gives variation of this date in response to variation of
weather input over 19 years. For reference, Decem-
ber 1 is Julian day 335. Trophic state has little effect
on the ice-in date. Variations in lake morphometry
cause variations of up to 6 days in the mean value of
this date. Climate change is projected to delay this
date by 2 to 3 weeks. Standard deviations from the
mean date are now about 5 to 8 days and will
increase to as much as 20 days in the south and 14
days in the north after climate change.

The first ice-out date is the first date in spring at
which the ice cover has disappeared. Its average
value has been plotted as Julian day in Fig. 8a, and

Ž .the standard deviation from this average in days in
Fig. 8b. Julian day 91 is April 1. Trophic state and
geometry of a lake have little effect on ice-out date.
Latitude is important. Ice-out presently occurs in
northern Minnesota about 2 weeks after southern

ŽMinnesota the difference is about 4 to 5 weeks from
.the southern to the northern border of Minnesota .

After climate change the difference is projected to
double from the present 2 weeks to 4 weeks. More
importantly, ice-out dates will be about 6 to 7 weeks
earlier in the south, and 4 to 5 weeks earlier in the
north. This is a very substantial change, which is

Žlikely to eliminate fish winterkill Stefan and Fang,
.1995 . Winterkill occurs mostly in shallow lakes

when dissolved oxygen concentrations drop below 2
mgrl at all depths in early spring. Standard devia-
tions from average dates of first ice-out are presently
about 1 week and will increase to 2 weeks under
2=CO climate conditions.2

Simulated ice cover characteristics are summa-
rized in Table 3, which gives averages for three lake

Ž 2 .sizes A s0.2, 1.7, 10 km . All parameters ares

independent of lake trophic state and only very
weakly dependent on lake surface area. Table 3

emphasizes differences of ice cover characteristics
with maximum lake depth. Standard deviations within
parentheses indicate variations over the 19-year sim-
ulation period. The GISS and CCC climate projec-

Ž .tion models differ in their forecast Fig. 3 , and
hence the effects on icersnow covers also differ
somewhat as shown in Table 3. Compared to the
CCC model results, the GISS model input to the ice
cover model delays ice formation and ice-out dates
by about 1 week; therefore the period of ice cover is
almost unchanged.

5. Summary and conclusions

An ice and snow cover model associated with a
deterministic, one-dimensional water temperature
model is presented for dimictic and polymictic lakes
of the temperate zone. The lake parameters required

Ž .as model input are surface area A , maximumS
Ž .depth H , and Secchi depth as a measure of lightmax

attenuation and trophic state. The model is driven by
daily weather data and operates year-round over
multiple years. The model has been validated with
extensive data. Standard errors between simulated
and measured values are 0.12 m for ice thicknesses
on lakes, 0.07 m for snow covers, and less than 6
days for ice formation dates. The model has been
applied to simulate effects of climate change on
winter ice and snow covers of 27 lake types under
Minnesota climate conditions. The projected climate
changes due to a doubling of atmospheric CO were2

obtained from the output of the Canadian Climate
Ž .Center Global Circulation Model CCC GCM and

the Goddard Institute of Space Studies at Columbia
Ž .University GISS GCM . To illustrate the effect of

projected climate change on winter icersnow cover
characteristics, separate graphs are presented for val-
ues simulated with inputs of past climate conditions
Ž .1961–79 and with projected 2=CO climate sce-2

narios.
Ž .Under the past climate 1961–79 , the total dura-

tion of ice coÕer is about 140 days in the south, and
about 160 days in the north. The periods will be
shortened to about 85 days and 120 days under
2=CO climate scenarios, respectively. Variations2

in lake morphometry cause variations of up to 6 days
in the mean value of the ice-in date. Trophic state
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has little effect. Climate change is projected to delay
this date by 2 to 3 weeks. The earliest ice-out date is
the first date in spring at which the ice cover has
disappeared. Trophic state and geometry of a lake
have little effect on ice-out date, but latitude is
important. Ice-out presently occurs in northern Min-

Žnesota about 2 weeks after southern Minnesota the
difference is about 4 to 5 weeks from the southern to

.the northern border of Minnesota . After climate
change the difference is projected to double from the
present 2 weeks to 4 weeks. More importantly, ice-
out dates will be about 6 to 7 weeks earlier in the
south, and 4 to 5 weeks earlier in the north. This is a
very substantial change. Standard deviations from
average dates are presently about 1 week and will
increase to 2 weeks. Under a 2=CO climatic2

scenario, maximum ice and snow thickness are pro-
jected to be reduced by 50% or more. These changes
during the winter would eliminate fish winterkill in
most shallow lakes, but would endanger snowmo-
biles and fishermen because of the reduced bearing
capacity of lake ice.
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