9
)
£

Environment Canada

Water Science and
Technology Directorate

Direction générale des sciences
et de la technologie, eau

Environnement Canada

Thermal Impact of Attificial Circulation on an Ice-
" covered Mid-latitude Lake .

By:

C Rbgers, G. Lawrence, P Hamblin




pis-4

(Running head: Artificial lake circulation model)

Thermal impact of artificial circulation

on an ice-covered mid-latitude lake

by

Christopher K. Rogers

Departmenit of Civil Engineering
University of British Columbia
Vancouver, B.C., Canada. V6T 1Z4

Gregory A. Lawrence!

Department of Civil Engineering
University of British Columbia
~ Vancouver, B.C., Canada. V6T 124

Paul F. Hamblin

| Lakes Research Branch’
\ ‘ National Water Research Institute
Burlington, Ontario, Canada. L7R 4A6

April, 1995

1 Corresponding author

. - v .



Thermal Impact of Artificial Circulation on an Ice-Covered
. Mid=<Latitude Lake

by
C.K.Rogers, G.A.Lawrence and P.F.Hamblin

MANAGEMENT PERSPECTIVE

Low wintertime levels of dissolved oxyden leading to fishkills

is a perennlal problem in some shallow lakes. We report on

the thermal regimes of two small lakes located on the interior

plateau of British Columbia as established from extensive winter observatioms.
One of the lakes has a commercial artificial circulation device which is used
to lift warmer and deeper water to the surface where it is used to melt a
hole in the ice cover. Natural re-aeration of the surface waters in the

hole maintains sufficient levels of oxygen in the lake. However, the

‘cost is a loss of heat from the lake which may have adverse blologlcal

conseqguences.

The goal of our study is to construct a mathematical model of this artificial
aeration process and use it to simulate the thermal regimes of the treated and
untreated lakes. Improved understanding of this treatment process resulting
from our field validated model could lead to improvements and reduced operating
costs of winter aeration of lakes as well as design modifications. resulting

in less overall heat loss from the lake. Our field study has also stimulated
related laboratory studies currently being conducted at theé University

of Western Ontario.

The lakées selected for study are particularly popular recreational fisheries
in a provincial park. This generic study has wide applicability to other
Canadian lakes. Our model is considered to be capable of being applied

to predict to winter thermal regime of other lakes. This study was comm1ss1oned
and supported in part by the British Columbia Ministry of Environment.

It also was the basis of the graduate research of the first author whlch

was co-supervised by the other two authofs.



Abstract

A numerical model of the heat budget of a small mi,d-l_atitude'icc-c'overcd lake was extended to
include the impact of an artificial circulation device. Two lakes located in the Southern Interior
Plateau of British Columbia were selected for a field investigation to verify the model.' The
effects of the deviée'incl_ude polynya development, and.a substantial reduction in average lake
temperature. An empirical surface velocity relationship deriyed from field measurements is used
to estimate polynya size and tﬁrbuleht heat transfer frorfl the circulated water to the ice cover.
Over the cooling period, the average heat lost from turbulent heat transfer between water and ice
was three times that iost across the polynya surface. Lake temperature, polynya size and snow |

depth were well repr'ese'n_t_ed by the model. Further work is required to assess discrepancies

between early winter ice thickness predictions and observations.



| Introduétion

Artificial disturbance of waté_lj is a common means of inhibiting ice formation in ports and
mariﬁas. Increas,ingly,‘ it is also'bei_n‘g used for the maintenance of water quélity by facilitating
the transfef of oxygen from air to water (Ward et al., 1986). To date, limited cffért has been
made in simulat_ing the impacts on water temperatire and the surficial extent of the ice-free zone
known as a polynya by the various methods of gencratmg disturbances. Whllc the method of
creating the polynya is important with regard to quannfymg the imipact on ice and water, a good
modc] should be universal in terms of descnbmg the heat transfer m_echamsr'ns ifivolved. The

o’niy known models that predict the size of an artificially-generated polynya are those developed

by Ashton (1979) and Helsten et al. (1995). Ashton's (1979) model simulates a point source _

bubbler system which induces a vertical flow of water, thereby melting the ice cover above. The

emphasis in this model is the prediction of induced flow rates and plume temperature in a

stratified body of watér. The model uses empirical results of an axisymmetric 1mpmg1ng air jet
on a flat plate (Gardon & Akfirat, 1966) to estimate the lateral variation of heat transfer between
water and ice. The melting of ice is based on a simplified heat budget in which air temperature
and wind speed are the only input variables. The simulation described, however, assumes a
constant wind speed over a 24 day simulation period, and is not veﬁfied by field data. The
Helsten et al. (1995) model is similar except that a mechanical jet lifts the degper and warmer
water to the undefsidc of the ice instead of a bubbler. Their model is validated by observations

of polynya growth in the laboratory.

We have developed a new model which is comprehensive in terms of describing the heat transfer
mechanisms involved in the inhibition of ice formation. The model, in this case, is customized

to predict the specific impact of a commercial artificial circulation device (ACD) commonly

used for the re-aeration of small ice-covered lakes. Furthermore, the model is verified by field -

investigation. - Simulation of this particular application is important because, depending on
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Table 1: Morphometry of Menzies and Harmon Lakes

Parameter Menzies Lake |  Harmon Lake '
elevation(m) | 1250 1150
_mean depth (in) _&,2 1 80
 volume (m3) 390000 2 480 000
sufaccarca(m?) | 41 500 311 000
maximum dgpth'(m) ‘ 165 220
_sheltering coefficient | 0.68 _0.82
| Maximum Ferch ) | soov®) | 110009

\

The ACD at Menzies Lake is a commercial unit called the Air-o-lator ® (figure 1). It consists of
a 0.75 kW axial flow pump fixed ‘inside of a vertical draught tube wﬁich is attached to a
leaté‘t‘ion device. Water is drawn up through the &aught tube, which e;(ten‘ds 3.0 metres into the
lake, and is projected horizontally just above the lake surface. The jet plungés back into the
water and spreads radially. The area around the device remains ice-free out to a critical distance -

where the ai’tifi‘cially-induced turbulence and thermal energy are insufficient to prevent freezing,

A weather station was installed on the ice-covered portion of Menzies Lake, at the location of

maximum depth and data were collected from 13 December 1991 until 27 March 1992. The

’ ~meteorological data are given by Rogers et al. (1995). Snow depth, ice thickness and lake
“ temperature were measured during field trips tc the lake, whic_h took place about once every 2

- weeks. Vertical temperature profiles were also monitored at an interval of 0.5 hours over the

station. An additional set of measurements were also made at 1.0 m intervals during each field
trip using a portable temperature meter. Horizontal temperature variations were found to be

ne_gligiblc. Isotherms for both Menzies Lake and Harmon Lake are given in figure 2. (T_he.




' perigd of pai‘tia'l ice cover at Harmon Lake [after 10 March] is excluded.) While the water below
ice cover at Harmon Lake gradually, but consistently, heats up over the winter due to solar

fadiation and sediment heat transfer, the ACD at Menzies Lake causes the‘water to cool down to

a minimur average temperature of about 1.4 °C. As early as late February, however, average air

temperatures almost consistently above zero and increased solar heating rapidly drove the

temperatures of both lakes up.

At the etm of the monitoring period, a slight thermal stratification in Menzies Lake inhibited full
cxrculatlon 10 a minor degree The steady flow of water drawn up into the ACD, however
| eroded this thermochne until virtually the entire lake volume was 1nﬂuenced by the unit.
Therefore, the rate at which the isotherins dropped in December was more a function of pumping
rate and lake morphomeétry than the rate of cooling. It should be rioted that MLI is a bulk heat

-budget model and is therefore only appropriate for lakes which have no density stratification

 over the simulation period (Rogers et al., 1995). Average lake temperatures which are calculated

by the model are compared with weighted average temperatures based on the observed vertical
profiles. While temperature differences at Menzies Lake of almost 2.0 °C between 1 and 16.5 m

(maximum depth) do occur over the monitoring period, most of the temperature change occurs

below 12.0 m. The volume of water below this depth represents only about 5% of the lake

* volume. The errors associated with assuming isothermal conditions are considered negligible.

: 'The size of the polynya, which, alth'ough irregular, is approxirrtately circular in shape, was a}so

r_tteasured during each field trip. A surveyor's chain was fixed to the ACD and unspoeled from a

boat to the polynya edge in 2 to 10 directions, depending of the time available. No significant -

changes in size were detected until spring when there was a rapid expansion leading to

cdmplete‘ly ice-free condition's within two weeks. The radius of the polynya was observed to

remain about 20 m on average. The only significant evidence of variable radius in mid-winter .

was a thin ice layer, about 1 m wide on average, which was observed around the polynya




perimeter when the lake was visited early one morning in cold weather.. A diurnal

contraction/expansion cycle is suspected as a result of this observation.

Thé radial velocity field created by the ACD was measured using a portable OTT meter.
Velocities were measured at 13 stations between 1 and 7 metres from the ACD (beyond 7
metres, velociﬁe§ were below the range of the meter). At each station, measurements were made
at the surface, 10, 15 and 20 cm The surface velocities measured using the current meter (figure
3) agree very well with turbulent radial jet theory (see Rajaratnam, 1976; Witze & Dwyer, 1976)
which states that the vclocny generated along the centerline of a submerged jet (Wthh we

assume to be equivalent to the surface velocny gcnerated by the ACD) and:

kQ S | o
u-kQ | | | )

whefe U (m s-1) is the surface velocity, Q (m3/S) is the flow rate through the ACD, and r (m) is

;he radial distanée. The field measurements indicate that, for the Air-o-lator® device complete ,
with flow deflector, as shbwn in Figure 1 (item #1), k = 6.13 mfl. The below surface
measureiments were only sufficient enough to suggest a qualitative consistency with theory. As
the jet entrains rmore water along its trajectory, the vertical ve}ocity gradiemv reduces a_pd at a

radial d_i_sAtance‘ of 7 m, the velocity is nearly uniform over the top 20 cm.

Model Development |

“The MLI model, described by Rogers et al. (1995), involves a one-dimensional balance of heat

flux across an ice and snow cover. All fluxes are assumed to be uniformly distributed over the

entire lake area. It has been modified, however, in order to account for the non-distributed

 nature of the Air-o-lator® device.. The new version, caHed MLI-C (MLI-Circulator), is

.described here.



The new key variables which must be calculated at each time step are the radius of the polynya

generated by the circulator, the heat flux across the polynya, and the turbulent heat flux from the

water to the ice in the vicinity of the polynya. It is assumed that the polynya is circular at all

times, with the circulator at the centre. Beyond its importance with respect to sensible and

\

evapdrativc heat loss, the wind is neglected as far as the shape of the polynya and the surface

“currents are concerned. We feel this simplification is reasonable given that, upwind of the

circulator, surface éﬁrren;s are imﬁeded while downwind they are assisted by the wind. The lake
morphometry may also play a role in the polynya shape and size, but this possibility' has also

been ignored.

thtlc information is available regardmg the shape and other characteristics of the transmoﬁ
region between the open water and full ice and snow cover. The transition region may be of
significance to the flow regime, and hence the heat transfer at the 1cc-water interface.
Furthcrmore ‘the field study yielded no information regarding the velocity field in the v1cm1ty of
the n'ansmon region. We do not attenipt, thercfore to predict the nature of the transmon reglon
Instead, a simple model, based on the as_su,mpnon that there is an abrupt change from open water

conditions to some minimum ice thickness, will be employed to calculate the polynya radius.

The approach is based on that taken by Patterson & Hamblin (1988) to account for the effect of

partial ice cover on an undisturbed lake.

All heat fluxes across tﬁe lake surface, including the polynya and the ice at the polynya edge, are

identified in figure 4. In this figure, H refers to the balance of meteorological energy at the lake

surface, and q represents the heat fluxes from the water through to the surface of the ice and

snow cover (see Rogers et al., 1995). In addition to the conduction of heat at the ice-water

interface which exists under natural conditions (qw), the ACD creates a turbiilent heat flux, q, at

this boundary which is a function of the flow field induced by its operation. Furthermore, the
meteorological balance within the polynya itself, Hp, must be calculated and used to determine

the total heat loss from the water body. The heat fluxes at the edge of the polynya must also be

aE T N A N
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calculated independently, based on the minimum ice thickness described above, to determine

changes in polynya size.

Turbulent heat transfer between watér and ice

The tarbulent heat transfer between water and ice can be described using a bulk aerodynamic

formulation of Newton's law of cooling which has been used to describe heat flux iri lakes with

~ significant flow-through (Hamblin & Carmack, 1990):

QI=CtPCpU(TW'Tm) ' : 2

where, C; is the turbulent heat transfer coefficient, p is the density of water, cp is the specific heat
of water, U is the flow velocity at some distance from the boundary, Ty, is the water temperature,

and Ty, is the melt temperature (0 °C)..

In this case, the flow velocity, U, is caused by the ACD. As described above, the surface
velocity varies as r"l,‘whére r is the radial distance from the circulator. At the polynya edge,
there is a thick layer of water moving below the ice at a relatively uﬁiform velocity. From radial
jet theofy (Witze & Dwslcr, '1-.97‘6), at a distance of 20 m (typical polynya radiu,s); the velocity
one meter below the surface is about 857f of the surface velocity. Therefore, while‘ the vertical
velocity.‘profil‘e of the ACD flow regime and that of the natural lake with significant flow-
through are bound to differ, we feel it is reasonable to suggest that, in both cases, shear is only
significant at the ice-water interface, and equation 2 can be applied to the ACD regime, but only

at significant radial distances.

From Figure 13 in Gilpin et al. (1980), C; varies from 0.6 x 10-3 to. 1.0 x 10-3 under éxperirnental
conditions depending on the,ice_ roughness. As Hamblin & Carmack (1990) point out, however,

the scales of turbulent motion associated with laboratory flow fields are generally not

: representative of lakes. Furthermore, Gilpin's (et al., 1980) use of cross-sectionally averaged

velocities in equation 2, is also inappropriate for this application. Using under ice-current and



'temper'at_uﬁre measurements (made at 1 m below the ice) in three large northern lakes with
significant flow-through, Hamblin & Carmack (1990) found C; to be in the slighily broader
range of 0.5 x 10-3 to 1.1 x 10-3. Given this wide range and the unique flow regime, Cy, is left as

a calibration parameter in this study.

At this point we ‘would like to comment on the heat transfer coefficient derived by Ashton
(1979). The coefﬁcmnt in- thlS case, is based on empirical results of Gardon & Akrifat (1966)
involving an axisymmetric air jet (in air) i impinging on a flat plate The details of boundary 1aycr
development are not con_s,ldere,d.' Hirata et al. (1979), howcvcr, examined these details in a
laboratory investigation of the steady state profile of an ice layer in a forced convection flow of
water. It was found that the Nusselt Numbers throughout the turbulent regime were in the order
~of 35% larger than those given by the von Kéarimaén correlation for turbulent flow over a flat plate.
Gilp‘i_ri et al. 4(1980) explain that the heat transfer fates for forced convection over an ice layer are
greater that those ﬁmdicted by flat plate bounda:y layer theory because of irregularities that will

’de\)‘clop in the ice layer profile.

To quantify the total turbulent heat wansfer to the ice-covered region of the lake, q: must be

imegrated over the ice-covered region, from the ice edge to some radial distance, r. away from

the edge:
2n ™= 12.267 Cypw cp Q (Tw - Tim) (feo - Ip)
= A rdr = ~ 3
Q AL‘Ap l";{q‘ AL - Ap | ‘ (3)

where Qq is the net turbulent heat transfer, Ap is the polynya arég, AL is the lake area, and rp is

the poly'riy'a radius. The parameter r. could be defined by calculating the radius of a circle with

. the same area as the lake considered. Overestimates of heat loss would result, however, because

the radial jet is constrained by friction along the under-side of the ice and by the lake boundaries

(i.e. the lake constitutes a closed system in which significant adverse pressure gradients may be

established due to the recirculation of water). These two problems could be dealt with simply by

10



treating r.. as a calibration paramet’ef. The degree to which the radial jet is constrained by

friction, however, will depend on the size of the polynya. If we make the approximation that

friction dissipates the velocity to laminar conditions over a constant distance under the ice,

regardless of rp, then the calibration parameter becomes Ar, where 1w =r1p + Ar. Given that the ‘

surface velocity gradient is small beyond the polynya edge, and the variation in polynya size has
been observed to be small over most of the winter period, errors associated with the above
assumption are considered to be miinor.

" Meteorological balance within the polynya
In addition to the fluxes applied in the ice and snow covered area (see Rogers et al., 1995), the
energy balance at the air-water interface within the polynya is a function of cooling due to free

convection and snowfall. A further consideration is the turbulence induced by the circulator at

the dir-water interface. Measuréments made in the ocean, however, have shown that sensible

heat transfer is a function of wind speed, but is independent of sea state (Kraus, 1972). Given

this finding, it is assumed that the turbulence generated by circulator is only important insofar as

it increases the heat transfer to the ice cover.

Free convection due to unstable humidity profiles, is considered important in cooling ponds,
Arctic leads and polynyas where the air temperature is, on average, much less than the surface
water temperature, and wind speeds are low (Ryan et al., 1974; Den Hartog, 1983). 1Its

contribution to the evaporative heat loss is given as follows (Ryan et al., 1974):

]

¢ 3. . :
Qfc = As(svp0 - SVpd)'\\/ Twv - Tay @

where, svp0 is the saturation vapour pressure at the water temperature, Ty, (mbars), svpd is the
vapour pressure of the air (mbars), Tyy is the virtual surface water temperature (°C), Ty is the

virtual air temperature (°C), and A = 2.7 Wm2mbar-1(°C)-153,

11
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‘Since water vapour is lighter than air, evaporation increases the driving buoyancy force driven
by the temperature difference Ty, - Tair. This effect is accounted for by employing the virtual
temperature difference, Twy - Tav. The-virtual temperatures are calculated as follows:

Tye——t¥23 993 | 5)

1-,, .378svp>
Patm )

where, Paym is the atmospheric pressure (mbars). -
U ’ ' '
- Reservoir operators have often observed a reduction in water temperature following snowfall

‘over open water (Ashton, 1986). The following equation may be employed:
Qsp =L pw I = Cpi pw (Tair - Tm) I . | ©

where, Qgp is the heat removed from the water (W/m?2) and I is t_hy; snowfall rate (mm/hr, rain
equivalent). The first tetin accounts for-the latent heat of fusion, and the second for the he/:at used

in warming the snow to the melting temperature.
The net heat flux, Hp, at the air-water interface is calculated as follows:

Hp = lup + Rii - Riop - Qep~ Qep - Qtc - Qsp - @)

where Iy is the non-reflected solar radiation, Ry and Ry; are the outgoing and incdming

lbng’wave radiation respectively, Qc is the sensible heat transfer and Qe is the evaporative heat

transfer. Each of these terms is determined using standard bulk aerodynamic formulae. The

subscript p refers to the polynya.
Polynya Radius

J : .
The polynya radius is determined at each time step in a manner similar to the calculation of the
ablation and accretion of ice at the ice-water interface for a lake with full ice cover (Rogers et al.,

1995). As described above, however, the minimum ice thickness, hpin, concept-employed by

12



Patte‘rsén & Hamblin (1988) to account for partiél ice cover is assumed to apply to the ice at the

polynya edge. It will be treated as an additional calibration constant for the model.

Field observations indicate that, at the polynya edge snow does not accumuilate, and the ice as
the appearance of snow-ice. It is hypothesized that the surface turbulerice in the polynya causes

water to lap up onto the ice thereby saturating any snow which may exist there. Subsequent

~ freezing creates snow-ice. All ice at the polynya edge will be assumed to be "white ice", as field

observations have indicated. The assumption is supported by the fact that lake surface agitation
(such as that produced by the ACD) will lead to granular white ice during freeze-up (Gray &

Male, 1981). It-is assumed that the properties of this white ice are the same as snow-ice, and

) hence, the ice at the polynya edge is considered tniform.

The model assumes that a polynya always exists (in fact, the operational procedure of the ACD

is such that this assumption is correct). For the polynya size to increase, the entire white ice

layer must be melted at the radius defined by the current location of the polynya edge. The -

e

change in ice thickness at the polynya edge is determined as follows:

g_@__ (Qpe - 9w - qt : | ' (8) \
dt — -PeL . L

where, dh/dt is the time rate of change of ice thickness at the polynya edge, (qf)pe = the flux of
heat through the ice at the ice-water interface of the polynya edge, qy is the cbndﬁct’ion of heat

from water to ice, pe is the density of snow-ice, and L is the latent heat of fusion (see Tigiire 4).

‘If equation 8 results in an ice thickness less than or equal to zero for the half-day time step, or if

Hp > 0, then polynya expansion is underway, and equations 1, 2, and 8 are solved simultaneously
for r, the new polynya radius. The above formulation implies that melting is assumed to proceed
from the bottom of the ice cover. If equation 8 produces an ice thickness which is greater than

zero, contraction of the polynya occurs and these equations are again solved simultaneously. In

13



this case, however, equation 8 is modified reflect the fact that accretion can only occur on the

face of the ice edge, where it is exposed to Hp:

dh _-Hp-q | | : ©)

N\

We emphasize that there is no coupling between the ice at the polynya edge and the far-field ice
beyond. The (far-field) ice thickness calculations are based only on meteorological fluxes and

simple heat conduction as .QCSCﬁbed’ by Rogers et al. (1995).

Integration with MLI

The above formulations have been incorporated into new subroutines which have been linked

with the MLI model. These new subroutines affect the MLI computations‘by introducing the

~ two new terms Hp and Q; in the equation for the net heat transfer to or from the water, Qpet:
Qnet =Hp + Iy + Qsed - Gw - Qt » ' ‘ ' : (10)

where Iy is the solar radiation which penetrates through the ice-covered area to the water below,

Qsed is the heat transfer from the lake sediments, and qw applies to the entire ice covered region.

Each component of qne; is scaled by a surface area ratio which depends on the part of the lake

over which the specific heat transfer process is active.

-Simulation Results

MLI-C was written in QuickBASIC 5.0 and run in 32 bit precision on an 80386 DX (25 MHz)
PC equipped with an 80387 math co-processor. For 105 days of data, less than 10 seconds were

required to produce results.

MLI-C results for snow depth, ice thickness and lake temperature using the Menzies Lake data

set are given in Figure 5. All parameters used in MLI were set to their default values (see

14
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“only minor differences in ice thickness are predicted over the latter two-thirds of the simulation.’

4

Rogers et al.,, 1995). All of the trends in temperature are correctly predicted by MLI-C as
substantiated by weather station thermistor data. Snow thickness _prcdictioh’s are also good

notwithstanding a poor match between predicted and observed values on-7 January. There are,

however, some significant discrepancies with respect to ice thickness, especially early in the

simulation period. The problem of ice thickness predictions is considered later. -

Figure 5 also i_r;_cludes ice and snow predictions for Harmon Lake, as well as fesults for MenZics
Lake in the case of no artificial circulation :(i.e.. using-the MLI model). All three results

(Harmon, Menzies with ACD, Menzies without ACD) are nearly ideritical for snow co’vef, and

Artificial circulation at Menzies Lakes results in cooler water temperatures and therefore less
heat conduction from the water to the ice cover, leading to slighﬂy greater ice thickness. Since

both the snow cover results and observations at Menzies Lake are almost identical to those at

Harmon Lake, it is unlikely that artificial circulation has any significant impact on snow cover.

There are sound explanations, however, for the small differenices observed, involving factors
such as snow bearing capacity of ice, sheltering characteristics of the surrounding terrain, and to
a very minor degree, the indirect influence of heat conduction through ice during peribds of

surface melt.

MLI-C correctly predicts a narrow range in the polynya radius as shown in figure 6. There is a

sharp diurnal trend due to the effect of solar heating in the firsf time step. The trend cannot be

, confirmed since almost all observations were made near mid-day. The one early morning

_o.bservation of the thin, narrow rim of ice around the polynya perimeter as described above,

however, provides further evidence that a significant diurnal contraction/expansion cycle does

exist. Aside from this diurnal variation, there are, at times, some significant day to day changes,
notably during the J anuéry rainy period and near the end of the simulation. The sampling was

insufficiently frequent to confirm any rapid day to day changes.

15



' "ifhe errors involved in estimating the averege po]ynya radius generally exceed its variability over
the observation period.’ There continues to be good agreemerit, however, between predictions
and obseruaiions when 5 significant increase in polynya radius finally occurs near the end Qf‘ the
 simulation. The wide error bars shown in figure 6"reﬂecf the irregular shepe of the polynya and
are dependent on the number of direct measurements made. As descnbed above, anywhere from

2 to 10 measurements of radlus were made on each ﬁeld trip.

MLI-C Calibration -anjrameters

The results shown in figures 5 and 6 were achieved using the following parameter va-lues: C= |

1lx 103, hypin = 0.02 m, and Ar = 13 m. Any reasonable change in the calibration parameters
has virtually no impact on the lake ice and snow cover. The impact of each on lake temperature

and polynya radius, however, is substantial. The above value‘_s produced a good match between

the observed and predicted values of both of these variables, although the rate of lake warming in -

Mar‘ch is underestimated The relatively poor simulation in late winter may be due to low

radlatlon measurements resulung froma sh ght tllt which developed in the weather statxon durmg
the late winter ice-melt penod (see Rogers, 1992) or poor albedo representanon assocrated with
thin snow cover. Factors which are particular to the impact of the ACD include possible
underestimations of the polynya radius and boundary effects. The latter factor may be of great
importence g‘iven that, by the end of the simulation period, the polynya edge was only two to

three metres from the north shore of the lake, in very shallow water.

The above value of C; is at the high end of the range given by Hamblin & Carmack (1990). We
suspect that thxs may be a reflectlon of the radial jet velocity distribution which may be

- characterized by relanvely high velocmes near the ice mterface as compared to the case of river

flow-through. Minirmnum ice thicknesses of approx1mately the same rnagnnude as the selected

hmin have been observed at both Harmon and Menzies Lakes, both during freeze-over and

around the perimeter of the Menzies Lake polynya. Patterson & Hamblin (1988) e'mploy'ed an

hmin value of 10 cm for simulating partial ice cover at much larger lakes with significantly .
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greater fetch lengths. The value of hmis should drop with reduced fetch length because the

maximum wind speed and wave height development is limited, resulting in less turbulent energy

available to inhibit the persistence of a thin ice layer. Althbugh theé ACD creates turbulence, it is

quickly dissipated as the radial jet spreads, and the wave amplitudes produced are small.

Therefore, a relatiively thin ice sheet is able to persist around the polynya edge. The parameter
Ar is, as expected due to friction and boundary effects, less than that which corresponds to the
entire ice-covered area of the lake surface. Beyond aboutv 33.m from the ACD (T =1p + Ar = 20
+ 13 = 33 m), turbulence should be negligible if the calibrated value of Ar is reasonable. Baéed_
on a length ~scalc' of 1m (as is assumed for the calibration of Cy), the Reynolds Number at this

distance is about 104, suggesting transition flow nearing laminar conditions.

Components of the Heat Budget

The surface heat budget components for the ice-c_.overcd_portion‘of Menzies Lake are given in
Figure 7. The indirect effect of much cooler lake temperatures has virtually no effect on any of

the components in relation to the Harmon Lake simulation (see Rogers et al., 1995). The heat

~ fluxes to and from the lake water are also given in Figure 7. All of the fluxes shown (i.e. across

the polynya and ice-covered areas) have been-adjusted to apply:over the entire lake surface in
order to facilitate direct comparisons. From the start of the simulation until the end of January,
when the minimum lake temperature was reached, Q; (the turbulent heat transfer from water to

ice), averaged about 7.6 W/m?2 over the entire lake area, Or vver three times the rate of éoo_ling

.across the polynya, Hp, (adjusted io apply over the same area) for the same period. From the

v .

start of February until the end of March, there was, 'on average, a slight net transfer of heat into
the lake across the polynya, while Q; increased to an average rate of 8.6 W/m? due to elevated
water temperatures. There are no significant diumal variations in Q, because this variable is
more dependent on Ar (which is assumed constant) than the actual di§tanc'e from the ACD to the
polynya edge. Over most of the simulation, there is only about a 4 W/m2 range in Q,, mainly

due to gradual changes in lake temperature. Sharp increases in Qq do not occur at the end of the
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simﬁla_tion in respbnse to more rapidly increasing water temperature because the corresponding
increase in polynya size is accompanied by a decrease in average velocity, or turbulence,
underneath the ‘icc-cover'ed portion of the lake. It is likely, of course, that there is a dependency
“of Ar on 1p. That is, the distance over which the energy associated with the jet is dissipated
decreases as the polynya radius increases. If this is so, then MLI-C would tend to overpredict the
heat loss due to Qq near the end of the simulation when the polynya is large. .Overprediction‘ of
Q.t provides another po_SsiBle explanation for t‘hé low rate of temperature increase predicted in

-March (figure 5).

Hp vé.r,ies_ strongly due to diurnal changes in the meteorological balance, but average heat loss
over the first two months is only in the order of about 3 W/m?2. In tefins of heat loss from the
entire lake, this means that Hy is only slightly more important than the simple conduction of heat

from quiescent water to ice over the ice-covered region. When warmer conditions prevail, as

early as the late January fai’ny period, the average daily heat exchange across the polynya is close *

to zero. Following a brief cooling period in rrxidiFebruary, when average daily heat losses were
" only about 1 W/m2, the direé;idn of net heaf transfer is reversed. At this stage, greatly inicreased
- solar energy penetrating through the ice-covered Area more than offsets Q, to produce Wé.rming
of the lake water. The range and importance of Hp is shown to increase dramatically at the end
of March "bécause both polynya area and solar heating through the polynya also increase
é‘igniﬁcantly. In terms of average daily heat e;xc,haﬁge, however, Hp remains a modest term

compared with both Iy and Q.

- The trends in qged énd qw, although subtle, do not follow those associated with Harmon Lake
(see Rogers et al., 1995), due to thé' significant difference in water temperature changes. The
sediment hcat‘ transfer rate, qsed, increases slightly as the lake cools, and then drops back down
near the end of February as the water begins to warm. The opposite trend is observed in gw. As
the lake cools, thé’re is a reduced thermal gradient between the lake water and the ice. Asa

result, the heat transfer rate goes down until a steady recovery begins as the lake warms up at the
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" end of February. ‘In general both gsed and qw vary little compared with the remaining sources

and sinks of heat. The solar radiation which is able to penetrate the ice cover, Iy, increases with

the depletion of the ice and snow cover, and as spring equinox is approached. -

The components of Hp are plotted in Figure 8. (T hey have not been adjusted to épply over the
entire' lake area.). As the lake surface is relatively warm compared with the shdw surface, net
emission of long-wave radiation is much greater ffom the polynya than the rest of the lake. Net

long-wave heat loss ranges from about 25 to 100 W/m? overbt,h_e entire period. The greater

temperature difference between the water and the atmosphere also translates into greater '_

eVapor‘ative and sensible heat transfers; In this case, however, the sensible component removes
heat from the polynya surface over most of the simulation (up to an occasional maximum of over
100 W/m?2). It is also clear that heat loss due tb free convection, Qfc, is much more important
than the evaporative loss as quantified by the standard aerodynamic fbrmt_lla. Maximum heat

transfer rates due to this mechanism are in. the range of 25 to 35 W/m2. Heat loss due to the

cooling and melting of snow, Qgp, falling into the polynya is also important when the total daily |

accumulation .is greater than about 5 cm. For this amount of precipitatioﬁ, about 10 W/m? of

‘heat is lost on average over the time step.

By'early February, solar heating begins to oVerpomc- all of the heat sinks described above.
Following another brief cooling period later that month, only the net long-wave heat loss term is
significant, but is no match for the solar heatisig which ranges from about 100 W/m?2 at the

. beginning of March to about 400 W/in? near tne end of the simulation.
b .

Ice thickness predictions

It is unlikely that errors were made in ice thickness observations given the simplicity of the
measurement, as well as the fact that significant differences from the Harmon Lake observations
were noted on almost half of the field tﬁ'p dates. Inadequate or improper sampling may have led

to poor estimates of average lake ice thickness. It is suspected that ice measurements may have
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“been often made too close to the weather station, which probably served as a heat sink. A
r§latiyely high flux of heat from the water up through the weather station may have resulted in

greater local ice thicknesses.

In terms of possible deficiencies in the fr_nodel', the reader is reminded that, although the

calibration parameters Cy, hpjn, and Ar have a significant impact on lake temperature and

polynya radius, they have virtually no effect on the ice cover. The greatest -discrepancies

between the predicted and observed ice thigkne_sses occur in the first month of the simulation

when the lake water is experiencing its highest rate of cooling. If the observations are reliable,
MLI-C must significantly underpredict the conduction of heat through the ice and snow cover.
Bésed on the 'succ-ess of MLI in predicting ice thickness ét neafby Harmon Lake, however, (see
‘Rogers et al., 1995) we can discard the explanation that the conductivity of ice and snow is
greater than what is assumed: We feel it is most likely that unsatisfactory ice thickness
predictions are related to the _lack of attention paid to the details of the radial jet kth_ermodyn_amics

which may lead to extensive horizontal variations in ice thickness as well as heat transfer rates.

Conclusions

The field observations at Menzies and I-Iarmon Lakes coupled with the modeling results provide
conclusive evidence of the severe impact that artificial circulation has on the temperature of a
small mid-latitude lake. It has been confirmed that a gradual _increase iﬁ temperature would
likély take place at Menzies Lake if it were 'leff in a natural state. Instead, éignificam cooling
takes place, bxiﬁging the lake dangerously close to a temperature which is intolerable to aquatic

life, even over the course of the uncharacteristically warm winter of 1991-92.

The MLI-C model provides good predictions of temperature, polynya size and snow depth at
Menzies Lake throughout the simulation period. The deviations from the observations could be

attributed to factors which are independent of the artificial circulation process, such as the
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difficulty of albedo prediction during periods of little or no snow cover (see Rogers et al,, 1995).
However, -the reliability of the results are brought into question by:the apparently boor ice
predlcuons in early winter. The unsansfactory match between predicted and observed ice
thickness is considered to be due to insufficient sampling, and to the fact that the model does not
reflect a direct dependence between the polynya and the heat transfer through the ice cover on

N

the polynya.

Although MLI-C produces polynya size predictions which agree quite well with the
observations, the lack of long term variations which exceed the expected error does not provide
an adequate test of the model. Given the asymmetries in the jet and the potentia] impact of the

lake boundaries on the hydrodynarhics and the heat transfer processes, better results are not

likely without increasing both the sophistication of the model, the input data requirements, and -

 the observation requirements. Further fine-tuning of the calibration parameters are unlikely to

produce more reliable results without making the mode! more sophisticated, or by providing

_better velocity field data. Although determined through calibration, the values of hmin and Cy are

consistent with observations and previous studies.

The turbulent heat transfer from the water to the ice, Qy, at an average of about 7.6 W/m?2, is over

. three times as important as the heat transfer across the polynya, Hp, over the lake cooling period.

After the lake had reached its minimum temperature, there is, on average, only a slight net

transfer of heat across the polynya until the end of the simulation. Meanwhile, Qy increased ii

importance in the latter half of the simulation, with a lake average heat transfer rate of about 3.6

W/m?2.

The simulation results indicate that there is a delicate heat flux balance which results in lake
temperatures that are just adequate in supporting aquatic life. For example, the heat which is
provided to the lake by the sediments could, over cold winters, often constitute the difference

between fish survival and fish mortality. Extremely windy conditions could also inc-re,asé the

importance of Hp through substantial gains in sensible heat loss. Furthermore, although snow -
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cover does insulate the lake, its main impacts are to reduce the growth in ice thickness and to
prevent solar radiation from penetrating into the water. Hence a winter characterized by
consistently thick snow cover may deprive an artificially circulated lake of the solar heat it needs

- over the winter.

The results of this study suggest théf some design -changes. in the ACD system m_ay' be
appropriate in some cases. The most ifripor‘tant finding is that, in terms of minimizing heat loss,
it is i'esé important to control polynya size than to minimize turbulence beneath the ice. A
system of two or more smaller ACDs‘could produce the same polynya area while f‘edlxcing"the
to;_él turbulent heat loss to the ice. Al‘ihough >the same surface velocities must exist along the
perimeter of the p‘olynya for a given polynya radius and any system configuration, the use of
several units should mean that the rate at which these velocities decrease beyond the polynya
edgc should be higher, thereby resul'tihg in a reduced value of Q. This is explained by the
inverse relationship between velocity and the radial distance from eaéh individual circulator.

Since the radius of the polynya was observed to be fairly stable, it would be feasible to install a

curtain or a system of baffles at the polyhya edge that would deflect the flow away from the -

underside of the ice, thereby reducing Q.

Furthér_ research is reqﬁired- in order to improve MLI-C. A re-evaluation of the MLI paraméters

and processes (such as snow properties, sediment heat transfer, snowmelt due to rainfall...etc.) is

required (Rogers et al., 1995). Attcntion'shoul'd be focused on the characteristics of the polynya

edge and the hydrodynamic boundary layer which becomes established at the ice-water interface.
Once the h'ydro/thermodynamics are better ﬁnderstood, it may be possible to abandon the hpin
approach in favour of a more theoretical boundary layer heat transfer model in which ihe growth
of ice from the polynya edge out the full ice thickness is also predicted. If this could be done,
then there would also be no further need for the Ar calibration constant. The remaining

parameter, Cy, would best be assessed in the field specifically for the Air-o-lator®, in a manner
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similar to that described by Hamblin (1990). Alternatively, Cy could be determined with better

confidence by means of calibration once the hydrodynamic model is established.

More thorough ice thickness observations is also recommended to produce more acéura;e values
of average thicknéss, and for providing more insight on spatial variations ‘which may be
dependent on the circulator. Additional observations may also allow for an indirect gvaluaﬁon of
the velocity decay below the ice, and Q. Finally, the impact the pqunya has on the heat flux
through the \icc covering the remainder of the lake should be well estai)lishcd and quantified. A
first attempt at solving this p’roblém could involve the thermal resistance abproac_:h described

above.
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