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ABSTRACT 

In order to improve their hydro-electric power 
production in the Grimsel area, Kraftwerke Oberhasli 
(K WO) plan to construct a new reservoir with a storage 
level about 110 m high er than th e existing Grimselsee. This 
paper deals with the expected changes of Unteraargletscher 
after periodical contact with the resulting water body . Upon 
initial flooding, the lowermost section of Unteraargletscher, 
about 800 m long, will float , drift away, and melt. A rough 
estimate of the heat balance shows that the energy input 
into the lake would be sufficient to melt this ice within 
2-3 years, so that calving and melting will continue at a 
frontal ice cliff. The main effort of the study was aimed at 
forecas ting this retrea t. A pre-ex isting se ismic survey was 
supplemented by new so undings by radar and se ismic 
reflec tion , resulting in re liabl e cross-sections and information 
about the sub-bottom material. The forecast is based on the 
existing mass flux and an empirica l calving rate relationship 
with water depth and predicts an equilibrium position of 
the terminus so me 3-4 km further back than today, and a 
gain of water storage volume of 50 x 106 m3 after 10 years. 

INTRODucnON 

K WO, a highly developed hydro-electric power scheme 
in central Switzerland , lacks sto rage space. A project 
referred to as Grimsel- Wes t is being considered by the 
power company which would mod ify the Grimsel reservoir 
profoundly by constructing a seco nd dam west of the 
existing one. This would raise the storage level by more 
than 100 m. Preliminary glaciological studies showed that the 
terminus of Unteraargletscher would become flooded, that a 
major further retreat would follow, and an increase of 
storage volume would result , allowing for a smaller dam 
than was originally planned , with consequent savings. 
Subsequent glaciological investigations have served to 
indicate the optimum height of the dam. 

SITUATION 

Unteraargletscher is the name of the 6 km long flat ice 
tongue fed by a group of tributar ies at the head of the 
River Aare. Glaciological resea rch at Unteraar was initiated 
some 160 years ago and has been continued up to the 
present in numerous surveys and experiments (Haefeli, 1970; 
Haeberli, 1977; Iken and others, 1983). Some relevant data 
for our task was therefore readily available. 

Figure I shows the outline of Unteraargletscher 
together with the loca ti on of the cross-sections numbered 
1-10 and the centre line with the zero point (0) of the 
coordinate sys tem , on which calculations and diagrams are 
based . The surface elevations and flow rates in sections 2, 
7, and 10, and also on the tributaries have been determined 
annually, mainl y by Flotron and Flotron for KWO (Flotron , 
unpublished) . Figure 2 shows the change in mean surface 
elevation since 1928, toge ther with the average flow rate at 
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the surface at profile 7 (Pavilion Dollfus). The elevation 
reflects a period of intensive glacier retreat during this 
century, although the rate of thinning of the tongue has 
diminished since 1965 . In contrast with this, the surface 
elevation is still strongly decreasing at Obere Brandlamm 
(profile 2), but has remained practically unchanged since 
1976 at Mieselenegg (profile 10). The velocity has , on 
average , not changed much since about 1950 at profiles 7 
and 10, whilst it is still decreasing steadily near the 
terminus. The latter trend shows that adjustment to the 
present-day climate is still actively in progress. Despite this, 
we consider Unteraargletscher to be close enough to 
equilibrium to be regarded as being in a state of 
equilibrium for the purposes of our study. As the standard 
year for the steady state we have chosen 1983-84. 

Bed topograpy is as important as surface elevation and 
glacier flow for our inves tiga tion. Nye (1952) and Haefeli 
(1970) based some of their ea rl y computations of the flow 
of Unteraargletscher on se ismic reflection soundings that 
were carried out from 1936 to 1950. In our original 
analysis we used the same seismic data, taken from a 
detailed report by Knecht and Siisstrunk (unpublished). As 
the nature of the intermediate layer between an upper and 
lower seism ic reflector was uncertain , we supplemented the 
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Fig. I . Sketch map of Unteraargletscher; elevations in m. 
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Fig. 2. Surface veloc ity and elevation over the tongue of 
U nteraa rgletsch er, 1928-87. 
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Fig . 3. Bed topography based on radio-echo soundings. 

seismic soundings and finally replaced them by radio-echo 
soundings in cross-sections 1-8, and along the centre line. 
The electromagnetic survey data matched the upper seismic 
survey reflector better than the lower one. A detailed 
seismic survey in the area of Obere Brandlamm showed 
that, at least in that area, the layer between the two 
seismic reflectors consisted of unco nsolidated material with a 
low P-wave velocity of between 2.3 and 2.6 km S-l The 
longitudinal profile and exa mples of transverse profiles are 
shown in Figure 3. 

CALVING SPEED IN LAKES 

Experience shows that the const ruction of a reservoir 
causes a pronounced retreat (or s trongl y accelerates a retreat 
already under way) of glaciers that te rminate in the storage 
basin. This is because part of the energy absorbed by the 
lake causes ice to melt at the glacier terminus, where ice 
also breaks off. In view of the unce rtainty about the nature 
of ice wastage for a glacier in contact with a water body , 
it would be preferable to have a neutral expression for the 
combined effect of true calving (mechanical separation of 
ice masses from the glacier) and subaqueous melting. Of the 
alternative expressions we have considered - aquatic , 
littoral, lake-front, lake-shore or coastline ablation , and 
their ablation rates - none seems completely satisfactory. 
We have therefore retained the more convenient term of 
calving rate for the total of ice loss at the glacier front. 

A quantitative relationship between water storage and 
glacial retreat is needed for the purpose of forecasting 
retreat. Brown and others (1982) have estab lished a linear 
relationship betwee n calving speed and water depth for 
Alaskan tide-water glaciers. In Figure 4 we have plotted 
calving speed, uc' against water depth, H w' both averaged 
over the width of the glacier front, for six glaciers all 
terminating in lakes. Ideally, the calving speed, uc' is 
determined as follows: 

(I) 

where ui is the flow rate of the glacier at the front and ur 
is the rate of retreat of the front (both averaged over the 
width of the glacier front) . In some cases ui was measured 
on a transverse pro file higher up the glacier rather than at 
the glacier front . In this case the following calculation was 
carried out: 

Fi(front) = FjCprofile) - F b(profile-front) (2) 

where Fi is the ice flux through respective cross-sec tions 
and F b is the ice lost by ablation, b, at the surface area, 
S, between the transverse profile and the front. The flow 
rate, ui' of the glacier at the fro nt is the n 

(3) 
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Fig. 4. Relationship between water depth, H w' and calving 
speed, uc' (see text for explanation). 

where Ac is the cross-sectional area of the calving front . 
Numerical values are contained in Table I. 

For the range of water de pths between 40 m and 80 m 
expected to occur at Grimsel- West, the following equation 
expresses the empirical da ta: 

(4) 

whe re H w is the mean water de pth at the glacier front (in 
m) , and Uc is the mean calving speed (in m a-I) . 

Some comments a re needed on each of the six cases: 
(numbers refer to Table I and Figure 4) . 

(1) Portage, Alaska, 60
0
45' N , 30 m a.s.l.; bathymetric 

informati on , ice-surface eleva ti on at the ice front , average 
recess ion ra te for 1960-72 a nd surface ve locity in summer 
1972 about 2 km up- strea m of the te rminus all taken from 
Ma yo and others (1982). 
(2) Nordbo, south-west Greenland, 61

0

24 ' N, 660 m a.s .l.; ice 
flow into the lake was inferred from annual mass balance 
and ice-flux data from an area so me 2-4 km up-stream of 
the terminus. The data point is unreliable because of both 
lack of data on the ice thickness and unproven assumptions 
about ablation rate , and hence the value of F b' in the 
highl y c re vassed te rminal sec tio n of the glacier. Glaciologica l 
and bathymetric data were take n from Clement (1982, 
1983). 
(3) Sabbione, Italian Alps, 2466 m a.s.l.; detailed information 
on glacier retreat in a rese rvo ir is available from 
topographic maps and diagrams; fl ow-rate value based on 
the assumption that the range of H w = 12-28 m. 
(4) Unteraar, Swiss Alps, 1909 m a .s.l.; detailed information 

T ABLE I. WA TER DEPTH (H w): AVERAGED 
VELOCITIES OF ICE FLOW (u i): RETREAT (ur) AND 
CAL VING (uc ) OF GLACIERS ENDING IN 
FRESH-WATER LAKES; Hw IS AVERAGED OVER THE 

APPROPRIATE PERIODS FOR SITES 3 TO 6 

Site Seaso n Hw u' 1 
ur Uc 

(m) (m a-I) 

I. Portage 1971-72 110 165 50 215 
2. Nordbo 1979-80 90 217 -10 207 
3. Sabb ione 1961-73 20 2 50 52 
4. Unteraar 1932-45 12 14 18 32 
5. Obe raar 1953-67 16 8 42 50 
6. Gries 1968-79 13 6 3 1 37 
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on retrea t from the Grimsel reservo ir and on ice flow close 
to the glac ie r terminus obta ined from Flotron (unpublished); 
range of Hw = 4-18 m. 
(5) Obe raa r , Swiss Alps, 2303 m a.s. l.; de tailed info rmation 
on retrea t in sto rage basi n and on ice fl ow close to the 
te rminus obtained from Flotron (unpublished); range of 
Hw = 8-33 m. 
(6) Gries , Swiss Alps, 2386 m a.s. l. ; detailed information on 
retreat in storage bas in and on ice flow immediately behind 
the ca lving front take n from Si egenthale r (unpublished ); 
range of H w = 10-1 6 .5 m. Bindschadler ( 1980) has shown 
that a linea r dependency of ca lving flu x on water depth is 
a good approx imation fo r the observed re trea t of the glac ie r 
retreat from 1967 to 1978. 

It is seen that the two cases (I ) and (2) with deep 
wa ter represent permanent lakes at high latitude, whereas 
the remaining cases (3) to (6) re fe r to Alpine reservoirs that 
are drai ned in winte r and become graduall y refilled in 
summer. The la tter wi ll also be the case at Unte raar , so 
that we could have ex trapo lated from the Alpine cases with 
shallow wa te r to obtain the case for Unte raar. In Equation 
(4) we have instead used the direct connec tion from the 
ce ntre of grav ity of the A lpine cases to case (I ), which is 
more re liable than case (2) . By choos in g a value for the 
calv ing speed tha t is on the low side (Fig . 4), we can be 
fairl y co nfident that th e increase of the storage volume with 
time w ill no t be overes tima ted , and that in our forecast for 
the eng inee rs we sha ll err on the s ide of safet y. 

We assume that the annual calving is low in cases ( I ) 
and (2) because of the hi gh latitude. In a reservoir the 
pe riod of calvin g is artific iall y sho rtened , but emptying and 
re fillin g may have an enhanc ing effec t on ca lving. When 
the lake leve l drops, th ere is no longer an y counter-press ure 
of wate r on th e ice front whi ch would lead to the collapse 
of the ve rti ca l ice wall. On th e nex t refillin g of the lake, 
broken- off ice frag ments a re fl oa ted away because of the ir 
buoyancy. 

It is notewo rth y that the ca lv ing ra te determined by 
Brown and o thers ( 1982) fo r ti de - wa te r glac iers is many 
t imes large r than the ra te fo un d he re for glaciers endin g in 
f resh wa te r. We suspect th at density diffe rences between the 
respec ti ve wate r bodies accou nts for this , rather than the 
d iffe rence in wa te r tempera ture. The buo yancy of o Oe melt 
wa ter amounts to 132 g m-3 in fresh water at 4 °e , but it is 
26 kg m-3 in sea- wa te r; thus the re is a difference of a 
fac tor of 200 between buoyancy va lues. The buoyanc y of 
o Oe melt wa ter in s ilty fresh water would be even la rger. 
Since the buoyancy of the O°C film of melt water formin g 
at the ice- wa te r inte rface is probably one of the prime 
d riving fo rces for the hea t exc hange (the glacier wind be ing 
another one), the sugges ted strong dependence of the calving 
rate on wa te r de nsity wo uld indica te that melting at the ice 
front is of major im po rtance. The density diffe rence 
be twee n fres h wa ter and br ine a lso affects water- press ure 
distri but ion a t the ice f ront , hence an effect on true 
ca lvi ng ca nno t be exc luded. However, the buoyancy ratio 
fo r ice in fresh wa ter and ice in brine amounts onl y to a 
ra tio of 1.26: 1.00, ha rd ly suff ic ient to ex pla in the diffe rent 
calving rates of fres h- water a nd tide-wate r glacie rs. We a re 
ad vised by R . Hooke (pe rsona l communication) that tida l 
ac tion is a nother fac tor to be co ns ide red . 

EQUILIB RIU M POSI T ION OF G LACIE R T E RMI NUS 

When U nte raa rgle tsc her becomes inundated , its 
lowermost sec ti on , about 800 m long, will float , drift away, 
a nd melt , whereupon calvi ng w ill continu e a t a fronta l ice 
c li f f. As the term inus ret rea ts furth e r, a t a rate depending 
on wa ter de pth , the amount of ice removed from a g ive n 
c ross - sec tion inc reases with inc reasi ng ice thickness and wi th 
in c reas ing rate of ice flow in this sa me cross - section. We 
ass ume th e glac ie r to be in a sta ti ona ry state, so that ice 
flu x is o rig in a ll y independent of time. Because of the lower 
e leva tion of the top of the ice c li f f as compared with the 
origi nal glac ier surface, ice fl ow will temporaril y increase 
until a new equilibrium is es tab lished . The ice flux will 
then re turn to a va lue so mewha t less than the orig inal one, 
the red uc tion in which w ill be d iminished by an amount 
acco unted for by an increase in ablation in the section of 
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the tongue where the ice surface has become significantly 
lower and where the ablation rate may have further 
inc reased by the effect of crevass ing . By neglecting these 
effec ts, we assum e th at in equilibrium the ice flux at the 
new te rminus is the sa me as it was originally at the same 
loca tio n in the undisturbed gl ac ie r. The ice flux in simple 
terms is ex pressed by 

(5) 

where Ai is the area of c ross - sec tion obtained by the radio­
echo so undin gs at cross-sec tion i, and ui is the average flow 
rate, taken to be equal to the Flotron measurements of 
mean surface velocity. 

The calving flux, F c' is 

(6) 

where Ac is the cross- sectional area of calving front, and 
Uc is the calving speed . To determine A c' we have rel ied 
upon experience with similar cases which has led to the 
assumption of a frontal height of 30 m a.s.1. Ac is calculated 
by adding this height to the cross- section below water level, 
determined from the radio- echo data , plus and the height 
of the proposed dam. Table II gives Ai' Ac' ui ' uc' H w ' Fi, 
and F c va lues fo r the cross- sections examined. 

In Figure 5, F c and Fi are g iven as functions of the 
location. At the point of intersection of the two curves, 
where ice flux balances loss , the calving front will reach its 

TABLE H. AREAS OF CROSS-SECTION (Ai' Ac); WATER 
DE PTH (H w ); FLOW RATE (ui ); CALVING RATE (uc ); 
C AL VING FLUX (Fc); AND ICE FLUX (Fjl FOR 

PROFILE SECTIONS EXAMINED (PS) 

PS A · 
1 

(km 2) 

3 0.0928 
4 0 .1103 
5 0.1394 
6 0. 1545 
7 0 .1858 
8 0 .2599 

[106 m3 y - I] 

12 

la 

8 

x 6 
::J 

-= 
Cl) 

.~ 
4 

2 

Ac 

0.061 9 
0 .0586 
0 .068 9 
0 .05 16 
0 .0526 
0.05 26 

eq uilib rium 
pos it ion 

Hw 

(m) 

57 
63 
82 
59 
54 
51 

U · 
1 

Uc Fc F· I 

(m a- I) ( x 106 m3 a- I) 

10 120 7.4 0 .9 
17 132 7.7 1.8 
18 168 11.6 2. 5 
19 124 6 .4 2.9 
20 115 6.0 3.7 
27 109 5.7 7.0 
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Nr. of c roSS sec ti on 
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Fig. 5. Calving flu x, F c ' and ice flux, Fi' as functions of 
distance (in km ) fr om po int 0 on Unteraargletsche r (cf. 
Fi g. I ). 
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Fig. 6. Schematic rep resentation of glac ie r retreat caused by 
calving. 

equilibrium positIOn. Similar curves have been constructed 
for a number of different storage leve ls. Since the level of 
2020 m was found to be most app ropr iate to the needs of 
the project , results are given here for that level only. The 
spectacular peak in the F c; curve reflec ts the overdeepening 
of the bed at cross-section 5 (Fig. 3) and the resulting 
increase in Ac (Table 11) . 

PROGRESS WITH TIME OF THE GLACIER RETREAT 

Figure 6 illustrates th e re trea t of a glacier as the result 
of its contact with a lake. For eac h value of thickness or 
depth , H, there exists a corresponding cross-section, A . The 
amount of ice lost by calving per unit time, Acuc' must 
equal the original ice flux , Aiui, plus an increment due to 
the retreat of the front, Ascdx, thu s 

(7) 

where A~c is the cross-section of glacier at the point where 
the origInal glacier proftle and the new one meet . From 
glaciers up to about 300 m thick, showing an undisturbed 
flat surface some 0.5-1 km up- st ream of an ice fall, we 
expect the surface lowering behind the calving front to 
occur over a similar range of 0.5-1 km . 

The rate of retreat, up is th en 

(8) 

Conside ring the other uncertainties in our computations 
and also that part of the ice on the side walls of the valley 
will probably melt there rather than move into the lake , we 
have used Ai instead of Asc in our calculations. For the 
first 10 years of re treat, the difference between the results 
wi th Ai and Asc was found to be small. 
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Fig. 7. Duration of retreat of glacier front after beginning 
of calving process, as a function of distance (in km) 
from point 0 (cL Fig . I) . 
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Retreat as a function of time from the start o f the 
ca lv ing process (pos ition x b) until equilibrium (position xe) 
is defined by 

xe 

' xbx, ~ I ""~) dx 
(9) 

xb 

This equation has been so lved numericall y and the results 
a re show n in Fi gu re 7. 

The volume of the rese rvoi r increases when the glacier 
retreats, and this increase can be derived as a function of 
time from the beginning of the ca lving process. Figure 8 
shows th e res ult for the fir st 10 yea rs. 
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Fig . 8. Increase of rese rvo ir vo lume as a function of time 
after beginning of calvin g process. 

ASSESSMENT OF MELTING CAPACITY OF LAKE 

In th e process of gradual flooding of Grimsel Lake up 
to an elevation of 2020 m a .s. l. , th e lower most part of 
Unteraargletscher, measuring approximately 800 m in le ngth 
and ha ving an ice vo lum e of approxi mately 36 x 106 m3

, 

will float. When this ice mass has melted away, after the 
first comple te filling of the lake, ca lvi ng at the glacier 
front will continue and the glacie r will re treat in accordance 
with the calculations abo ve. In this section of the paper the 
melting capacity of the lake will be assessed, on the basis 
of the energy balance at the surface, in order to examine 
whether the energy budge t of th e lake could be a limiting 
factor in the retreat of th e glacier. We assume that all of 
the energy absorbed by th e lake is available for me lting 
glacier ice . The energy exchanged, QT' at the water surface 
per unit area is given by 

(10) 

where QR is the radiation budget; QH is the detectable heat 
flux, and QL is th e latent hea t flux. The calculation of 
these energy fluxes was car ried out for the months of Jul y, 
August , and September , us ing in one case a year with 
average weather conditions and In another a year with 
ext reme ly unfa vourab le weather co ndition s. The radiation 
budget, QR' at th e lake surface is defined as 

QR = C( I - a) + A - E (11) 

where C is the global shor t wave radia tion influx; a is the 
albedo, and A and E the incomi ng and outgoing long-wave 
radiation. Data on C and A - E fo r an elevation of 2000 m 
a.s.1. were taken from a study by Sauberer and Dirmhirn 
(\ 952). 

Cloud conditions for an average year and for an 
unfavourable year are taken into account, and the albedo, a, 
of the lake surface is estimated to be 8% (personal 
communication from A. Ohmura). The detectable heat flux, 
QH' represents heat exchange by convection. It is expressed 
as follows 

(12) 

79 https://doi.org/10.3189/S0260305500007679 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500007679


FUllk alld Riilhlisberger: Pialllled reservoir near UlIleraargielscher 

TABLE Ill. ENERGY BUDGET AT LAKE SURFACE FROM JULY TO SEPT EM BER: FOR AN 
AVERAGE YEAR (SUBSC RIPT n), FOR AN EXTREMELY UNFAVOURABLE YEAR 

(SUBSCRIPT e) 

Month 

7 
8 
9 

QR,n QR,e 

(MJ m- 2 d -1) 

20.4 13. 1 
16.6 10 .7 
12.8 7.7 

QH,n QH,e 

4.5 2.3 
4.8 2.4 
3.9 1.5 

w here cp is the the specific hea t of dry a ir 
( 1.005 J kg - 1 K -I), Ta is the air te mpe ra ture; Ts is the lake 
surface temperature; f is the hea t transfer coefficient (a 
function o f wind speed, /I). Data for Ta and U at the 
Grimsel Hospiz s ta tio n were taken from AlIllalell del' 
Sci!wei ::erischell Meleorologisci!ell AlIslall. Mean values for a 
12 yea r period and va lu es for 1977, an extremely 
unfavou rab le year, were used, a nd a lake - surface 
temperature of 2°C was assumed for the calculation of Qw 

The late nt hea t flu x, QL' is defined as 

( 13) 

where ea is the wa ter-vapour press ure of the surro undin g 
a ir; es is the water-vapour pressure of the a ir at the lake 
surface; L is th e the latent heat of evaporation 
(2 .5 x 106 J kg- I); and f ' is the heat-transfer coefficient. 
Data on the relative humidity at the Grimsel Hospiz s tatio n 
were again drawn from Allllalell del' Schwei::erischell 
Meleorologiscilell Allslall; us in g these and Ta values, it was 
possible to determine va lues for es and then for ea' For the 
ca lculat io n o f Qv it has been ass um ed that surface air is 
always sa turated wit h wa te r. The figures for th e e ne rgy 
budget at the lake surface for the months of Jul y to 
September are summa ri zed in Tabl e Ill. 

In o rde r to includ e in th e ca lc ulation all o f th e e ne rgy 
absorbed by the lake, the tem poral variation of the lake 
surface area must be con si dered. The s urface area of the 
lake is known to increase as the lake fill s up, and o n 
co mple tion of the dam th e lake wi ll be fill ed to leve ls 
increasing from year to year to reac h 2020 m a.s.1. i:1 the 
fifth year. For ou r purposes on ly th e two last years are 
re leva nt , and in these th e lake surface will ri se from 
1980 m a.s. 1. to 2020 m a.s.1. A t 1980 m a.s. l., an estimated 
10 x 106 m3 of ice will fl oa t, a nd at 2020 m a .s.1. the 
re ma ining 26 x 106 m3 of ice will follow. The energy 
exc hanged through the lake su rface has been calculated for 
th e fourth , fifth, and sixth years of filling, tak ing into 
account these var iat ions in the lake surface a rea . With the 
ass umpti on that the additiona l e ne rg y is com pletel y available 
for melting , and usi ng a va lue fo r la tent hea t of melting of 
3.3 x 108 J m -3, the potential melt vo lumes for the 3 years 
were ca lcu lated (Tab le IV ). It can be seen that the 
es tima ted energy intake during this period is more than 
suffic ien t to melt the 36 x 106 m3 of ice expected to be 
afloat in the fourth to th e six th yea rs after completion of 
the dam, provided that the atmosp her ic conditions do not 
deviate very much from average. The low value of 
26 x 106 m3 is based on the unlike ly situation of extremely 
unfavourable weather conditions for three consecutive years. 
It can be concluded that the initial phase, when large 
vo lumes of ice are afloat after the floodi ng of the terminal 
sect io n of the tongue , will de lay by no more than I or 2 

TABLE IV . ESTIMATES OF ICE VOLUMES LIKELY TO 
BE MELTED IN GRIMSEL-WEST LAKE. UNDER 
A VERAGE (SUBSCRIPT n), AND UNDER 
UNFAVOURABLE (SUBSCRIPT e), WEATHER 

V4,n V4,e 

(x 106 m3) 

15 7 

80 

COND ITI ONS 

V5,n V5,e 

18 9 

116,n V6,e 

(x 106 m3) 

20 10 53 26 

QL,n QL,e QT,n QT,e 

1.2 - 1.8 26 .1 13.6 
1.9 - 1.8 23.3 11.3 
0 .0 -2.6 16.7 6.6 

yea rs the normal process of re treat by calving. Note that , 
for s uch normal retreat the computed calving flux, F c' in 
Table 11 is considerably smalle r than the annual melting 
capac it y of the lake . Th e energy intake of the lake, 
th ere fore, d oes not see m to be a limiting factor after the 
initial phase. 

OUTLOOK 

The time available for the in ves tigations described in 
thi s pape r was limited , a nd it was clear from the beginning 
that the results would need to be re-examined later. When 
do ing this, a high priority should be given to the collection 
of further experimental data on calving rates in deep wate r, 
espec ia ll y where possible for lakes with periodic drainage . 
Data o n the influe nce of water te mperature and turbidity 
on density should also be collected, the mechanism of 
calving and in particular of the relative importance of 
melting as against true mechanical calving should be 
thoroughly studied. In order to predict the development of 
the ice- surface profile, existing conditions above ice falls 
sho uld be furth er assessed fo r variations in ice thickness 
and fl ow rate so tha t more e mpiri ca l data will be available. 
Further empirical da ta are needed for the assessment of 
albed o for turbid lakes in the context of the heat-bala nce 
ques tio n. In addition to thi s, theoretical solutions of this 
three-dimens ional proble m should be attempted. 

With reference to the e nvi ro nmental impact, our work 
has also touched upon the questions of calving waves and 
surge probab ility , but th ese have no t been included in this 
discussion. It has been shown that eve n at high surge speeds 
the displacement of water wo uld not be likely to cause 
catastrophic run-off; calving waves, however, should be 
sc rutinized more closely in the future . 

The study was required to provide reasonably firm 
answers within a short time. Many assumptions had 
th ere fo re to be made because the time available did not 
allow a thorough in ves ti ga ti on. This may be typical of 
applied work related to huma n actIVItIes where quick 
answers are alwa ys so ught. By revea ling areas of lack of 
knowledge, such studies st imula te future research. 
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