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ABSTRACT
_ 

The equation of motion of an ice field may be used as the theo- 
retical basis for evaluating the wind drag coefficient and water drag co- 

efficient over it. A field experiment on a lake at Spring breakup time 
based on such a theoretical basis gave a wind drag coefficient of 3.26 x l0 -3 

based on neutral wind velocity at 10 m height. This value is 2P3 times the 
values measured by other researchers over sea ice with other methods. The 
absorption of the form drag into the drag coefficient gives the seemingly 
large value. The above drag coefficient is for ice field with extensive 
telescoping and moving in direction perpendicular to the lines of telescoping. 
The great density gradient effect on the current distribution under a fresh 
water ice floe makes it impractical to relate the water drag coefficient to 
the current under the ice cover. By relating the water drag.coefficient to 
the equivalent uniform current in the ice free part, the field experiment. 
gave a drag coefficient of 5.85 x l0'2 to the ice field. This drag coefficient 
also takes both skin friction and form drag into account. T 
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RESUME 

L'équation du mouvement d'un champ de glace peut servir de base 
. . . A , V . théorique a l'évaluat|on du CO€fflCl€flt de trainee du vent et du coeffi- 

cient de trainee de l'eau pour ce champ. Une experience pratique effectuee 

dlapres cette théorie sur un lac, au moment de la deB3che du printemps, a 

donné un coefficient de trainee du vent de 3.26 x lO;3, pour une vitesse 

du vent neutre 5 l0 m de hauteur. Cette valeur represente de 2-5 3 fois 

les valeurs trouvees par d'autres chercheurs sur les glaces de mer, au 

moyen de methodes differentes. C'est parce que la trainee aerodynami- 

que a ete integree au coefficient de trginee que cette valeur est si grande 

’ en apparence. Le coefficient de tra/inee mentionne ci_-dessus vaut pour un 
\ I n I champ de glace ou |l y a un chevauchement consnderable et un mouvement en 

direction perpendiculaire 5 celle du chevauchement.‘ En raison de l'importan- 

ce de l'effet du gradient de la masse volumique sur la repartition du cou- 

rant sous un floe d'eau douce, il est difficile d'etablir une relation en-
| 

tre le coefficient.de trainee de l'eau et le courant de l'eau sous la cou- 

verture de glace. En etablissant une relation entre le coefficient de trai- 

nee de l'eau et le courant uniforme equivalent dans la partie libre de glaces, 

l'experience a donne un coefficient de trainee de 5.85 x l0'2 pour le champ 

de glace. Ce coefficient de trainee tient compte-3 la fois du frottement. pel- 

liculaire et de la trainee aerodynamique. 

Mots cles: Glace;eau; air; coefficient de trainee; debacle du printemps; lac.



INTRODUCTION . . 

To calculate the movement of an ice field on a water body, the 

knowledge of the wind drag coefficient and the water drag coefficient on 

the ice field is essential. The wind drag coefficient on a sea ice floe
' 

was first measured by Untersteiner and Badgley (8). Other measurements of 

the wind drag coefficient on Sea ice of different surface conditions and 

at different geographic locations were made by Suzuki (7), Smith et al_(6), 

Banke and Smith (l,2), Smith (5), Seifer and Langleben (Q) and Langleben 

(3). In all the above studies except that by Suzuki, the wind drag co- 

efficient was either calculated from the wind profile or from the turbulent 

velocity correlation. In Suzuki's study, the wind shear was directly mea- 

sured by tensiometers. ' 

_ 
, . 

Less was done on measuring the water drag coefficient of an ice 

field. Untersteiner and Badgley (8) were the only scientists who had 

made some water drag measurements on sea ice. Suzuki (7) suggested a way 
to measure the water drag coefficient but did carry out his suggestion. _

i 
t. 

ln all the above studies, the ice floe was assumed stationary. 

The wind drag and the water drag were not measured simultaneously. So 

far, no study on the drag coefficients of wind and water on lake ice has 

been reported.
_ 

In the study reported here, the wind and water drag coefficients 

on a lake ice field at spring breakup time were measured. The measure- 
ments were made when the ice field was in motion. The wind drag coefficient 

and water drag coefficient were calculated simultaneously. 'These measured 

drag coefficients are compared with the drag coefficients obtained by 
earlier researchers. Q 

' 

A _ 
-
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BACKGROUND AND THEORY
- 

An ice field may be approximately considered as a flat plate with 
a fully developed boundary layer. For the boundary layer, if the flow is 

neutrally stratified, the velocity distribution is given by the logarithmic 

law 
_ 

A __ ,5 ve E (E;-) in (Z?) _ (1) 

where k is the Von Karman constant and is generally accepted to have a value 
of Oi“, T is the shear stress in the boundary layer, p is the density of the 
fluid, z is the distance from the boundary and 2° is called the roughness 
length of the boundary surface. According to the above equation, if the wind 
profile over an ice floe or the current profile under an ice floe under neu- 
trally stable conditions is obtained, the plot of V versus 2n z will be a 

straight line. The slope of the linear relationship will give (T/O)%/k while 
its intercept with the horizontal axis will give the boundary roughness length 
Z. 
.0 

Knowing the shear stress, the drag coefficient may be worked out
g 

from the following definition equation 

I 

cz = -ZI-Tpvz 
(zl 

where the subscript indicates the distance from the ice surface to the point 
where the velocity is measured and the drag coefficient is associatedvnth_ 

‘ The above theoretical basis was used by Untersteiner and Badgley (8) 
Seifert and Langleben (h) and Langleben (3). In their studies, a number of 
‘wind and current profiles were taken. From the logarithmic or nearly log- “ 

arithmic profiles, either the drag coefficient or the roughness length were 
calculated. -' 

2 _
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Suzuki (7) measured the drag coefficient a little differently in 

that he measured the wind shear on a cut-off ice piece directly with tensio- 
meters and the wind velocity at several heights. For the logarithmic winds, 
the roughness length and the drag coefficient were calculated directly from 
eqs (l) and (2) while treating the Von Karman constant as an unknown. 

While the value of drag coefficient depends on the reference height, 
the boundary roughness length is free from such a restriction. However, C2 
and zo are simbly related by ' 

k2 ' — 2) 
(3) cz-"'(.In_(??i‘)'1"

O 
which is obtained by combining eqs. (l) and (2). 

From boundary layer theory, the shear stress in a shear boundary 
layer is ¢Qh5tant_ For a fully developed boundary layer over an ice field, ‘ the shear stress is predominantly produced by turbulent mome_ntum't~ransfer. - 

The molecular shear produced by viscosity is small and may be neglected 
from a practical point of view. The shear stress resulted from turbulent 
momentum transfer is given by 

._ 
I 'l T = pV1 v3 (h) 

where v; is the turbulent velocity in the main flow direction, v§ is the 
turbulent velocity in the vertical direction and the bar above v;v; means 
time-averaged value. Thus, by measuring the turbulent velocity correlations 
53?: , the shear stress on the ice floe may be evaluated. Knowing the shear 
stress and the mean velocity at one point, the drag coefficient and rough- 
ness length can be calculated from eqs. l, 2 and 3. The wind drag coefficient 
on sea ice measured by Smith et al (6), Smith (5) and Banke and Smith (1,2) 
was obtained by the above method.

3



< The drag coefficients of wind and ice on an ice field may also be 
’ 

~ measured from the movement of an ice field under known wind and current. 

FQF an i¢e fiéld drifting On open water, if the time scale involved
A 

is small that the Coriolis effect may be overlooked, the equation of motion 

_ 
_in the latitudinal direction is given by 

Y 

dzx 
1 

_ _ ,_1_ _ 2: ti
g 

. 

§'capa(vax -vix) 2 cbpb(Vix vbx) piNTdt2W (5) 

where C is the drag coefficient, p is the density, V is the velocity, X is 

the latitudinal displacement, t is time, N is the coefficient of virtual 
mass, T is the ice thickness and the subscripts a, b, i and X l"dl¢ate air, 

water, ice and the latitudinal direction respectively. The writing of y for 
“ x in the above equation gives the equation of motion in the longitudinal (y) 

.direction. In the above equation, the first term on the left is the wind 
shear on the ice, the second term is the drag by the water and the term on 
the right is the acceleration of the ice field. According to the above equa 
tion and its counterpart for the y direction, if the wind velocity, the 
current velocity, the ice velocity and acceleration and the ice thickness 
are measured at a given instant and a coefficient of virtual mass is assumed 
or experimentally obtained, the simultaneous solution of the two equations 
should give the wind and water drag coefficients of the ice field. Although 

_ theorectically speaking such an approach is correct, the motion of an ice ' 

4 
.

‘ 

field is more influenced by the accumulative effect of wind and current than 
their momentary value, The temporal and spatial fluctuation of the wind and 
current makes the selection of a representative wind and current difficult. 

_ The closing and widening of water gaps in the ice field and the sliding of ‘ telescoping ice floes also prevent the acceleration of the ice field to re—, 

t 1.
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spond instantaneously to the wind and current changes. The use of eq. 5 

for drag coefficient evaluation therefore is impractical. ‘

- 

“The above difficulty can be overcome if one tackles the problem 

from the integral approach. After all, for estimating the movement Of an 

ice field over a water surface, one is more interested in the time-averaged 

value than the instantaneous value of the drag coefficients. By integrating 

eq. 5 twice with respect to time and rearrangin9 the terms, one has 

(vax-v,x)’(dc)’ - v;,<2(dt)’ + Zn“: vbxv,x(dr)’ 

v,,,3<du* = =; ix“ - 
x,°> <6» 

where _ 
I 

p‘c' 
, P . n,=-L and c=2—~'—% -(7) 

Pa Ca _pa a 

If the wind, current and ice speeds in the time period of to to t; are 

known and the displacement of the 1¢e field is measured, the integrals in 

eq. 6 can be evaluated and the equation contains n and ; two unknowns , 

only. If a similar equation is written for the y direction, the simul- 

taneous solution of the two equations will give n and C. Knowing Q, the . 

wind drag coefficient Ca can be calculated from the second of eq. 7 with 

the measured ice thickness T and an assumed coefficient of virtual mass N. 

ihfter Ca is obtained the water drag coefficient Cb can be calculated fron 

n by the first of eq. 7. 

The above approach provided the theoretical basis for the field 
experiment reported in this paper although the nature of the subsequent data 

. 5. 
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demanded some modification to the theory as will be seen later. 
EXPERIMENT 

SITE AND SITE PREPARATION - The field experiment was conducted on Lake 
Simcoe in Southern Ontario in the spring of I975 and Big Bay Point was 
chosen as the study site. A number of bench marks along the shore were 
established as probable future survey stations. A grid of black dye was 
drawn on the ice cover (when the ice cover was strong) covering an area 
approximately l350 m x 850 m. By inspecting the grid, the breakup, tele- 
scoping and deformation of the ice cover could be detected. Soundings were 
made over the experimental area which produced the bathymetric lines shown 
on Fig. l. Thirteen marker flags atop timber tripods were erected on the ice 
cover along the outer perimeter of the grid at points I to I3. A meteorolog- 
ical tower was erected at the position shown on Fig. l. Wind speed, direc- 
tion, air temperature and humitity all at the height of 20 m above the lake 
surface, were measured at 5-minute intervals. A wind{cup anemometer and a

_ 

vane were used to measure the wind speed and wind direction. While the air 
temperature, humidity and wind direction were instantaneous readings, the wind 
speed was the average reading of the 5-minute sampling period. The current 
speed, direction and water temperature were measured by a string of A Geo- 
dyne self-recording current meters. The current meters were installed at the 
position shown on Fig. l. Limnological data were sensed at the depths of 
hm, 9m, lhm and I9m in a total depth of 2lm. The current meter cable was 
tied to an anchor weight and maintained vertical by means of a float at the 
upper end. The float was 2 m from the under-surface of the ice cover. The 
limnological data were taken at l0—minute intervals. The current direction 
and water temperature were instantaneous readings but the current speed was 
the average reading of the #0-second sampling period. 

/e 
I 

Fig.1
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OBSERVATION - The break up of the ice cover began on April lb, l974. In 

the morning of that day an intact ice cover was still completely covering 

~the lake. At noon, the ice moved on shore and produced small ice piles 

(2m high) on the shore of the studied site. The ice was ripe, about 30-A0 

cm thick and has been considerably weakened by the mild weather 

of the past several days. The ice field moved to the other side the 

~same night following the reversal of the wind direction and produced a major 

ice piling (8*l0 m) on the opposite shore. An open water gap of 2 to 3 km 

wide at the western shore was created by the latter ice movement as shown 

by the aerial photograph Fig. 2, taken in the afternoon of April l6. The 

movement of'the ice field caused the ice cover to break down into floes from. 

hundred meters to several kilometers in linear dimension. Some telescoping
\ 

and fingering of the neighbouring ice floes were seen; Visual observations 

from the air showed that as a result of telescoping and fingering, the surface 

area of the ice field was reduced by about 5 percent. A land inspection made 

at the opposite shore at noon on April l7 showed that the ice was ripe, with- 

out snow cover, smooth and showed the colour of the lake water. From the ice 

piles on the shore, columnar ice crystals could be clearly seen. The piled 

ice showed little strength, would disintegrate into crystals when forcefully 

kicked by foot. The ice sheet on the lake remained sufficiently 

strong for men to walk on. The ice sheet was about 30—h0 cm thick. Where 

telescoping occurred, generally only two layers of ice were involved, how— - 

ever, in places ridges more than l m high were seen. 

. Fig. 2 
A 

' A

' 

, The wind reversed its direction again in the morning of April l8 

and drove the ice field to the experimental site. It was at that time the 

7 . 
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drag coefficients of the ice field was measured. In less than 2A hours," 

the ice had deteriorated a great deal. For the part of the ice cover bor- 

dering the open water lead, many spots had even deteriorated into slush. 

The ice was so weakened that it broke up or even disintegrated instead of 

piling up when it hit the shore. Some telescoping cf the ice sheet, however, 

was still observed. All the marker flags had toppled. Some were still visi- 

ble by noting the upturned tripod legs but some had been lost from sight "isua 

observation of the remaining markers showed that the ice field moved as'a 

piece and there was no noticeable rotational motion of the ice field. The 

motion of the ice field, therefore, could be studied.by the movement of one 

point. 
I

_ 

As the ice field came to the Vigible range,simultaneous sightings 

of a selected marker from two visulally best bench marks (B.M. 8 and B.M. 

I3) were made with theodolntes. Such a survey gave the movement of the ice 

field. '

I ~ .. 

TREATMENT, ANALYSIS AND DISCUSSION OF EXPERIMENTAL DATA 

MOVEMENT OF ICE FIELD - The geometric information relevant to the ice move- 

ment survey is shown on Fig. 3, As the ice field approached, angles ¢ and 

¢ were measured. The measured values of ¢ and w as functions of time are 

shown in Table l below: 

Table I 

Figure 3 A 

Based on the above val ~ .-~s 
_ 

l 

V 

ues, smooth curves of ¢ and w versus time were plot- 
ted. By readl ff th » 

- 

Y _ 
' 

ng Q e 
¢ 

and w VaI“e5 f'°m th¢ ¢“'Ve5 at 5 minute inter- 
vvals the v I f d . » 3 "95 0 G an /B and subsequently the coordinates of the marker 
x a"d Y were I l t d. ' . .

' 

>~i ca cu a e The pI°tt'n9 of x and Y V¢FSUS t|me gives the lati-

8 .



tudinal and longitudinal displacements of the ice field as shown on Fig. ha. 

From the displacement curves the velocity of the ice field in the latitudinal 

and longitudinal directions Vix and Viy were also calculated and plotted on 

Fig. ha. 
V 

_ 

V

' 

Figure Q 

METEOROLOGICAL DATA - The wind speed and direction at the height of 20 m 

above the lake surface for the period just before and during the ice movement 

are shown on Fig. 4b. In Fig. hb, the dashed lines are the recorded
4 

values and the solid lines are the approximated"average»aurvesb From the 

average wind speed and direction, the wind component in the x and y direc- 

tions were calculated and plotted on Fig. ha for comparison with the ice' 

field velocity curves. It should be noted that in plotting Fig. ha, th ice 

field is considered to have a positive velocity if it moved in the positive 

x and y.directions while the sign convention for the wind is opposite to the 

above. 
_ 

' “ ' 

' For a given wind velocity at a given height, the shear stress on 

a given surface is a function of the stability of the air. While an un- 

stable stratification will encourage turbulent momentum transfer between 

layers, a stable stratification will inhibit it. The shear imparted by an 

unstable air stream on a surface therefore is higher than that by a stable 

air stream if the velocity at a characteristic point is the same. Because - 

of the above, as mentioned in instruction, some earlier researchers limited
I 

their experiments to neutral stratification conditions. For the study re- 

ported here multi—point wind measurements were not made.‘ This makes it 

difficult to ascertain whether the stratification of the air was neutral 

during the experimental period. However, the air temperature in the experi- 

'mental period was recorded to vary between 2.fi6 to 3.3°C with the mean value 

. 
. 
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to be approximately at 2.75°C. Assuming a 0°C surface temperature of the ice 

field and a linear temperature distribution between the ice surface and the 
sensing point at 20m, a temperature gradient of 0.l38°C/m is obtained. 

Langleben (3) showed from his study that 86% of his neutral stability wind 
profiles were obtained when the temperature gradient was less than O.l5°C/m. 

Although whether or not the reverse is true has yet to be proved, there is some 

ground to assume a neutral stability wind profile at the time of the experi- 
ment. Langleben also showed that the wind profile is more likely to be log- 

arithmic when the wind gradient is small. For his study, 85 percent of his 

neutral stability winds occurred when the velocity gradient was less than 

0.5 ms'1/m based on wind velocities measured at l m and 2 m levels. For the 

study here, Fig. h b shows that during the experimental period the wind was 
at the most about l.25 m/s at 20 m. The velocity gradient at l.5 m (midpoint 
of lm and 2 m levels) should be much smaller than 0.5 ms‘!/m. The neutral 
wind profile assumption therefore finds another favourable support. In ‘ 

summarizing, one may say that if the wind was not neutral, it should not 
be too far away from it. ’The temperature difference between the ice cover 
and the air might cause a slightly stable stratification and consequently a slightly 
lower drag, but such effects should not be significant. The wind speed 
curve on Fig. 4b also supports the above argument. it is seen from the 
dashed line that the fluctuation of the wind was about l0 to l5 percent of the 
mean flow velocity, a generally expected figure of the turbulence level of 
a neutrally stratified wind.

. 

During the experimental period, the relative humidity of the air 
was measured to vary from 63 to 67 percent. Banke and Smith (1)-showed ‘ 

that for an air temperature of 3°C, even a change in relative humidity of 
as much as $0 percent will not significatly affect the stability of the air.

/
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The humidity data, therefore, were not considered as useful data in the study 

LIMNOLOGICAL DATA - The upper two current meters failed to work at the time 
of ice movement. The uppermost current meter had never worked and the sec- 

ond current meter broke down 8 days before the ice movement. The current 
speed, direction and water temperature obtained by the bottom two current 
meters during the experimental period are shown on Fig. 5. 

Figure 5 
Alt is seen from Fig. 5 that at the time of spring break up, the 

lake water was stably stratified and the lake currents showed strong layer- 

ing effects. The current at lb m and the current at l9 m deep, although 
only 5 m apart, flowed nearly in opposite directions. This stable strati- 
fication and layering effect were not accidental. The analysis of the limno- 
logical data for periods when the second current meter from the top was still 
working showed that a stable temperature gradient existed in the water for the 
whole ice covered period and the layering effect extended at least from the 
bottom to the second current meter at the 9 m depth and very 

probably extended right to the water surface. 
l 

The lack of current data for the upper layers of the lake makes 
it difficult to calculate the water drag on the ice field. In fact, it is 

questionable whether the knowledge of the upper currents would be of much 
help to water drag calculation. Because of the temperature gradient, the 
current under the ice would not be logarithmic even if the direction did not 
vary with depth. Not knowing the functional form of the current profile, the 
use of eq. 2 for drag or drag coefficient calculation becomes senseless. 

' ‘ The above difficulty may be overcome by introducing the concept 
bf an equivalent uniform approaching current, which is a uniform current of 

/' '_
.
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neutral stability approaching the upstream edge of the ice field and pFO* 

ducing the same drag to the underside of the ice. The introduction of such 
a concept is rational because the concept of drag was first developed for 

submerged bodies in a uniform flow. For a submerged flat plate of limited 

size, the equation for calculating the drag force on one side is 

Drag =Area of plate x pC V2 
_ 

(8) 

The modification of the above equation to eq. 2 for calculating the shear 

stress in the fully developed boundary layer of an infinite plate ispermitted 

only because for a current'of given stability, the velocity at a 

given point in the boundary and the uniform velocity of the approaching 

current are one to one corresponded. By considering Vbx and Vby as the 

velocity components of the equivalent uniform current in the ice free part 

of the lake, one thus can still use eq. 6 for calculating thezwater and L 

air drag coefficients. 

It is seen from Fig. 5 that in the experimental period of ice 

imovement, the currents at lb m and l9m depths varied with time. Therefore, 
strictly speaking, the equivalent uniform approaching current should also 
be a function of time. However, since the variation in speed and direction 
of the lake currents as shown by Fig. 5 was limited and 5in¢e - 

“one is more interested in the average effect of the water drag rather 
than the momentary effect Vbx and Vby may be considered as constants ; 

for the experimental period and be brought out of the integral sign of eq. 6. 

Eq. 6 then can be further reduced to
i 

, t1 t1 -t-1 
4 

J 

XS (Vax-vix)2(dt)2;nsS Vix2(dt)2+2n vbxfs V .(dt)2 
' 

to 
’ 

to to ix 

“- §nvb,f<tf - :3) = ¢ (xii - 
x,o> n 

(9)
e
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A similar equation can be written for the longitudinal direction. 

with the field data collected, the integrals in the above equae 

tion can be evaluated and an equation containing # unknowns §, n, Vcx and _ 

Vcy will result. If the experimental period is properly divided. then 
h equations for different time intervals can be obtained and their simul- 

taneous solution will give the values of the # unknowns. 

EVALUATION OF DRAG COEFFICIENTS AND EQUIVALENT CURRENT 

According to the discussions given in the above section, it ap— 

pears to be natural to divide the experimental period into two intervals and 

write eq.9 and its longitudinal counterpart for each interval for obtaining 
the f0uF required 8qUati0flS- HOWeVeF, this approach was not chosen because first 
of all such a division will lead to high order (bth power) polynominal equa- 

tions for final evaluation of the unknowns and their solutionfiinvolves lengthy 
computer programming. Secondly, it is seen from Fig. fia that the longitudinalv 
velocity of the ice field showed great variation. Because the presence of 
water gaps in the ice field and the telescoping of neighbouring ice floes, 
part of the wind shear would be used for internal deformation of the ice field 
instead of for its macroscopic movement during the velocity varying time. 
The use of such data in an equation describing the average motion of the ice 
field therefore would introduce error, especially when the time period con- 
cerned is short and the momentary internal_deformation effect is more felt. 
Large velocity change in the latitudinal direction are.nQt 5h¢wn’by'F;q_ ha 
except for the initial moment of the experimental period. The effect of the 
wind shear therefore would be mostly shown by the movement of the ice field. 
The field data in the latitudinal direction thus are more appropriate for 
U56 in the equation Of mOtiOn- ln addition, the use of the higher wind and current 

13
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Iv, 

velocities in the latitudinal direction 3159 means that for the same instrumentation 
and human error, less relative effect will be felt, ' 

.1 

Based on the above reasons, the latitudinal data were used for 
evaluating the 

and Vbx, 3 independent equations of the form of eq. 9 were written three dnffere 
time'intervals 

drag coefficients. Since Eq. 9 contains 3 unknowns n, Q
_ 

of to - (to + 20.0) min.; to - (to + 40.0) min. and ‘~
_ 

to - (t°_+ 62.5) min., where to = 1108.75 hr, E.$.T. The integrals in the 
equations were evaluated numerically with 2,5 min. time increments. The 
simultaneous solution of the three-equations gave the following rational 
roots; 

vbx = -8.64 cm/s, n = 1.57 x lo" and ; = 1.79 x 10’ cm 

The longitudina 

Vb was_calcula Y . 

tion. The equa 

(to + 62.5) min 

ice field due-t 

compensated by 

period (See the 

tion were evalu 

l component of the equivalent uniform approaching current 
ted from the complementary eqU8tl0fl £0 eq-9 in the Y direc— 
tion was written for the whole experimental period of to to 

, based on the reasoning that the compression effect on the 
o acceleration during the early part of the period would be 
the loosening effect during the later deceleration part of the 

Viv curve on Fig. h a). Again the integrals in the equa- 
ated numerically with 2.5 min. time increments. After sub- 

stituting the values of n and Q shown above into the quadratic equation, 
two roots of Vb 

vby - 

were obtained. 

quired only one 

duce much diffe 

Y 
.

. 

— 7.61 cm/s and Vby = - 5.03 cm/s 

Both roots appear rational although the physical event re-0 

root. However. the selection of either root would not intro- 
rence to the.total velocity. When the first root of Vby is -

lb



is 

chosen, the total speed of the current is ll,5 cm/s and when the second root 

is chosen, the total speed is l0.0 cm/s. For the study here, the exact 
value of the equivalent uniform approach current is not important for it 

only serves to indicate the magnitude of the current at which the drag co- 
efficient was measured. ’

_ 

Knowing n and 5, the air and water drag coefficient can be cal- 
culated from eq. 7. with a density of water of l000 kg/m3 and a density 
of air of l.3 kg/m3 at 0°C, the ratio of Cb/Ca is calculated from the first 
of eq. 7 to be u

‘ 

Cb/Ca = 20.5 

The calculation of the wind drag coefficient Ca from the second of eq. 7 
requires the knowledge of ice thickness T and the coefficient of virtual 
mass N. The ice thickness was not measured at the time of the experiment. 
But as shown in OBSERVATION the ice thickness was measured about 2h hours 
earlier to be 30-#0 cm. Since the breakup of an ice cover involves the 
ripening, candling and disintegration of the ice rather than the gradual 
thinning of it, an ice thickness of 30 cm at the time of the experiment may 
be reasonably assumed. The exact value of the coefficient of virtual mass 
is difficult to estimate for it not only depends on the boundary roughness V 

of the ice field, but the stability condition of the water also. The 
stabler the stratification, the less will be the momentum exchange between 
the layers and a smaller value for N. The value of N for a circular cylin- 
der in a uniform, neutrally stratified flow is 2. For elliptical cylinders 
of different axial ratios, the value of N has been found to lie between l 

and 2 when the long axis is parallel to the flow. For the ice field in ques- 
tion, a value of l.2 may be assumed in absence of a better estimate. cwith 
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the above values of T and N and an ice density of 920 kg/m3, the wind drag 

coefficient is calculated from the second of eq. 7 to be ’ 

_ - -3 lg - 2.85 x l0 

The water drag coefficient Cb is calculated with the above value of Ca to 

be '
' 

= X lo-2 

DISCUSSIONS 
W ,_ . 

Knowing the wind drag coefficient, the roughness length of the 

upper ice surface may be calculated from eq. 3 which now is_rearranged as 

_k"ZL_ , 

V

~ 

zo = z er CZ . (l0). 

The substitution of z = 2000 cm, k ==0.h and cz =c.a = 2.85 X l0'3 into the 

above equation gives 

zd = 0.082h cm 

In the earlier works quoted, the wind drag coefficients were all 
referred to l0 m height wind speeds. The relationship between wind drag 
coefficients based on different reference heights can be shown from eq. 3 to 

be - 

2n(z /z Y 42 
ca 1 [<¢#>*‘ - <1» 

’ 
V 

v 

39:22 
V 

v 

nu
-
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where 21 and Z2 are two reference heights. "The substitution of 21 ='lO m 

22 = 20 m and Ca Z2 
= 

Ca,2° = 2.85 x l0'3 into the above equation gives
i 

. a 
I

i 

= ' - 3- 
Ca,1° 3.26 X I0

l 

The roughness length and the wind drag coefficient for l0 m wind 
shown above may now be compared with the values measured by earlier resear- 
chers as shown on Table 2. ‘ 

Table 2 

. It is seen from Table 2 that the wind drag coefficient obtained 
in this study is greater than those obtained by the earlier researchers 
by a factor of 2 to 3. At first glance, one may have the impression of an 
lunusually large wind drag coefficient for a lake ice cover. However, this 
is not the case because the drag coefficients measured by the other research- 
ers are for the skin shear in the boundary layer only while the drag co- 
efficient measured in this study is the overall drag coefficient of the ice 
field accommodating both the skin friction and the form drag caused by the 
surface irregularities. Banke and Smith (2) in their study showed.that for 
ridges l m high and at a density of 5 ridges/km, the form drag caused by ' 

them may add an equivalent drag coefficient of l.5 x lO'3 to the skin drag 
coefficient. lh this Study , although ridges higher than l m were few, 
the ice field was heavily telescoped and the telescoped parts projected 
easily 50 cm into the air. The density of telescoping was not measured but 
visual estimate showed that 5 telescoping/km would not be unreasonable. The 
roughening of the ice surface as a consequence of breaking and compres- 
sion of the ice floes also tended to give a higher skin friction drag coef- 
ficient. A drag coefficient of 3.26 x lO'3_therefore is in line with the

_ 

earlier values. One must bear in mind, however, that the drag coefficient 

¢ -17 -



obtained in the study is only good for an ice field in spring breakup time and 

that extensive te]e5¢Qping had taken place between ice floes. Strictly speak- 

ing, the drag coefficient is only good for fresh water ice of 30=4Q cm thick 

because for sea ice or fresh water ice of different thickness the ice floes 

may break and telescope differently and hence give different surface irregu- 

larities» The drag coefficient is for an ice field moving with the tele- 

scoping lines normal to the wind. If the direction of movement is 90 degrees 

from the above, about half the value of the measured drag coefficient should 

be used. No parallel discussion on the roughness length will be made here since 

it will not add new information to what has been said. 

As mentioned earlier in the paper, the water drag coefficient under
) 

an ice cover so far has only been measured by Untersteiner and Badgley (3). 

From measuring the current profile under a sea ice cover and analysing the 

logarithmic profiles, they obtained an average roughness length of Z cm. A 

with this roughness length, the water drag coefficient for a reference current 

velocity at different heights can be calculated from eq. 3 to be 

Z I 2 3 ll 
D 

5 I'll 

Cb z .z..o X 10" 1.119 x 10-2 1.22 X 1o-2 1.09 x 10-?" 1><1o'= 

Although the above drag coefficients are of the same order of magnitude as 
the drag coefficient of 5.85 x l0‘2 obtained in the reported study, they are 
not comparable. The former drag coefficients are for a logarithmic current _. 

profile while the latter is for an equivalent uniform approaching current or 
the uniform current in the ice free water. Unde? 8 Sea ice cover, a neutral 

logarithmic current profile is possible because the convective 

motions set up by the rejection of brine during the freezing process tend to 
destroy any density gradient that may exist under the ice cover; For fresh 

/'
' 
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water ice, such a natural convection mechanism does not exist so the 

current below will hardly be logarithmic. In fact, it will also likely 

be non-unidirectional as shown in the study. For the above reasons, the 

sea ice drag coefficients would have little use for a fresh water ice field 

and the analysis of the velocity profile under a fresh water ice sheet for 

evaluating the drag coefficient or to relate the drag coefficient to the 

velocity at one point becomes senseless. 

The use of a drag.coefficient_associated with the equivalent uni- 

form approaching current seems rational. First, it is easy to measure the 

current in an open water. Secondly, the current in the open part ofia lake 

has a high probability of being uniform especially if the water expanse is 

wide and the weather is windy. The turbulence produced by the wind shear 

encourages momentum transport between layers and this leads to a uniform 

current for the upper layers, if not for the whole depth. The drag coef- 

ficient obtained in this study therefore is of practical value. 

The reported field study, at best, gave only one measurement 

of the wind and water drag coefficients under on particular set of test 

conditions. Their indiscriminated use therefore should be avoided. More 

experiments should be done to give the values of Ca and Cb under different 

field conditions. 

, Although different methods have been used to evaluate the wind 

and water drag coefficients of an ice cover and the method reported in 

this paper is not the easiest for drag coefficient evaluation, it has the 

advantage of giving a drag coefficient for the whole ice field instead of 

at One $8mPll"9 POint alone. ‘It also has the advantage of obtaining the wind 

and water drag coefficients simultaneously when the ice field is in motion, 
a sitqatian when their knowledge is most needed. In addition, the drag ' 
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coefficients so obtained take into account both the skin friction and 

the form drag by the irregularities of the ice cover while for the other 

methods a separate effort has to be made to evaluate the form drag after the 

skin shear is obtained. - 

CONCLUSIONS . 

The study shows that the wind and water drag coefficients of an 

ice field can be calculated from the wind data and the movement of the 

ice field. The knowledge of the current under the ice field is not necesr 

sary for evaluating the water drag coefficient of a fresh water ice field. 

The drag coefficient based on the equivalent uniform approaching current
‘ 

or the uniform current in the open paft of the lake has a wider rational
- 

basis and is more useful in calculating the movement of an ice field. 

‘The measured wind drag coefficient of 3.26 x lO'3 based on 

neutral wind at l0 m is in line with earlier measurements over sea ice by- 

other researchers if the effect of form drag is included. ‘This drag co- 

efficient may be used for lake ice cover at Spring breakup time after ex- 

tensive telescoping has taken place and the ice moves in the direction 

perpendicular to the telescoping lines. For earlier ice and for movement 

in other direction, the ice field will be smoother to the wind and give a 

smaller drag coefficient. 

The water drag coefficient of 5.85 x IO’: is the only measured -_ 

value known to exist for a fresh water ice field. This drag coefficient 

should be used in conjunction with the uniform current at the upstream edge 

of the ice field. The study shows that the water drag coefficient obtained 

for a sea ice cover may not be used for a fresh water ice cover because 

the current under the fresh water ice is much more complicated than that 

under the sea ice. _ 

V »
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C

CZ 

ca 

Cb

C 8,21
C 
3,22

C aa10 

cb,z 
k

.

N

T 

t I

t to’
1

V

Vz
V ax 
V. IX 

Vbx 

Vby 
V1‘ 

V2. 

PV1'v2 

X.
I 

xio 

-"‘ 

NOTATION 

symbols are used in this paper: 

drag coefficient; 

drag coefficient at z; 

wind drag coefficient; 

water drag coefficient; 
.

- 

wind drag coefficient for reference wind at height z;; 

wind drag coefficient for reference wind at height 22;- 

wind drag coefficient for reference wind at IO m height; l 

water drag coefficient for reference current at depth z; 

Von Karman constant; » 

coefficient of virtual mass; 

Thickness of ice; 

time - '

- 

beginning instant and terminating instant of a time period; 

velocity; ' l 

velocity at z; 

wifld speed in the latitudinal direction; 

speed of ice field in the latitudinal direction; 

current speed in the latitudinal direction; 

current speed in the longitudinal direction; 

turbulent velocity in the direction of flow; 

turbulent velocity in the direction normal to the mean flow; 
time averaged value of PV1'V2';

_ 

latitudinal position of ice field; "~ 

latitudinal position of ice field at time to ;
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U "i

Z

ZO 
Z19 

n

C

o 

035 

4>,1!1

T 

Z2 

pb 

=r latitudinal position of ice field at time ti; 

= vertical distance from the ice surface; 

= roughness length of lee surface; 

= two reference heights; » 

, pbcb 

2piNT 
__ we * 

= density; -
- 

= density of air, water and ice respectively; 

= angle between baseline and sighting line as defined by 

Fig. 3; 

= shear stress;
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Captions of Tables and Figures: 

Figure l 

A 

Experimental Lake and Site 

Figure 2 Ice Field before Experimental Movement 

Figure 3 Ice Movement Survey Arrangement 

Figure # Displacement and Velocity of the Ice Field and the 
' Associated Wind 

Figure 5 Limnological Data at Time of Ice Movement 

Table l Measured Values of ¢ and w 

Table 2 Comparison of Roughness Lengths and Wind Drag coefficients 

by different Researchers.
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0 Summa ry: 
_ I 

A field experiment involvung collecting»meteofoiiogicai and limno- 

Iogicai data and measuring the movement of an ice field gave a wind drag 

coefficient of 3.-26 x i0'3 and a water drag coeffi'cient- of 5.85 x iO_'2 to 

a lake ice field at spring breakup time. ‘
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