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ABSTRACT

The equation of motion of én ice field hay 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 coefficfent of 3.26 b 10'3
based on neutral wind velocity at 10 m héight. This value is 2-3 times thé
values measured by other rg;earchers 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 toi
the current under the ice cover. By re]atihg the water drag coefficient to
the equivalent uniform current in the ice free part,ithe fiéld.exper?ment,
gave a drag coefficient of 5.85 x 1072 to the ice field. This drag coeffiéient

also takes both skin friction and form drag into account.
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RESUME

L'équation du houvement d'un champ de glace peut servir de base
théorique a 1'évaluation du coefficient de tré?née du vent et du coeffi-
cient de tratnée de 1'eau pour ce champ. Une expérience pratique effectuée
d'aprés cette théorie sur un Iac, au moment de la deb3che du printemps, a
donné un coefficient de trainée du vent de 3.26 x 1073, pour une vitesse
du vent neutre 3 10 m de hauteur. Cette valeur représente de 2 3 3 fois
les valeurs trouvées par d'autres chercheurs sur les glaces de mer, au
moyen de méthodes différentes. C'est parce que la trainée aérodynami-
que a été intégrée au coefficient de trdinée que cette valeur est si grande
en apparence. Le coefficient de tra@née ment ionné ci-dessus vaut pour un
champ de glacg ol il y a un chevauchement considérable et un mouvement en
direction perpendiculaire 3 célle du'chevauchemeht.i En faisoﬁ de 1'importan-
ce de l'effet du gradient de la masse volumique sur la répartition du cou-
rant sous un floe d'eau‘douce, il est difficile d'établir une relation en-
tre le coefficient de trainée de 1'eau et le courant de 1'eau sous la cou-
verture de glace. En étab]i_ssant une relation entre le coefficient de trai-
née de 1'eau et le courant uniforme équivalent dans la partie libre'de~g]aces,
l'expériénce a donné un coefficient de tratnée de 5.85 x 1072 pour le champ
de glace. Ce coefficient de tratnée tient compte 3 la fois du frottement pel-

y - - /.\’ -, -
liculaire et de la trainée aérodynamique.

Mots clés: Glace;eau; air; coefficient de tra?née;,débﬁcle du printemps; lac.



INTRODUCTION

To calculate fhe movement of{an ice field on a water body; tﬁe
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
thé wind drag coefficient on Sea ice of different surface condifions and
at different geographic locations were made by Suzuki (7), Smith et al (6),
"Banke and Smith (1,2), Smitﬁ (5), Seifer and Langleben (4) and Laﬁg]ebeh
(3). 1n all the above stﬁdies except that by Suzuki, the wind drag co-
efficient was either calculated from the wind profile or from the‘turbulenf
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 hadr
made some water drag measurements on sea icé. Suzuki (7) SQQgested a way

to measure the water drag coefficient but did carry out his suggestion.

In all the above studies, the ice floe was assumed statipnary.

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 coefficiénts
on a lake ice field at spring breakup time were measured. The measﬁre-
ments were made when the ice field was fn.mOtion. The wind drag coefficient
and water drag ﬁoefficient were calculated simultaneously."These measufed
drag cdefficients are compéred wifh the drag coefficients obtained by

earlier researchers.



BACKGROUND AND THEORY

| An ice field may be approximately considered as a flat plate with
‘@ fully developed boundary layer. Fof the boundary layer, if the flow is
neutrally stratified, the velocity distribution is given by the logarithmic
Taw |

V= % 5% gn (& - m

Qhere k is.the Von Karman constant and is generally accepted to have a value
of 0.4, T is the shear stress in the boundary layer, p is the densfty of the
fluid, z is the distance from the boundary and z, is cal]ed‘the roughness
length of the boundary surface. According to the above equation, if the wind
profile over an iﬁe floe or the current profile under an ice floe under neu-
trélly stable conditions is obtained, tﬁe plot of V versds n z will be a
straight line. The slope of the linear relationship will give (T/D)%/k while
.ltS |ntercept with the horizontal axis will give the boundary roughness length
z,.

Knowing the shear stress, the drag coefficient may bé worked out

from the following definition equation

CV = —2%—7 : (2)

vwhere the subscript indicates the distance from the ice surface to the point
where the velocity is measured and the draé coefficient is associated with.
The above theoretical basis Qas used by Untersteiner and Badgley (8),
Seifert and Langleben (4) 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.



Suzuki (7) measured the drag coefficient a little differentiy in
that he measured the wind shear on a cut-off ice piece directly with ten$io-
meters and the wind velocity at several heights. For the logarithmic winds,
the roughness length and the drag coefficient were calculated directly from
eqs (1) 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, C.z

and z_ are simply related by

2k2

cz'= (%n 12726552 ' A (3)

which is obtainied by combining eqs. (1) and (2).

From boundary layer theory, the shear stress in a shear boundary
layer is constant. For a fully developed boundary layer over an ice fie]d,"
the shear stress is predﬁminantly produced by turbulent momentum'transfer.l
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
T=pv vt 4
v,V | (4)

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
VZV:', the shear stress on thg 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. 1, 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 .



The.drag coefficients of wind and ice on an ice field may also be v
measured from the movement of an ice field under known wind and current.
For an ice field drifting on open wafer, if the time scale involved

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

“in the latitudinal direction is given by

d2x,

] . - 2_l - 2=‘ S !
f'capa(vax -vix) 2 cbpb(vix Vbx) piNTEf7’ (5)

where C is the drag coefficient, p is the density, V is the vel§city, X is
the latitudinal displacement, t is time, N is the Eoefficient of virtual
mass, T is the ice thickness and the subscripts a, b, i and x indicate 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 coUntérpart for the y direction, if the wind velocity, the
curreht velocity, the ice velocity and acceleration and the jce thickness

are meésured 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
thebrect?ca!ly speaking such an approach is correct, the motion of an ice -
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 representativé wind and current difficult.

The c]bsing and widening of water gaps in the ice field and the sliding of

telescoping ice floes also prevent the acceleration of the ice ffeld to re-.



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 problém
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 instaﬁtaneoUs value of the drag coefficients. By integrating

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

) to to tO ;

Sstx (vax-vix)z(dt)z - nsSt; vixz(dt)z + Zﬁ[stl Vbei;(dt)z

_fft 2 A‘z = | N
_;:nﬁt V2 (d8)2 = T (X, - X, ) (6)
()
o .
where

: C CP; Nt I | |

n = L Y- r =2 ::'” ()
PaACa Pa “a

If the wind, current and ice speeds in the time period of to to t; are
known and the displacement of the ice field Is measured, the integrals in
eq. 6 can be evaluated and the equation contains n and ¢ two ﬁnknowns .
only. If a similar equation Is written for the y direction, tﬁe simul-
taneous solution of the two equations will give n and . Knowing Z, the
wind drag coefficient Ca can be calculated from the second of eq. 7 with
the measured ice thickness T andAan assumed coefficient of virtual mass N.
‘After Ca is obtained the water drag coefficient Cb can be calculated from
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.

EXPER IMENT
'SITE AND SITE PREPARATION - The field experimént was conducted on Lake

Simcoe in Southerh Ontario in the spring of 1974 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 1350 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. 1. Thirteen marker flags atop timber tripods were erected on the ice
cover along the buter perimeter of the grid at points 1 to 13. A meteorolog-
ical tower was erected at thé position shown on Fig. 1. Wind speed, direc~
tion, air temperature and humitity all at the height of 20 m above the lake
surface; were measured at 5-minute intervéls. ,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 4 Geo-

dyne self-recording current meters. The current meters were installed at the

'bosition shown on Fig. 1. Limnological data were sensed at the depths of

bm, 9m, 14m and 19m in a total depth of 2Im. The current meter cable was
tied to an anchor weight and mainfained 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 lO-minuté intervals; The current direction
and water temperature were instantaneous readings but the current speed was
the'average reading of the hO-secﬁnd sampling period.

© Fig. 1

6
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OBSERVATION - The break up of the ice cover began on April 14, 1974. 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

(Zh high) on the shore of the studied site. The ice was ripe, about 30-40

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

lnsame night following the reversal of the wind direction and produced a major

ice piling (8-10 m) on the opposite shore. An open water gap of 2 to 3 km
Qide 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 16. The
movement ofyiﬁé'ice field caused the ice cover to break down into floe§ from

hundred meters to éeVera] kilometers in.linear dimension. Some te]escobing
and fingering of the neighbouring ice floes were seen:; Visual 6bservations
from the air showed that as a result of telescoﬁingland fingering, the surface
area of the jée field was reduced by about 5 percent. A land inspection made
Vét the opposite shére at noon ‘on April 17 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 30-40 cm thick. Where
telescoping occurred, generally only two layers of ice were involved, how-
ever, in places ridges more than 1 m high were seen.

Fig. 2

The wind reversed its direction again in the morning of April 18

~and drove the ice field to the experimental site. It was at that time the
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drag coefffcients of the ice field was measured. ih less thah 24 hours, -
'the ice héd deteriorated a great deal. For the part of the ice.cover bor-
' &eking‘fhe open water lead, many spots had even deteriorated.in;o slush.
The ice was so weakened that it broke up or even disintegréted instead of
piling up when it hit the shore. Some telescoping o the ice sheet, however,
was still observed. rAll the marker flags had toppled.  Some were still visi-
ble by noting the upturned tripod legs but some had been lost from sight. Visual.
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.

As the ice field'camg to the visible fange,simulfaneous sightings
of a selected marker from two visulally best bench marks (B.M. 8 and B.M.
- 13) were made with theodolites. Such a survey gave the movement of the ice

field.

s
-~

TREATMENT, ANALYSIS AND DISCUESION 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 |
.w.were measured. The measured values of ¢”and P as functions of time are

shown in Table 1 below:

Table 1

Figure 3

Based on the above values, smooth curves of ¢ and Y versus time were plot-

~ ted. By reading off the ¢ and ¥ values from the curves at 5 minute inter-

vals, the values of o and/B and subsequently the coordinates of the marker

. X and y were calculated. The plotting of x and y versus time giveé the lati-

8



.above.

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

Figure 4

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

ahoVe the lake surface for the period just bef§re and during the Tce movement
are shown on Fig. 4b. In Fig. 4b, the dashed l%nés ére the recorded

values and the solid lines are the approximated average curves. 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 ?ig. ha, th ice
field is Consfdered to have é positive vélocity.if it moved in the positive

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

z

" 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 tUrbulept 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 chafacteristic point is the same. .Because
of'the above, as mentioned in Instruction, some earlier researchers limited
their e§periments to neutral stratification conditions. For the study re-
po#ted»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 2.46 to 3.3°C with the mean value

9



to be approximately at 2.75°C. Assuming a 0°C surFacé temberatufe of the ice
field and a linear temperature distribution between the ice surface and the
sensing point at 20m, a temperature gradient of 0.138°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 0.15°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 proffle at the time of the experi-
ment. Langleben also showed that the wind profile is more likely to be log-
arithmic when the wind éradient is small. For his study, 85 pércent of his
neutral stability winds occurred when the velocity gradient was less than
0.5 ms~2/m based on wind velocities measured at 1 m and 2 m levels. For the
study here, Fig. 4 b shows that during the exper imental period the wind was
at the moﬁt about 1.25 m/s at 20 m. The velocity gradient at 1.5 m (midpoint
of Im 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 neutfal, it should not
be too far away from it. The temperature difference between the ice cover
and the air might cause a slightjy stable stratification and consequently a slfghtly
lower drag, but such effects should not be significant. The wind speed
cufve on Fig. 4b also supports the above argument. It is seen from the
dashed line that the fluctuation of the wind was about 10 to 15 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 50 percent will not significatly affect the stability of the air.

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

'LIMNOLOGItAL 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 currentdmeter 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

1t is seen from Fig. 5 that at the time of spring break up, the
lake water was stably stratified and the lake currents showed strongilayer-
ing effects. The current at 14 m and the current at 19 m deep, although
only 5m apart, flowed nearly in opposite directions. This stable strati-
fication and layering effect were not accidental. The analysis of the 1imno-
logical data for periods when the secondbcurrent meter from the top wes still
worklng 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.

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 noe
vary with depth. Not knowing fhe functional form of the current profile, the
use of eq. 2 for drag or drag coefficient calculation becomes senselessi

The above difficulty may be overcome by introducing the concept

- of an equivalent uniform approaching current, which is a uniform current of
. o .
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neutral stability approaching the upstream edge of the icé‘field and pro-
ducing the same drag to the unders ide 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 ;— ot V2 (8)

fhe modification of the above equation to eq. 2 for calculating the shear
stress in the fully developed boundary layer of an infinite plate ispermitted
: ohly because for a current of given stability,ithe velocity at a

given point in the boundary and the uniform velocity of the approaching
curfent are one to one corresponded. By considering Vb and V by 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 calculatlng the water and

air drag coefficients. .

It is seen from Fig. 5 that in the experimental period of ice
movement, the currents at 14 m and 19m depths varied with time. Therefore,
'strictly speaking, the equivalent uniform approaching current should also
bé a_function of time. However, since the variation in speed and direction
of the lake currents as shown by Fig. 5 was limited and since
‘one is more interested in the average éffect of the water drag rather
than the momentary effect Vbx énd be may §e considered as constants

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

. Eq. 6 then can be further reduced to

t, t: ‘ t:
_ 2 2 2/ 2 : ,
SS (Vax vix) (dt) nSS Vix tdt) *+2n vafS V., (dt)?
t t “t X
o o : o)
4 2(p2 _ .2y _ oy

B o]
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A similar equation can be written for the longitudinal direction.

With the field data collected, the integrals in the above equa-
tion can be evaluated and an equation coﬁtaining 4 unknowns 7, n, ch and
ch will result. If the experimental period is properly: divided., then

4 equations for different time intervals can be obtained and their simul-

taneous solution will give the values of the 4 unknowns.

EVALUATION OF DRAG COEFFIC[ENTS AND EQUfVALENT CURRENT

According to the discuséions given in the above section, it ap-
pears to be natural to divide the experimental period into two intervals and
write eq.9 and if§ longitudinal countefpart for each interval for obtaining
the four required equations. However, this approach was not chosen because first
of all such a division will lead to high order (4th power) polynominal equa-
tions for. flnal evaluation of the unknowns and their solutlon lnvolves lengthy
computer programmlng Secondly, it is seen from an Lba that the longltudlna]
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 it§ macroscopic movement during the velocity varying time.
The use of such data in én equation describing the average motion of the ice
field therefore would intfoduce 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 not shown by Fiqg. ka
except for the initi;] moment of the experimental period. The effect of the
wind shear therefore Qould be mostly shown by the movement of the ice field.
The field data in the latitudinal direction thus are more appropriate for

use in the equation of motjon. In addition, the use of the higher wind and current
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‘ velocities in the latifudin.al direcf;ion also .means that fovf the same iinstr"umentation
and human error, less relative effect will be felt. |
Based on fhe above reasons, thef]atitqdinal data were used for

evaluating the drag coefficients. since Eq. 9 contains 3 unknowns.n, z
and va’ 3 independent equations of the form of eq. 9 weré‘written thréé differen
time intervals of’to - (to + 20.0) min.; to - (to + 40.0) min. and B
t, - (t°_+ 62.5) min., where.to = 1108.75 hr, E.S.T. The integrals in'thé

1@; equations were evaluated numerically with 2.5 min. time increments. The

simultaneous solution of the three equations gave the following rational

roots;
o Vbx = -8.64 cm/s, n=1.57 x 10* and £ = 1.79 x 107 Cm
.
‘ The ]ongitudinal. co,mpo‘nept of the equivalent uniform approaching currept
be was calculated from the complementary: equation to §Q-9 in the Y direg"
 6 ' fion° The equation was written for the whole experimental period of t, to
ng (to + 62.5) min. based on the reasoning that the compression efféct on the
3 ice field due to acceleration during the early part of the-perio& would be
compensated by the loosening effect during the later:deceleration part of thé 
‘éé; period (See the Viy curve on Fig. 4 a). Again the‘integra]s in the equa-
tion were evaluated numerically with 2.5 min. time increments. After sub?
~stituting the values of n and Z shown above into the quadratic equétion,
9 two roots of Vb
® Y
be'= - 7.61‘cm/s and be = - 5,03 cm/s
were obtained. Both roots appear rational although the thsicé] eveﬁf re-
0 quired only one root. Howeverv,‘. the se']ectionA of either root would not in'_-tr'_o-

duce fuch difference to the. total velocity. When the first root of be is .

1L



choseﬁ, the total speed of the current is 11;5 cm/s and when tHe second root
is chosen; the total speed is 10.0 em/s For the study here, the exact
value of the equivalent uniform approach current is not important for it
only serves to indicate the magnltude of the current at which the drag co-
efficient was measured. |

Knowing n and T, the air and water drag eoefficient can be'ca]- ’
culated from eq. 7. With a density of Qater of 1000 kg/m?3 and a density
of air of 1.3 kg/m® at 0°C, the ratio oflcb/Ca is calculated from the.First

of eq. 7 to be
Cb/Ca = 20.5

The calculation of the wind drag coefficient Cé 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 experjment.
But as shown in OBSERVATION the ice thickness was measured about 24 hours
earlier to be 30-40 cm. Since the breakup of an ice cover involves the
ripening, candling and disintegration of the ice rafher than the gradual
thinning of it, an ice thickness of 30 cm at the time of the expeffment may
be reasonably assumed. The exact value of the coefficient of vfrtual mass

is difficult to estimate for it not onty depends on the boundary roughness
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 stretified flow is 2. For'el]iptice] cyjipders
of different axial ratios, the value of N has been found to lie between 1

and 2 when the long axis is parallel to the flow. For the ice field in ques-

tlon, a value of 1.2 may be assumed in absence of a better estumate AW|th
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the above values of T and N and an ice densify of 920 kg/ms, the wind drag

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

C, = 2.85 x 10-3 |
The water drag coefficient cb is calculated with the abpve,Va]ué of Ca to

be

Cb = 5,85 x 1072

DISCUSSIONS

Knowing'the wind drag coefficient, the roughness length of the

upper ice surface may be calculated from eq. 3 which now is rearranged as
z =z e *NT, . (o)

The substitution of z =2000 cm, k =0.4 and ¢, =c_ = 2.85 x 102 into the

above equation gives

z, = 0.0824 cm

In the earlier works quoted, the wind drag coefficients were a]l.
referred to 10 m height wind speeds. The relationship between wind drag
coefficients based on different reference heights can be shown from eq. 3 to

be

2 li ) QN(Zz/?J)] -'24

- 2
ca,'zJA 2 [(‘Ca & k= -

: ’_,22
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3

where z; and z; are two reference heights. The substitution of z; = 10 m

22 = 20 mand C =C = 2.85 x 10”2 into the above equatien gives
. a,Z2 520 ’ :

: ) -
ca,lo = 3,26 x 10

The roughness length and the wind drag coefficient for 10 m wind
shown above may now be compared with the values measured by eaflier resear-

chers as shown on Table 2.
Table 2

It is seen from Table 2 that the wind drag coeff:cnent obtalned
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
unusually large wind drag coefficient for a lake ice cover. Hewever, 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 acconmodating both-the skin friction and the form.drag caused by the
surface irregularities. Banke and Smith (2) in their study showed .that foh
ridges I m high and at a density of 5 ridges/km, the form drag caused by
them may add an equivalent drag_coefficient of 1.5 x 10-% to the skin drag
coeffjcient. I'h this study , although ridgee higher than 1 m were few,
the ice field was heavily telescoped and the telescoped parts prgjected_
easily 50 cm into the air. The dehsity of telescoping was not measured but:
visual estimate showed that 5 telescoping/km would not be uhfeasonahle. The.
roughening of fhe fce surface as a consequence of breeking and compres-
sion of the ice floes also tended to give a higher skin frictibnndrag coeff
ficient. A drag coefficient of 3.26 x 1073 therefore is in line with the

earller 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 telescoping had taken place between ice floes. Strlctly.épeak-
ing, the drag coefficient is only good for fresh water ice of 30549 cm thick

| because fér seavice or fresh water ice of different thickness the ice floes

may break and felescope differently and hence give different surface irregu-
larities. The drag coefficient is for an ice field moving with the tele-
Qcoping linés normal to the wind. If the direction of movement is“90 degrees
from the above, about half the value of the measured dragAcoefficient 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 eariier in tﬁe paper, the water drag coefficient under
an ice cover so far has gnly been méasured by Untersteiner and Badgley Zs).
From measuring the curre;t profile under a sea ice cover and analysing the
logarithmic profiles, they obtained an average roughness length of 2 cm.

With thisbroughness length, the water drag coefficient for a reference current
velocity at different heights ‘can be calculated from eq. 3 to be

z. o 1 ' 2 | 3 b | S5 m

€y, 2:0x1072  Lhgx 107 1.22x ,].-0-2 1.09 x 107* 1 x 1072
Although the above drag coefficients are of the same order of magnitude as
fhe drag coefficient of 5.85 x 10™2 obtained in the reported study, they are
not comparable. The former draé coefffcientS'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. Under a sea ice cover, a neutral
logarithmic current profile is possible because the convective
-;A motiops set up by the rejection of brine during the freezing process tend fo

destroy any density gradient that may exist under the ice cover. For fresh

- 18 -



water ice, such a natural convection mechanism does not'e*ist so tﬁe
O curréent below will hardly be logarithmié. 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 of a lake
‘has a high probability of being uniform especially if the water expanse is
wide and the weather is windy. The turbulence proddced by the wind shear
encourages momentum traﬁgport between layers and this leads to a.uniform

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

ficient 6btained in this study therefore is of practical value.

The reported field study, at best, gave only one measurement
of the wind and water drag éoefficients under on particular set of test
conditions. Their indiscriminated use therefore should be avoided. More
experiments shoﬁld 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 sampling point‘alone. It also has the advantage of obtaining the wiﬁd
and wéter drag coefficients simultaneously when the ice field is in motion,

-"l’ a situation when their knowledge is most needed. In addition, the drag

_]9_



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.

1

CONCLUSIONS

The study shows that the wind and water drag coefficients ofvan
“ijce 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 neces-
sary for evaluating the water drag coefficient of a fresh water ice field.
The drag coefficient based on the equivalent uniform appfoachingvcurrent
or the uniform current in the open part of thé lake has a wider rational
basis and is more useful in calculatnng the movement.of an ice field.

The measured wind drag coefficient of 3. 26 x 10~3 based on
neutral wind at 10 m is in line with earlier measurements over sea ice by
other researchers if the effect of form drag is included. ‘Thié'drag co-
efficient may be‘used for lake ice cover at Spring breakup time after ex-
tensive teléscoping has taken place and the ice moves inbthe diréctidn
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 coeffiﬁfent of 5.85 x 10-2 is the only measured
value known to exist for a fresh water ice field. This drag coefficient |
should be u5ed.in conjunctfoh with the uniform current at the upstream édge
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 wafer fce cover because
the current under the fresh water ice is much mOré §6mplicated than-thét.
under the seé ice. |
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APPENDIX |1 - NOTATION

The following

o
]

~py'1lv2l

-

symbols are used in this paper:

drag coefficient;

drag coefficient at z;

wind drag coeffi&ieht;

water drag coefficient;

wind drag coefficient for reference wind at height.zl;
wind drag coefficient for reference wind at height 22; 
wind drag coefficient for reference wind.at 10 m height;
water drag céefficient for reference current‘at dépth z;
Von Karman constant;

coefficient of virtual hass;

Thickness of ice;

time ;
beginning:instant and terminating‘instant of a timétperiod;
velocity; |

velocity at z;

wind speed in the latitudinal direction;

speed of ice field in the latitudinal direction;

current sbeed in the latitudinal direction;

current speed in the longitudinal direction;

turbulent velocity in the direction of flow;

turbulent velocity in the direction normal fo-the mean flbw;.

time averaged value of PV;'V,!';

latitudinal position of ice field;

latitudinal position of ice field at time s

22



X = la;itudinai position of ice field at time ts

z = vertical distance from the ice surface;

z, =  roughness léngth of icé surfacé;
21, 22 =  two referéncé héights; |
. P%
n = paca )
z 20NT
R
p = density;
pa5pb,pf = density of afr, water and icé respectively; |
0,9 = angle between base]jne and sighting line as defined
Fig. 3;
T = shear stress;
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Captions of Tables and Figures:

" Figure 1 Experimental Lake and Site
,ngure 2 T' lce Field before Experimental Movement
Figure 3 Ice Movement Survey Arrangement
Figure & Displacement and Velocity of thellce Fieldiand the

Associated Wind

Figure 5 Limnological Data at Time of lce Movement
Table 1 Measured Values of ¢ and U
Table 2 Comparison of Roughness Lengths and Wind Drag coefficients

by different Researchers.
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Summary:

A fie]a experiment invo]ving.colléctihg.meteorological aﬁd 1imno-
logical data and measuring the movemént of an icé fié]d gave a wina drag
coefficient of 3.26 x 10™2 and a watér drag coéfficiént of 5.85 x fsz to

a lake ice field at spring breakub time.
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