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Apstract. In a field and laboratory study we discuss the formation, growth, and wave-absorption
properties of grease ice. Our field observations show that grease-ice formation occurs under cold windy
conditions in both leads and polynyas. In leads grease ice forms in the open water, then is herded to the
down-wind edge of the lead; in polynyas a Langmuir circulation herds the grease ice into long plumes
parallel to the wind. In the laboratory we grow grease ice in a wave tank and measure its wave absorption
properties for single-frequency, two-dimensional waves. On a large scale we find that the thickness of the
grease ice, which increases away from the paddle, is determined by a balance between the wave-momentum
flux and the free-surface tilt. On a small scale our photographs show that the crystals which make up the
grease ice consist of discs measuring about 1 mm in diameter and 1—-10 pm thick, which at low rates of shear
sinter together into larger clumps yielding a viscosity increase. To measure this non-linear viscosity, we
study the decay of wave amplitude between two critical distances measured inwards from the leading edge.
The first occurs when the depth of grease ice exceeds k! where & is the wave number; the second further
distance is a line of transition from liquid to solid behavior which we call the dead zone. Between these two
distances the wave amplitude decays with a linear slope , which increases as (agk)? where g, is the wave
amplitude in open water. Concurrent measurements of ice concentration show that it increases from values
of 18-229; at the leading edge to a local maximum of 32-44% at the dead zone, while the values at the dead
zone increase non-linearly with ask. Finally, comparison of the observed « to that calculated from a yield-
stress viscosity model shows if the yield-stress coefficient is proportional to the incident wave-momentum
flux, the model predicts the observed «.

REsUME. Une élude sur le terrain et en laboratoire de Pabsorption de la houle par la glace pelliculaire. Dans une
¢tude sur le terrain et en laboratoire nous discutons la formation, la croissance et les propriétés d’absorption
de la houle par la glace pelliculaire. Nos observations de terrain montrent la formation de glace pelliculaire
sous conditions froides et ventées a la fois dans les chencaux et dans les polynias. Dans les cheneaux la glace
pelliculaire se forme dans I’eau libre, puis est accumulée vers le c6té au vent du chenal; dans les polynias une
circulation de Langmuir rassemble la glace pelliculaire en longues files paralléles au vent. En laboratoire,
nous faisons croitre la glace pelliculaire dans une enceinte a houle artificielle et mesurons ses propriétés
d’absorption pour des houles & deux dimensions a fréquence unique. Sur une grande échelle, nous trouvons
que I’épaisseur de la glace pelliculaire qui augmente quand on s’¢loigne de la pale de ’agitateur est déterminée
par un équilibre entre I'intensité du moment de la houle et la pente de la surface libre. A petite échelle,
nos photographies montrent que les cristaux de glace qui construisent la glace pelliculaire consistent en
disques mesurant environ 2 mm de diamétre et 1 4 10 m d’épaisseur, qui pour de faibles variations de
contrainte, s’agglomérent en plus grands amas, provoquant un accroissement de la viscosité. Pour mesurer
cette viscosité, qui n'est pas linéaire, nous étudions 'abaissement de 'amplitude de la houle entre deux
distances critiques, depuis la rive. La premiére distance critique se situe au point o1 la profondeur de la glace
pelliculaire excéde k! oi1 £ est le nombre de la houle; la seconde distance critique est une ligne de transition
entre les comportements liquides et solides que nous appelons la zone morte. Entre ces deux distances,
'amplitude de la houle décroit selon une pente linéaire qui s’accroit comme (2ok)? oi1 a, est 'amplitude de la
houle en eau libre. Des mesures simultanées de la concentration de la glace montrent que cette concentration
croit depuis 18 a 229%, sur la bordure externe jusqu'a un maximum local de 32 4 44%, dans la zone morte,
tandis que les valeurs dans la zone morte croissent non linéairement avec apk. Finalement la comparaison des
valeurs observées pour et de celles calculées & partir d’un modéle de viscosité correspondant aux contraintes
observées est proportionnel au moment de flux de la houle incidente, le modéle prévoit bien la valeur
observée de a.

ZUSAMMENFASSUNG.  Eine Feld- und Laboruntersuchung der Wellenddmpfung durch Fisbrei. In einer Feld- und
Laboruntersuchung wird die Bildung, das Wachstum und die Fihigkeit zur Wellendampfung von Eisbrei
diskutiert. Die Feldbeobachtungen zeigen, dass sich Eisbrei unter kalten, windreichen Bedingungen sowohl
in Rinnen wie in Timpeln bildet. In Rinnen entsteht der Eisbrei im offenen Wasser und wird dann auf der
Leeseite der Rinne zusammengetrieben; in Tiimpeln sammelt eine Langmuir-Zirkulation den Eisbrei in
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langen Streifen parallel zum Wind. Im Labor wird der Eisbrei in einem Wellentank erzeugt; seine
Eigenschaften der Wellendimpfung fiir zweidimensionale Wellen einer einzelnen Frequenz lassen sich
messen. Im grossen ergibt sich, dass die Dicke des Eisbreis, die gegen die Riihrstange hin abnimmt, durch
das Gleichgewicht zwischen dem Fluss des Wellenmoments und der Neigung der freien Oberflache bestimmt
wird. Im kleinen zeigen unsere Photographien, dass die Kristalle, aus denen der Eisbrei besteht, Scheibchen
von etwa 1 mm Durchmesser und 1-10 pm Dicke sind, die bei kleinen Scherraten in gréssere Klumpen
zusammenbacken und dadurch eine Zunahme der Viskesitit bewirken. Diese nicht-lineare Viskositidt wird
iiber die Abnahme der Wellenamplitude zwischen zwei kritischen Entfernungen von der Fiihrungskante
gemessen. Die erste liegt dort, wo die Tiefe des Eisbreis den Wert A~* tiberschreitet, wobei k die Wellenzahl
bedeutet; die zweite, weitere Entfernung liegt an der Linie des Ubergangs von flissigem zu festem Verhalten,
genannt die tote Zone, Zwischen diesen beiden Entfernungen nimmt die Wellenamplitude mit einem linearen
Gefille « ab, das mit (a.k)? ansteigt, wobei a, die Amplitude des offenen Wassers bedeutet. Gleichzeitige
Messungen der Eiskonzentration zeigen, dass diese von Werten zwischen 18 und 229, an der Fiihrungskante
auf ein lokales Maximum von 32 bis 44% an der toten Zone anwiichst, wihrend die Werte in der toten
Zone nicht-linear mit apk zunehmen. Schliesslich zeigen Vergleiche zwischen beobachteten a-Werten und
solchen, die aus einem Viskositdtsmodell bei Nachgiebigkeitsdruck berechnet wurden, dass dann, wenn der
Nachgiebigkeitsdruck proportional zum Momentenfluss der einfallenden Welle ist, das Modell die
beobachteten a-Werte richtig voraussagt.

1. INTRODUCTION

According to Armstrong and others (1966), the kinds of ice which first form in wind-
agitated seas are called frazil and grease ice. They define frazil ice (p. 16) as ““fine spicules
or plates of ice in suspension in water” and grease ice (p. 18) as “‘a later stage of freezing than
frazil ice, where the spicules and plates of ice have coagulated to form a thick soupy layer on
the surface of the water™.

More recent research in both rivers and oceans summarized by Martin (1981) shows that
the basic crystal which makes up the frazil-ice suspension is a disc measuring about 1-3 mm
in diameter and 1-10 um in thickness. In the present paper we refer to suspensions of these
individual discs as “frazil ice”. Second, both from the present experiments and those of
Martin and others (1979, hereafter abbreviated MKW), we find that grease ice is a dense
slurry of the individual frazil platelets with concentrations by volume in sea-water of 20-409%,
ice. Within the grease ice the individual crystals rapidly sinter together to form larger
irregular ice clumps.

The present paper focuses on the wave-absorption properties of grease ice. Section 2
describes a variety of field observations on how grease ice forms in the Chukchi and Bering
Seas. Then Section g describes our laboratory apparatus and technique, and Section 4 gives
a general qualitative discussion of the grease ice. Next, Section 5 reviews the applicable
water-wave theory, and Section 6 discusses the quantitative results of our wave-decay and ice-
concentration measurements. Finally, Section 7 shows that, if a yield-stress model describes
the grease-ice viscosity where the yield stress coefficient increases with the wave momentum
flux, then the model describes the observed wave decay.

2. FIELD OBSERVATIONS

In large polynyas, grease ice forms in long rows parallel to the wind. Dunbar and Weeks
(1975) describe such rows forming in the Gulf of St Lawrence, and Moira Dunbar (private
communication in 1976) suggests that these rows are the result of a Langmuir circulation.
To illustrate, Figure 1 shows an oblique view from a helicopter of grease-ice formation in a
large polynya about 2 km wide and many kilometers long off Nome, Alaska, on 5 March 1978.
The helicopter altitude is about 150 m; the floe diameter in the center of the photograph is
about 100 m. The air temperature was —20°C, and the wind speed was 15 m s~ from o10°.
The photograph shows the long plumes of grease ice which form approximately parallel to the
wind. It also shows that the grease ice piles up down-wind against the floes, where the
incident waves damp out within four to six wavelengths. Films made of this wave damping
show that the dominant wave period is 1.8-2.2 s, so that the wavelength in the photograph is
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Fig. 1. Obligue aerial photograph from 150 m of grease-ice formation in a large polynya south of Nome, 5 March 1978.
See text for further discussion.

about 6 m. Finally, the arrow in Figure 1 marks what appears to be a detritus line, which we
discuss in Section 4.

Although we were unable to sample the grease-ice thickness at this site, four days later
after the winds had died down and the grease-ice surface had congealed, we measured the
thickness on the windward side of another polynya. In this measurement, we cut holes
through the newly-frozen grease ice, then slowly lowered a transparent tube 1 m long with
40 mm inner diameter into the grease ice, rotating the tube as we lowered it. After the tube
was almost submerged, we put a rubber cap firmly over the top, slowly raised it out of the
water, then measured the grease-ice thickness through the side. From three measurements
along a 10 m distance, we found grease-ice thicknesses of 0.7 m, 1 m, and >1 m. As Sections 5
and 6 show, for 2 s waves the grease-ice thickness or £~1-depth at which rapid wave decay
begins is 1 m. This observation suggests that the thickness of the piled-up grease ice in Figure
1, which grew under similar meteorological conditions, may also have been at least 1 m.

For another example, Figure 2 is an aerial photograph taken at a radar altimeter height
of 147 m from the NASA Convair-ggo on 20 February 1973 over the Bering Sea (private
communication from P. Gloersen). The flight heading was 185°, at altitude the air tempera-
ture was —14°C, and the wind speed and direction were 11.5 ms™' from g32° so that the
plumes again line up parallel to the wind. From inspection of the photograph, the predomi-
nant ocean wavelength is about 1.5 m. The photograph also shows that the grease-ice plumes
range in width from less than 1 m to 35 m across for the plume at the lower left, and that the
cross-wind distance between the plumes ranges from 2—4 m for the small plumes to about
170 m for the very wide plumes. From the photograph the characteristic shape of several of
the plumes consists of an up-wind tail and a broad head, referred to by Dunbar and Weeks
(1975) as “tadpoles”. The arrows at the top and sides of the photograph mark examples of

https://doi.org/10.3189/50022143000015392 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000015392

286 JOURNAL OF GLACIOLOGY

¢ :

Fig. 2. Aerial photograph from 147 m of grease-ice formation in a large polynya ; photograph measures 205 m across, and norih
is to the top. See text for discussion of arrows (photograph courtesy of NASA).

these tadpoles, where the heavy arrow to the left marks the best example. For these plumes
there is an obvious pile-up of grease ice in the head, and visible on the original negative at
least, a wave shadow or absence of waves behind the heads.

These plumes also appear to be visible on satellite photographs. Figure 3 shows a
Landsat image of the polynya south of St Lawrence Island in the Bering Sea for 17 March
1976. The weather charts both for this day and the preceding three days show that a strong
high-pressure system over Siberia created north-casterly winds over the Bering Sea. On
17 March at 18.00 Z, or approximately 1 h before the Landsat image was taken, the
station “Wales” on Cape Prince of Wales north of St Lawrence Island reported an air
temperature of —25°C and north-easterly winds of 15 m s~'. The image shows that these cold
winds caused the growth of many small streaks in the dark water south of St Lawrence Island,
which form together into larger streaks, and finally pile up down-wind into clumps perpendi-
cular to the wind. The scales of the large plumes shown in Figure 2, namely widths of about
35 m separated by 170 m accompanied by the high contrast between the ice and water and
the long linear nature of the streaks, suggest that they are resolvable by the 70x 70 m?
Landsat pixel size. From other Landsat images on the same day we observed similar
features south of both Cape Prince of Wales and Diomede Islands; we have also observed
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Fig. 3. Landsat image of grease-ice formation in the polynya south of St Lawrence Island; the image width is 185 km; the
pixel size is 7o m X 70 m.

these parallel streaks on Landsat images from March 1979. These Landsat observations
strongly suggest that regions of grease-ice formation can be mapped by satellite.

Physically, the Langmuir circulation consists of oceanic roll vortices which herd the frazil
crystals into plumes. Figure 4, adapted from Pollard (1977, fig. 8.3) schematically shows the
vortices with their alternating directions of rotation and the resultant surface convergence
zones where the grease ice accumulates. In a theoretical discussion, Craik and Leibovich
(1976) show that the interaction of the bi-directional wind—wave spectra with the surface wind
drift generates this circulation. They also suggest that the presence of contaminants causing
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Fig. 4. Schematic diagram of the Langmuir circulation (adapted from Pollard, 1977).

wave attenuation such as grease ice in the convergence zones intensify the Langmuir circula-
tion and thus the ice accumulation rate in the zones. The presence of grease ice in the plumes,
then, may itself lead to greater accumulations. Finally, both theory and observations show
that the down-wind surface drift in the convergence zones transports the ice out of the up-
wind region of the polynya and thus clears the water surface for new ice growth.

In small Arctic leads the grease ice is not herded into Langmuir plumes; rather, as we have
observed in many small leads in the Beaufort, Chukchi, and Bering Seas, cold winds cause both

Fig. 5. Grease-ice formation in a small lead.
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the growth of small wind waves and the formation and herding of grease ice to the down-wind
end of the lead. Figures 5and 6 show such a lead near Cape Lisburne on 16 March 1978 at an
air temperature of —16°C and a wind speed of 10 m s=!. The lead had a wedge shape, about
15 m wide in the cross-wind direction at the boundary between the grease ice and the sea-
water, and about 50 m long with the apex of the wedge up-wind. Figure 6 shows that the
waves which had lengths of 100 mm, abruptly damp out as they enter the grease ice. Also
measurements of the grease-ice thickness using the tube technique described earlier showed
that the thickness at a distance of 0.1 m in from the leading edge was 80 mm, and in the region
behind the wave damping was 50 mm. The photographs also show small pancakes forming on
the grease ice similar to those reported in MKW.

For the same lead we observed ice crystals in water samples from the open water up-wind
of the grease ice. We took these samples with a plastic beaker which we first rinsed in sea-water
so that the beaker and water temperature equilibrated. We then scooped out a sea-water
sample at a distance of about 20 m up-wind of the grease ice and held it quickly up to the sun;

Fig. 6. Close-up of the grease ice edge in Figure 5.
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in the sea-water we immediately saw interior reflections from very small crystals. This obser-
vation supports our speculation that the crystals form in the open water, and then are herded
down-wind into the grease ice. The ice in this lead then grew both vertically from heat loss
through the solid ice, and laterally from advected crystals.

3. THE EXPERIMENT

The experiment took place in an insulated tank with inner dimensions of 2 m in length,
1 m in width, and 0.6 m in depth, shown in Figure 7. The tank consisted of an inner tank
made from 13 mm thick “Plexiglas” (polymethyl methacrylate) which rested in an outer
tank made of 50 mm thick polyurethane foam which was held together and supported 0.4 m
above the floor by a wooden frame. At the bottom of the inner tank a stainless-steel sheet
served as a ground for the wave probes. The tank was located in a large cold room where the
temperature could be varied from +5°C to —35°C with an accuracy of +1 deg. To observe
the waves, we cut removable windows which extended over the tank length into the foam of
one side wall. To minimize the heat flux through the tank bottom, we surrounded the air
space under the tank with an insulating curtain, then placed two 100 W light bulbs in this
air space. During the experiment a proportional temperature controller turned these bulbs on
and off to maintain the air temperature at the water temperature of —2°C.

INSULATION

Fig. 7. A schematic, side-view drawing of the apparatus.

A paddle mounted at one end of the tank generated the waves; the paddle consisted of a
60° wedge measuring approximately 0.43 m high, 0.24 m wide, and 0.96 m long, so that it
nearly spanned the tank. In the middle of the upper wedge surface we mounted a single
vertical rectangular steel shaft 0.8 m long, which was supported by two square linear bearings
attached to the tank, and terminated in a Scotch Yoke. To drive the paddle in oscillatory
vertical motion, an adjustable eccentric mounted on the drive shaft of a stepping motor drove
the Scotch Yoke with a maximum peak-to-peak amplitude of about 100 mm. A power
amplifier coupled to a frequency generator drove the stepping motor at 200 steps per
revolution; we typically operated the motor at frequencies between 340 and 500 Hz with an
accuracy of 1 Hz.

For an experiment we filled the tank to a depth of 0.41 m with a 35.5%, NaCl solution,
which has a freezing point of —2.15°C. By setting the room temperature to —2°C, we cooled
the tank to a temperature between o and —2°C. To grow ice, we then lowered the room
temperature to —25°C, blew air over the tank with two small fans, and turned on the paddle
at a low amplitude and frequency to prevent the resonant build-up of large wave amplitudes.
Because the inside tank walls cooled faster than the water, ice first formed on the tank walls
from splashing. Then, as the water temperature approached —2.1°C, small frazil crystals
formed on the water surface and were advected down-wind. Iinally, when the water tem-
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perature reached —2.1°C, small disc-like crystals filled the tank interior in an upside-down
snow-storm throughout the entire depth. After formation, the crystals rose slowly to the
surface with their ¢-axes parallel to gravity until they reached the depth of the wave oscilla-
tions, above which the crystals moved with the waves. On reaching the surface, the wind and
waves advected the crystals to the far end of the tank, where they collected in a small wedge
similar to that shown in Figures 7 and g.

As the amount of ice within this wedge increased, the wave damping became more
eflicient. Therefore, we increased both the paddle amplitude and frequency to crowd the
grease ice into as short and as deep a wedge as possible consistent with no splashing of water
out of the tank. In this way we grew a grease-ice layer of average thickness 0.15 m in less than
1 h. When the amount of ice in the tank reached half its desired value, we raised the room
temperature to —3°C, then let the heat transfer from the water to the room both to warm up
the room and to grow more ice.

To measure wave amplitudes in the grease ice, we used conductivity probes consisting of
stainless-steel, 24 gauge hypodermic needles 100 mm long. To avoid icing of these probes, we
ran our wave damping experiments at air temperatures only slichtly below the sea-water
freezing point. The justification for running at these warm temperatures came from the
observations discussed in MKW and below in Section 4 ; namely that even for air temperatures
as low as —30°C the grease-ice surface temperature over most of the decay region was only
0.1-0.01 deg colder than the sea-water freezing temperature. Therefore we assumed that
running our wave damping experiments at a warm temperature did not alter the properties
of the grease ice.

Figure 8 is a schematic diagram of the probe configuration and the accompanying
circuitry. The needle was mounted on the end of a 30 mm diameter ‘“Plexiglas” tube; inside
this tube, an a.c. bridge, which was driven by the oscillator power supply at g00-600 Hz,
and a precision a.c.-to-d.c. converter converted the wave amplitude to a d.c. voltage. Outside
the cold room the d.c. output was connected either to a digital voltmeter and an x—y plotter
for calibration of the probe, or to a Brush eight-channel amplifier and pen recorder for the

COLD ROOM =————= WARM LAB

FROM OTHER SENSORS-\ i =
T
ally e
* PLEXIGLAS l 1 11

HYPODERMIC
NEEDLE

NaCl SOLN

GROUND PLANE

&

Fig. 8. The probe circuitry: A, the conductivity bridge; B, precision a.c.~to-d.c. converter; C, oscillator and power supply ;
D, eight-channel amplifier; E, eight-channel Brush recorder ; F, digital voltmeter; G, x—y plotter.
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wave experiments. Calibration of the probes showed that they were linear to within 4-0.5 mm
except when the probe was either nearly completely submerged or nearly out of the water.
Physically, the probes behaved well in the wave field. For large-amplitude waves the probes
bent with the waves on the order of 5-10°, but because the amplitude measured with the
probe varied with the cosine of the bending angle, this had only a small effect. Also, the
crystals generally appeared to wash smoothly around the needle with only an occasional ice
crystal leaning up against it.

To measure the decay of waves with distance, we mounted approximately over the center
of the tank a wooden beam which ran the length of the tank with notches cut into it at 50 mm
intervals as probe supports. During an experiment we first placed the probe in the open water
just ahead of the ice, and left it at that position for about 50 wave periods. A strip chart
recorded the probe output; during the experiments one of us positioned the probe, the other
logged the probe position on the chart paper. We would then move the probe down the tank
in 50 or 100 mm increments with a pause of 20—50 wave periods at each station. The shorter
recording periods were used only for the low wave amplitudes. We continued this process
until the wave amplitude was less than 0.5 mm.

The probe traverse took between 20 and go min. After completion of the traverse, we
next measured the grease-ice thickness at different distances from the paddle while we con-
tinued to generate waves. We measured this thickness in the wave trough at 0.1 m intervals
down the tank by holding a ruler against the side of the “Plexiglas” window, then recording
the minimum height of both the top and bottom of the grease ice. This measurement is the

SEAWATER

WOTER WavEs .

Fig. 9. Comparison of a composite side-view photograph of the grease ice in the tank with a drawing of the mean circulation in the
grease ice. A tank support causes the gap in the composite photograph. See text for further discussion.
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minimum thickness; the maximum occurs at the wave crest. For large amplitudes, where the
ice thickness is either less than or on the order of the wave amplitude, this measurement is
accurate to only 10-20 mm. As the wave amplitude decreased and the ice thickness increased
with distance down the tank, this measurement became both more accurate and more
representative.

We also recorded the ice thickness photographically. To do this, we used a 800 W s
flash bulb and reflector unit which was mounted about 1.2 m above the tank on a movable
carriage. For each experiment we then took flash photographs of the ice through the windows
at three pre-set positions; these photographs were later assembled into the composites shown
in Figures g and 13.

Finally, in several of the experiments we determined the relative ice volume of the grease
ice as a function of distance. In our technique we set up a series of ten 250 ml graduated
cylinders on a bench in our cold room. In the top of each cylinder we placed a funnel with a
stem of inner diameter 6 mm. Then we set the room temperature at —3°C and, using a
250 ml beaker, we scooped ice-water samples from the tank at the wave crests in $COOPS
parallel to the crests at 0.1 m intervals down the tank. We quickly poured the sample into the
funnel, where the constriction retained the ice while the brine flowed through. After the brine
had drained from the ice, we measured the volume of brine, then mixed the ice and brine
together and poured them into a jar which was subsequently sealed. This sample was allowed
to melt, after which we measured the total sample volume and salinity. As Section 6.3 shows,
these measurements, along with the open-water salinity, allow us to determine both the ice
concentration and salinity.

4. GENERAL PROPERTIES OF GREASE ICE

This section discusses first the large-scale behavior of grease ice, then the small-scale
properties of ice crystals. For the first, Figure g compares a side-wall composite photograph
of the grease ice with a schematic drawing of the observed circulation. In the composite
photograph the paddle is to the left, the grease ice is white and increasing in thickness to the
right, and the wave probe is visible at the upper left.

Below the photograph the schematic diagram shows several features of the ice circulation.
First, in the open water to the left, the figure shows the individual ice crystals rising to the
surface. Once these crystals reach the surface, they are swept into the grease ice by the Stokes
drift. Second, both the photograph and the schematic drawing show that the grease ice is
herded to the right into a long oscillatory wedge. Section 5.2 shows that the cause of this
grease-ice wedge is the balance between the decrease of the wave-momentum flux and the
free-surface tilt. Third, the diagram shows a vertical line marked as the “dead zone”, which
divides the grease ice into regions of “liquid” and “solid”” behavior respectively to the left and
right. Finally, the arrows within the liquid grease ice show the direction and approximate
magnitude of the mean circulation, where we omit the wave orbital velocities.

From our experiments we found that the dead zone is a vertical transition zone 5—10 mm
wide, in the grease ice between regions of fluid and solid behavior. To the left of the dead zone
the waves propagate as water waves with strong relative motions within the ice, and the ice
thickness depends only on distance from the leading edge. To the right the ice appeared to
move as an elastic solid with no internal relative motion and as the photographs in Figure 13
partially show, the lower surface consisted of three-dimensional billows. In short, when we
deformed the ice to the right, it stayed deformed, whereas for the ice to the left, deformations
disappeared within one to five wave periods. These observations suggest that at low or non-
existent shear rates the grease ice behaves as a solid, while at high shear rates it flows as a
liquid.
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For a surface view of the dead zone, Figure 10 shows a side-view photograph of the grease
ice at a frequency of 10.7 5! and wave amplitude of 28.5 mm, where the probe support runs
along the bottom. To the left is the boundary between open water and the grease ice; to the
right the line of bubbles marks the dead zone. Breaking waves at the leading edge generate
these bubbles, Which the mean circulation carries to the dead zone. In general, the dead zone
serves both as a transition between liquid and solid behavior and as an accumulation line for
material released on the surface. Possible field examples of the dead zone include an obvious
case of the detritus line marked by the arrow in Figure 1, and the thick ice build-up around the
heads of the arrow-marked Langmuir plumes in Figure 2. Because the ice in these heads is
thicker than the up-wind tails and has a down-wind wave shadow, we suspect that a dead zone
forms in each head.

Fig. 10. Side-view photograph of the grease-ice surface. Line on surface at left is boundary between open waler and grease ice ;
line at right is the dead zone.

To map the mean circulation in the liquid region, we used small polyethylene chips about
1 mm thick and 1-2 mm square. When we released these chips into the open water ahead of
the grease ice, most of them were swept onto the ice surface at the dead zone, while others were
carried around within the grease ice by the mean circulation. This circulation consisted of a
streaming velocity toward the dead zone on the surface, the magnitude of which decreased
with distance from the leading edge from a maximum value of about 0.3 ms~* for large
initial wave amplitudes, a general downwelling below the surface, and a return flow toward
the leading edge near the bottom of the grease-ice layer. The only upwelling in the grease
ice occurred in the vicinity of the leading edge. Also, except in the thin grease ice near the
leading edge, there was no motion in the water below the grease ice. Section 5.3 shows that
this mean circulation is a result of the wave damping.

One effect of the mixing induced by this circulation is that ahead of the dead zone, as
MKW also discusses, the surface temperature of the grease ice was only 10-1-10-2 deg colder
than the water temperature beneath the ice, even with fans blowing over the water and room
temperatures of —25 to —35°C. At the same time behind the dead zone the upper ice surface
solidified so that its surface temperature decreased slowly on the order of degrees per hour.
To take these measurements, we stopped the paddle, then immediately measured with a
precision thermistor the grease-ice temperature at a depth of about 1 mm below the surface,
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after which we slowly traversed the thermistor down through the grease ice. Using this
technique, we found that except at the surface, the temperature within the grease ice equalled
the deep temperature.

Next, to illustrate the small-scale ice properties, Figure 11 shows photographs taken
through crossed-polaroid filters of ice samples from our tank, where Figure 11a shows crystals
from the open water ahead of the grease ice, and Figure 11b shows crystals from the liquid
grease ice. To take these photographs, we built a shallow, flat-bottomed ““Plexiglas’ box which
we placed over a polaroid sheet and a flash tube. Above the box we mounted at a fixed height
a camera equipped with a polaroid filter. This apparatus was located in a —2°C dark room
adjacent to the wave tank. We took the ice—water samples with a 250 ml beaker from the tank
while we were both growing ice and generating waves, after we had first rinsed the beaker
several times in the tank to bring the beaker and water temperatures into equilibrium. After
taking the sample, we quickly poured it into the “Plexiglas” box then immediately photo-
graphed it. The reason for this cautious technique was that we found that continuous light
quickly melted the crystals.

Figure 11a shows that the crystals from the open water are small discs measuring 1 mm
in diameter and about 1-10 pm thick. The photograph also shows that the crystals easily
join together into small clusters. For comparison, Figure 11b shows that, within the grease ice,
the individual platelets join together into clusters which measure as much as 5 mm across.

Hobbs (1974, chapter 6.1), in a review of the surface properties of fresh-water ice, describes
why the platelets sinter together into clusters. Quoting and paraphrasing from Hobbs (1974,
p- 399), ““when two small ice spheres are pushed together to touch at a point, the area of contact
between the spheres increases with time even when the original force of contact is removed”.
This phenomenon of cold-welding is called sintering in metallurgy, it occurs because two ice
spheres in contact at a point are thermodynamically unstable. To minimize the surface free
energy, there is a transfer of ice to the contact point so that a neck, as shown in Hobbs’s figure
6.7, forms between the spheres.

For our platelets the photographs in Figure 11 suggest that sintering occurs when the rim
or edge of one platelet touches another. Since the platelets appear to be on the order of
1-10 pm thick, the rim radius of curvature r, should also be ~1-10 pum. Hobbs’s figure 6.6
is a plot for two ice spheres of the time for the neck radius to reach one-quarter of the sphere
radius, against sphere radii in the range 30-300 pm. Extrapolation of his curve to r, & 1-10
pm gives time constants of 0.01-6 s. For our waves, the characteristic time is the inverse of
the wave frequency which ranges from 0.06-0.1 s, so that for 7. & 1 um the two time scales are
comparable. Sintering therefore probably causes the formation of the crystal clusters shown in
the photographs. Further, the comparability of the time scales of both the sintering and the
waves suggest that within the wave, bonds are constantly being made and broken between the
crystals. As Section 7 shows, one effect of this sintering is to yield a viscosity increase at low
rates of shear.

Finally, we made some qualitative observations on the aging of the crystals. From photo-
graphs similar to those shown in Figure 15, we found that after several days with room
temperatures of —2 to —3°C, the ice crystals grew optically more dense or thicker. This
growth in thickness is similar to the aging of snow crystals which Hobbs (1974, chapter 6.10)
describes, where because of surface-free-energy considerations, the snow crystals transform
with time into spheres. As our Section 6.1 shows, for aging of one or two days the wave decay
properties are unaffected.

5. THE APPLICABLE THEORY

In order to interpret the wave-damping data given in the next section, and to understand
the physics of both the ice-wedge formation and the mean circulation discussed in the previous
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(b)

Fig. 11. Crossed-polaroid photographs of the grease-ice crystals; scale at left is in millimeters and photographs are 25 mm in
height. (a) Sample from open water ; (b) sample from grease ice.

https://doi.org/10.3189/50022143000015392 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000015392

WAVE DAMPING BY GREASE ICE 297

section, we next discuss certain theoretical properties of water waves. In Section 5.1 we first
review the formal water-wave solutions and discuss certain parameters and properties of these
solutions which are relevant to wave damping. In Section 5.2, using the above solutions, we
discuss the formation of the grease-ice wedge and derive the wedge thickness. Finally, in
Section 5.3 we briefly discuss the mean circulation.

5.1. Formulation

The standard formulation for the amplitude 5 of deep water waves, following Phillips
(1966, chapter 3) is
1 = a cos(kx—at) (1)
where a is the wave amplitude, o is frequency, £ is wave number,  is time, x is the horizontal
coordinate, and for future use, the vertical y-coordinate increases upward from the mean
water surface. Also, the dispersion relation for deep water waves is

o? = gk (2)
where g is the gravity acceleration.
The above formulation is correct if the following conditions are satisfied. First, from

Phillips (1966), the waves in our tank are deep water waves with an additional restriction on
the wave slope if the wave number satisfies the inequality

kD > = (3)

where D is the water depth. Since our tank depth D = 0.41 m and our longest wave had
k = 11.6 m~1, our smallest kD = 4.8, so that all our waves were deep water waves. Second,
the critical non-dimensional parameter for deep water waves is the wave slope ak. Kinsman
(1965, chapter 5) shows that all non-breaking deep water waves must satisfy the inequality

ak < 0.45, (4)
so that for a particular £ the Inequality (4) predicts the maximum possible wave amplitude.

Equation (1) and the related velocity fields given in Phillips (1966) are the first-order
terms in a solution to the Navier-Stokes equations expressed as a regular perturbation
expansion in powers of ak. Equation (1) is valid only for ak < 1, while, as Kinsman (1965)
shows, the dispersion relation (2) is valid to order (ak)2 and has a maximum error of 10%, for
large wave slopes. In practice, Equation (1) also applies for finite wave slopes. Using deep-
water-wave theory, Phillips (1966, chapter 3) shows that the wave kinetic energy is propor-
tional to exp (24y), so that 869, of the wave energy lies above the depth y — —k-1. In the
next section we show that when the grease ice is thicker than £-1, the wave amplitude decays
linearly.

Next as Section 3 described, we determine the wave amplitude in the experiments by
measurement of the peak-to-trough displacement Ay of the wave height from an analog
paper tape. We then assume that Ay = 2a. To derive the accuracy of this method, from
Kinsman (1965), the normalized wave height correct to order (ak)? is

7—; = cos X+é ak cos 2;(—}—% (ak)? cos gy (5)
where y = kx—ot. On the paper tape we measure Ay = (o) —y(), so from Equation (5)
Aq 3
e 1+§ (ak)*4-0(ak)+ (6)

(where O means “order-of-magnitude”). In the experiments our largest value of ak is 0.44,
so that the maximum error to the assumption that Ay = 24 is 79, Since our reading error,
particularly at high amplitudes, was about 1 mm or 5%, we did not correct our analog data
for finite ak.
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5.2. The formation of the grease-ice wedge

To explain the pile-up of the grease ice into a wedge, we consider the momentum balance
in the wave-grease-ice system. Following Longuet-Higgins and Stewart (1964, hereafter
abbreviated LHS), the wave-momentum flux or “radiation stress” is an anisotropic, normal
stress in the direction of wave propagation. As the waves enter the grease ice and lose energy,
the wave-momentum flux also decreases; since momentum is conserved, this decrease is
balanced either wholly or in part by a set-up or tilt of the free surface, and possibly in part by
an internal packing of the crystals. The set-up of the free surface then causes a corresponding
set-down of, or opposite tilt to, the lower grease-ice surface.

To calculate the resultant thickness, we assume that the grease-ice-salt-water system
consists of two fluids with no stresses absorbed internally. Figure 12 shows the geometry of the
system, where p is the salt-water density, p’ = p—Ap is the assumed constant grease-ice
density, AZ is the height of the maximum free-surface set-up, k is the maximum grease-ice
thickness, and 4, is the wave amplitude ahead of the grease ice. Following LHS, the wave-
momentum flux integrated over the depth and averaged over a wave period is

§ = }pga’, (7)
where we assume that all of the momentum flux lies above £~' and that no wave energy is
reflected at the leading edge.

AR

FREE SURFACE

GREASE
ICE

dp SALT WATER p
BI
Fig. 12. Coordinate systzm for discussion of grease-ice pile-up.

If the grease-ice thickness is greater than £~7, then from momentum conservation in LHS

the equation for the free surface tilt of the ice is

8 r

CNET. o

x ox

where £ is the free-surface elevation and { = o ahead of the grease ice. If we assume that the
wave amplitude goes to zero at the position of maximum grease-ice thickness or along the line
B8’ in Figure 12, then integration of Equation (8) from Aa’ to BB’ yields

1p
Al ==~ a%.
4 L7 (9)

Although we did not directly measure AZ, substitution of the experimental values of a, and &
into Equation (g) shows that A{ is of order 1 mm with a maximum value of 3 mm.

Because we observe no fluid motion under grease ice thicker than k-1, a hydrostatic balance
exists at the depth k along the lines Aa’ and B8’ on Figure 12. Calculation of this balance and
neglect of the product Ap A{ gives the following equation for A:

2
h= % = fokF 2 c (10)
P 4 k Ap
In Section 6.2 we discuss Equation (10) and show that the predicted £ is of the same order as
the observed thickness.
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5.8. The mean circulation

We next show qualitatively that the strong decay in the grease ice also drives the rotary
circulation shown in Figure 9. Following Phillips (1966, chapter 3.4), a near-surface viscous
wave attenuation leads to a horizontal streaming velocity in addition to the inviscid Stokes
drift. Streaming occurs because the vorticity generated by the viscous damping creates a
Reynolds stress gradient, which must be balanced by a mean shear. For water waves covered
by a thin viscous slick, Phillips shows that the streaming velocity U/ immediately below the
slick 1s

U= ak. (1)

From Equation (11), we see that as the amplitude decays, the streaming velocity also decreases
with distance. Therefore, mass conservation requires a downwelling vertical velocity through-
out the wave-decay region. Since in our case, downwelling does not extend below the bottom
of the grease-ice layer, mass conservation again requires a horizontal return flow with
upwelling only occurring at the complicated leading edge.

6. THE EXPERIMENTAL RESULTS

In our experiments we ran a total of 38 separate runs at seven different frequencies ranging
from 15.7 to 10.7 571, These frequencies correspond to a range in period of 0.40 to 0.59 s,
or a range in wavelength of 0.25 to 0.54 m. This range covered the possibilities of our 2 m
long tank; at higher frequencies the waves developed severe cross-modes, while at lower
frequencies the waves were so long that they reflected from the end wall.

From these runs we discuss in the subsections below various properties of the wave decay.
First, Section 6.1 decribes the results of our wave-decay measurements and shows that the
amplitude decays linearly and that the slope of the amplitude decay increases as (a,k)2.  Then
Section 6.2 discusses the variation in ice concentration ¢ and shows that for large a.k the
maximum value of ¢ oegurs at the dead zone. Third, Section 6.3 discusses the salinity of the
frazil crystals. Finally, from this salinity Section 6.4 calculates both the density of the grease-
ice slurry and the grease-ice thickness, which it then compares with the observations.

6.1. The wave decay

To illustrate how the properties of grease ice change as the wave amplitude increases,
Figure 13 shows four composite side-view photographs of experiments run at ¢ = 14.9 s,
corresponding to the 24 May experiments listed below in Table I. Going from top to bottom
in the figure, the paddle amplitude @y, increases from 10 to 14.5 mm and ak increases from
0.34 to 0.41 in equal incremental steps. Above each composite photograph, the black arrows
show the location of the dead zone; the open arrows, the location of the depth £-1. Examina-
tion of this sequence shows that as the paddle amplitude increases, the distance between the
dead zone and the depth £~! remains nearly constant except for a slight decrease at the highest
amplitude; also, the grease-ice depth just ahead of the dead zone increases. The figure also
shows for the bottom large-amplitude case that wave breaking occurs at the leading ice edge.

For the same cases Figure 14 shows plots of grease-ice thickness and wave amplitude versus
distance. On the figure the left-hand scales and the open circles show wave amplitude; the
right-hand scales and the closed circles show grease-ice thickness. The horizontal scale
measures distance from the left side of the tank and corresponds to the ruler at the bottom of
each photograph in Figure 13. For each run the double-headed vertical arrows to the left
mark the depth £='; the arrows to the right mark the dead zone.
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d

Fig. 13, Side-view photographs of four wave-damping experiments at o = 14.9 =%, corresponding to the 24 May experiments
in Table I. A tank support causes the gap in each composite photograph; above each composile, the position of the open

arrows mark the depth k= ; the dark arrows mark the dead zone. Paddle amplitude ranges from (a) 10 mm, (b) r1.5mm,
(¢) 13 mm, (d) 14.5 mm.
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Date of
experiment

25 May
25 May
25 May*

24 May
24 May
24 May
24 May*

3 May
3 May
3 May
3 May
3 May*

24 May
24 May
24 May
24 May

17 Mayt
17 May
17 May
17 May*

3 Mayt
3 Mayt
1 May
2 May
3 May
16 May
17 May
25 May
1 June
1 May*
1 May*

16 May
16 May
31 May
31 May
1 June
31 May
31 May*

* Wave breaking and turbulence occurred at the leading edge.

mm

8.2

11.4

11.4
13.0

14.5

11.4
13.0
13.0
14.5
16.

I1.4
13.0
14.5
16.

13.0
16.1
19.3
22.5

14.5
17.9
20.9
20.9
20.9
20.9
20.9
24.1
25.6
27.2
27.2

20.9
24.1
24.1
25.6
25.6
27.2
304
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TABLE I. PARAMETERS OF THE WAVE-DECAY EXPERIMENTS

ay
mm

o = 15.787!
12.5-13.5
14 -15
15517

o= 14.957"
14.5-15.5
16 -17
17 —18
15 —18

o = 14.0587°T
15 —15.5

17.5~18.5
17 —-18
18.5-19.5
20 -22
o= 13.45"
15.5-16.5
17 —18
18.5-20.5
19.5—-20.5
o= 12.387¢
16 -16.5
20 —20.5
23 -24
24 -26
o= II.587!
16 -17
21 —22
24 —24.5
22 —23.5
22.5-23.5
23.5-24.5
23.5-24.5
26 —28
27.5-29
29 —32
50 —3%
o= 10.7s7!
23 -23.5
26 -27.5
25.5-27
27.5-28.5
28 -29
30 —3I
32 -33.5

ack

0.31-0.33
0.35-0.38
0.39-0.43

0.33-0.35
0.36-0.39
0.39-0.41
0.34-0.41

0.30-0.31
0.34-0.37
0.34-0.36
0.37-0.39
0.40-0.44

0.20-0.30
0.31-0.33
0.94-0.38
0.36-0.38

0.25-0.26
0.31-0.32
0.36-0.37
0.37-0.40

0.22-0.23
0.29-0.30
0.33

0.30-0.32
0.31-0.32
0.32-0.33
0.32-0.33
0.35-0.38
0.37-0.39
0.39-0.43
0.41-0.43

0.27
0.30-0.32
0.30-0.31T
0.32-0.33
0.33-34
0.35-0.36
0.37-0.39

o
X 10?

= 25.05 m™~!

2.3
3.0
4.0

k=22.7m!

2.7
33
3.7
33
k = 20.0m—!
2.4
3-3
3.0
3.1
44
k=184m1
2.3
2.8
3.1
34
k= 155 m~T
1.6
2.5
3.0
4.0
k= 136 m-T

1 Grease-ice depth at the dead zone is less than k-7,

72

0.995
0.996
0.993

0.996
0.990

0.990
0.900

0.996
0.988
0.997
0.996
0.987

0994
0.993
0-995
0.993

0.990
0.992
0.990
0.974

0.994
0509
0.997
0.991
0.990
0.991
0.981
0.998
0.995
0.985
0.998

0.995
0.994
0.995
0.989
0.995
0.995
0.995

Number
of points

k=1 = 40 mm

7
6

6

kKt = qaxanm
8
8

7
6

k™' = 50.0 mm

E=s
B
8

b =

ik %

I I

£ ooow £ vsooo
(4]

B

B

~N 00O

k! = %73.5 mm

T O OO I~y O~

;i
I
o]

.2 mm

...
o ~OWWw OO

o/ (aok)*

X 10?

25—21
24-21
26-22

25-22
25-22
25-22
29-20

26-25
29-24q
26-23
23-20
27-23

28-25
28-25
27-22
26-24

26-24
26-24
23-22
29-25

31-28
25-23
27-26
29-25
27-25
2524
26-25
27-23
27-25
28-23
24-22

27-26
30-27
29-26
27-26
27-25
28-26
27-24
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h

mm

50
8o

40
8o
90

100

55
100

60
70
20

g0

95
110
110

6o
90
100
110

6o

70
115
100

8o
120
100
120
120
150
150

110
130
120
130
110
150
160

For the top three cases in Figures 13 and 14, Figure 14 shows that between the depth £~
and the dead zone the amplitude decays nearly linearly. When the flow becomes turbulent
as in Figure 14d, the amplitude decays irregularly. The figure also shows that as the initial
wave amplitude increases, both the slope of the amplitude decay and the grease-ice thickness
at the dead zone increase.
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Fig. 14. Plots of wave amplitude and grease-ice thickness versus distance for o = 14.9 m™* (the same cases as Figure 13).
The left-hand vertical scale and the open cireles show wave amplitude ; the right-hand scale and the closed circles measured
down from the top show grease-ice thickness. Vertical arrows to left show position of depth k=7 ; arrows to right show dead
zone. Experiment date is 24 May, paddle amplitude is (a) ro.o mm, (b) 11.5 mm, (¢) 13.0 mm, (d) r4.5 mm.
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For comparison Figure 15 shows a similar plot for our lowest frequency of 10.7 s~1. The
case shown in Figure 15a was run on 16 May in Table I; the other three cases were all run
on 31 May; in all these cases we grew the grease ice in the morning of each of the two days.
Between Figure 152 and d, the paddle amplitude increases from 21 to 33 mm, and a,k increases
from o0.27 to 0.98 in equal incremental steps. With a scale change in the vertical, the hori-
zontal and vertical coordinates are the same as those in Figure 14, and the vertical arrows
mark the depth £~1 and the positions of the dead zone.

These four cases clearly show the linear decay of amplitude between the depth £~T and the
dead zone, and that the decay slope increases with a.k. The figure also suggests that, parti-
cularly in Figures 15a, b, and ¢, the linear decay region begins before the depth £—* and
extends beyond the dead zone. This region of linear decay occurred in most of our experiments
where the grease ice depth was greater than k=1, with exceptions occurring only in the turbulent
high-amplitude cases. In Table I we list the slope « of this linear decay and compare it with
the initial wave slope a,k.

Table I shows the results of all our experiments. The table divides into vertical columns
separated by horizontal rows, where the rows list the values of ¢, £, and k="' for each set of
experiments. The columns beneath the rows list as a function of paddle amplitude the various
ice properties discussed below. The table begins with the high-frequency cases and proceeds
toward lower frequencies.

For the columns the first column gives the date of the experiment. An asterisk (*) next to
the date means that wave breaking and turbulence occurred at the leading edge; an obelisk
(1) means that the depth of grease ice at the dead zone is less than £~1. We grew new ice in
the mornings of 1, g, 16, 24, and 31 May so that 19 of the experiments were done on ice
growth days, 12 were done on the following day within g0 h of the completion of the ice
growth, and 7 were done two days following. The second column lists the paddle amplitude
ap; this ranged from a low of 8 mm to a high of 30.4 mm.

The third column shows the range of a,, which is measured either in the open water ahead
of the grease ice, or just within the grease ice at the leading edge. Our observations, such as
those in Figure 15a, b, and ¢, show that there is very little wave decay within the grease ice
near the leading edge. The range of a, shown in the third column is our single largest source
of error, and is caused partially by the uncertainty in the wave amplitude associated with
surface phenomena such as capillary waves and cross-mode waves, and partially by reading
errors from the strip chart. Similarly, the fourth column shows the related range of the wave
slope ayk.

The next four columns refer to the measured slope « of the wave amplitude decay. We
calculated « from the data of amplitude versus position using the method of least squares.
To systematize our approach, we calculated « using inclusively just those points between the
depth £~ and the dead zone, even if the linear slope occurred over a region which was less or
greater than these boundaries. The fifth column lists «; the sixth and seventh list respectively
the correlation coefficient r2 and the number of points used in each calculation. For example,
the case ¢ = 14.9 s7! and ap = 9.8 mm, shown in Figures 13a and 14a, gives &« = 2.7 X 1072
with r2 = 0.996, using a total of eight points in the least-squares calculation. For contrast the
turbulent case at the same frequency and ap = 14.5 mm shown in Figures 13d and 14d, where
the slope is obviously non-linear, gives « = 3.3 X 1072 with r2 = 0.go over six points.

The most interesting feature of the data is that they suggest that « increases as (ak)2. If
we define

then the eighth column, which lists the range of z for each run, shows that z & o.25. To
calculate the mean value and standard deviation of z, we first omit the following two cases:
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Fig. 15. Plots of wave amplilude and grease-ice thickness versus distance for o = ro.7 s=*. Dale of experiment and paddie
amplitude are (a) 16 May, 21 mm, (b) g1 May, 24 mm, (¢c) 31 May, 27 mm, (d) 31 May, 30 mm. See also legend to
Figure 14.
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¢ = 14.9 57, 27 May, ap = 14.5 mm (because this case was very turbulent with a value of «
less than that at the lower paddle amplitude) and the case ¢ = 11.5571, 3 May, ap = 14.5 mm
(because A is much smaller than £-). Then we average for each run the means of the two
extremes of z listed in Table I to find that

2 = (25.242.2) X 1072, (13)

where 2.2 is the standard deviation.

To show in another way the dependence of « on a.k, we plot « versus a.k on a log-log scale
in Figure 16, where we have offset slightly in the vertical values of « which would otherwise
lie on top of one another. On the figure the length of the horizontal bars through each symbol
show the amplitude uncertainty, and the solid line drawn through the points is the curve
z = 0.252. The figure shows that the majority of the points either lie on or are very close to
the solid line. The lowest point on the graph which lies well above the solid line is the thin
grease-ice case ¢ = 11.5 s7, 3 May, ap = 14.5 mm, where the ice thickness is everywhere less
than £='. With this exception, the experiments suggest that Equation (13) describes the
dependence of « on a,k.

2.9
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)
wn
T

20F

1 1

1

1 1
2.5 30 35 40 45
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Fig. 16. Log-log plot of « versus ack for o = 15.7 57! ([]), 14.957" (Q), 14.0571 (A), 13.4571 (W), 12.535 (x),
o= 1155" (@) and 10.7 s~* (A). See lext for additional description.
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Finally, we discuss two special cases, those in which the grease-ice depth 4 at the dead zone
is less than &= where the ninth column lists the observed A, and those cases where we allowed
the grease ice to age. First, we ran three cases for & < k1. For the first at ¢ = 12.3571,
17 May, ap = 13.0 mm, we calculated « between the depth of 50 and 60 mm over a 0.40 m
distance. Table I shows that the grease-ice depth here was close enough to £~ that z still
obeyed Equation (13). The second and third cases were at ¢ = 1.557! on 3 May where for
ap = 14.5 and 17.7 mm we deliberately ran at a low amplitude. In both cases we found
regions where the amplitude decayed linearly. For the 14.5 mm case we determined «
between grease-ice depths of 40 and 60 mm over a 0.60 m distance; for the 17.7 mm case,
between depths of 60 and 70 mm over 0.50 m. For the 17.7 mm case z obeyed Equation (13),
whereas for the 14.5 mm case z was in the range 28-31 X 1072, which suggests for thin grease
ice and low amplitudes that « decreases more slowly than (a.k)2.

Second, as Section 4 briefly describes, we observed that over time the crystal platelets
grew thicker with presumably larger radii of curvature at the rims. Since several of our
experiments were done two days after growth of the grease ice, we examined our data to see if
the assumed increase in r, had an observable effect on the wave damping. All of these “two
days after” experiments were done on 3 May at ¢ = 14.057" and 11.557". The runs at
14.0 51 show basically the same pattern as those groups of experiments done with new ice.
At 6 = 11.5 577, we did five runs at ¢, = 20.9 mm. For the two runs with new ice on 1 and
16 May, we observed respectively, z = 2.9 X 1072 and 2.6 X 1072, For the two runs at one
day after on 2 and 17 May, we observed respectively, 2 = 2.6 X 1072 and 2.7 X 1072; and for
two days after on g May, we observed z = 2.6 X 1072, These small or non-existent changes
with time suggest that allowing the crystals to age for one or two days has little effect on the
wave damping.

6.2. The ice concentration

As a complementary experiment to the measurements of amplitude decay, we also
measured at two different frequencies and four different amplitudes the variation in ice
concentration with distance, using the method described in Section 4. We ran these experi-
ments at ¢ = 13.4 5! and 11.5s7, at a later time than the amplitude-decay experiments.
In each experiment we measured for each sample the liquid volume V7, the total melted
volume V7, and the salinity of the total melted sample sr.

We define the relative ice volume or concentration ¢ as

P . O (14)
Vi+-Vi

where F; is the volume of solid ice. In terms of our measured quantities
Pm
Vi=— (Vr—V1) (15)
pi

where the ice density p; = 920 kg m=# and the melted ice density pm = 1 000 kg m—3.

From the above relations and our data, we calculate ¢. Figures 17 and 18 show the ice
concentrations for the two frequencies plotted versus distance from the dead zone. For
Figure 17 the wave slope increases in equal steps from a,k = 0.29 to 0.37 for the four runs.
Examination of the data shows that at the leading edge ¢ lies between 18 and 229, then
increases to 32—43% at the dead zone. For the two largest paddle amplitudes the maximum
value of ¢ occurs at the dead zone with a very strong peak of 439, at the highest amplitude.
Beyond the dead zone, ¢ has a value of about 33%,.
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Fig. 17. Relative ice volume versus distance from dead zone for o = 13.4 s™* and these paddle amplitudes: 11.4 mm (@) ;
13.0mm (M) ; 14.5 mm (Q); 16.1 mm (A).

Figure 18 shows a similar plot at ¢ = 11.5 s7! for g,k increasing in equal steps from 0.29 to
0.42. The figure again shows values of ¢ of 18-229%, at the leading edge, and an increase of ¢
to values of 32-449%, at the dead zone, where for the largest amplitude, we again observe a
strong maximum. To estimate the sampling error, for the largest amplitude shown in Figure
18, we took at two distances additional samples at both the wave peak and trough. For the
first, at 0.2 m ahead of the dead zone we observed values of 30 and 329, with the larger value
occurring at the wave trough. For the second, at the dead zone we observed values of 36 and
40%,, with the larger value again at the trough. These measurements imply an error of 2—4.%,
in concentration, so that both the trend of the data and the peaks at the dead zone in Figures
17 and 18 appear real.

As additional evidence for the density increase with both distance and a,k, we observed
that at low amplitudes the crystals in the grease ice were randomly oriented. For large ayk, or
ask greater than approximately 0.35, we observed in several cases that the crystals lined up
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Fig. 18. Relative ice volume versus distance from dead zone for ¢ = 11.5 s~ and these paddle amplitudes: 17.7 mm (@),
20.9 mm (M), 24.1 mm (QO), 27.2mm (A).
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parallel to one another. Figure 19 is a sketch of observations drawn for ¢ = 11.8 57! and
ap = 25.6 mm. The short lines in the grease ice are drawn parallel to the plane of the platelets,
or perpendicular to the ¢-axis. The figure shows that near the surface the crystals are perpen-
dicular to the streaming velocity, whereas in the downwelling and return-flow region they
are parallel to the velocity. At the turbulent leading edge the crystal orientation is random
as the crystals turn over to be lined up again as they move toward the dead zone. Because a
collection of platelets which all have the same orientation can be packed more tightly together
than randomly oriented platelets, this change in crystal orientation may explain the increases
in ¢ near the dead zone at high amplitudes.

Fig. 19. Schematic diagram of crystal platelet orientation for the case of high-amplitude wave decay. Short lines in grease ice are
perpendicular to platelet c-axes.

6.3. The ice salinity

The ice crystals consist of fresh-water platelets covered with a salt-water film which in our
funnel measurements does not gravity-drain from the ice. For the 21 samples discussed in the
previous section, we determined the salinity of the melted crystal sample s; indirectly from
measurements of the salinities of both the total sample st and the open water s,,.

First, because the surface temperature of both the grease ice and the open water are nearly
equal and at the freezing point, the water salinity within the grease ice nearly equals 5,. Then
by application of mass conservation to the melted sample, we calculated s5; from the measured
values of ¢, s1, and 5,, where in our particular case, salt rejection from the grease ice increased
5o such that s, = 38.4%, for a density p, = 1 029 kg m—3. From the twenty-one samples, we
found that

si= 11.842.1%, (16)

where 2.1 is the standard deviation. The ratio of the ice to the open-water salinity in our
experiment is therefore

Sifsy = 0.91.

If we assume that this ratio applies for oceanographic salinities, then s; can be estimated in
regions of high grease-ice growth. Combination of this s; with estimates of ¢ and the ice growth
rate would permit calculation of the oceanic salt flux.

Therefore, the frazil ice consists of pure crystals coated with a 38.4%, solution such that
the salinity of the melted solution is 11.8%,. From mass conservation the frazil ice consists of
289, brine solution and 729, solid fresh-water ice, so that the frazil-ice density is py = g50
kg m—3. Finally, the grease-ice slurry consists of a fraction ¢ of frazil ice and a fraction 1—¢
of brine, so that the slurry density p’ is

p' = [950+1 029(1—0)] kg m~>. (17)

In the next subsection we use p’ to calculate from Equation (10) the grease-ice depth £ at the
dead zone.
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6.4. The grease-ice thickness

To calculate &, we substitute Equation (17) and p, into Equation (10) to obtain
I (a,k)? 1 029
4 kK 79¢ °
For the eight experiments shown in Figures 17 and 18, Table II compares the observed and
calculated values of . In Table II the first column lists the paddle amplitude. Since we did
not measure a, in this set of experiments, the second column lists the range of g,k taken from
Table I for the same amplitude and frequency. The third column lists the value of ¢ at the
dead zone, and the fourth and fifth columns compare the observed 4 with the calculated range
of & from Equation (18). With one exception, comparison of the two columns shows that for
both runs the calculated value of £ is 10-30%, smaller than the observed. Also, the theory
predicts that because of the concentration increase at the highest frequencies in both cases, the
calculated / actually decreases slightly, an effect which none of our data exhibits.

(18)

TaBLE II. COMPARISON OF OBSERVED AND CALCULATED GREASE-ICE

THICKNESS
c
Paddle at dead h h
amplitude agk zone observed calculated
mm mm mim
o= 134854 k= 184 m!
11.4 0.28-0.30 0.34 70 41— 47
13.0 0.31-0.33 0.32 75 53— 6o
14.5 0-33—0-38 0.35 85 58— 73
16.1 0.36-0.38 0.43 90 53— 59
o= 11554 k= 13.6 m™!
17.1 0.29-0.30 0.35 8o 58— 62
20.9 0.31-0.33 0.33 100 70— 79
24.1 0.35-0.38 0.34 105 86-102
27.2 0.29-0.43 0.44 120 83-101

The cause of the discrepancy between the fourth and fifth column is probably our assump-
tion that the grease-ice density is constant. In reality, because upward crystal sedimentation
driven by the ice buoyancy produces compaction and a near-surface density increase, the
density probably decreases with depth. In this case, the observed thickness & would be
increased over that predicted by Equation (18) while still allowing the hydrostatic balance to
hold. Further, the derivation of Equation (18) assumes that the grease ice at the dead zone is a
fluid, whereas because the grease ice is actually going through a transition from fluid to solid
behavior, internal stresses could support a greater thickness than predicted. To resolve this
problem, the best technique would be to make measurements of density with depth.

7- THE YIELD-STRESS MODEL

In this section we show that if a yield-stress model describes the grease-ice viscosity, the
wave amplitude decays linearly. Then from comparison of the calculated wave slope with our
observed o, we find that a yield-stress model describes our data when the yield-stress coefficient
is proportional to the radiation stress.

To review briefly the previous literature, we examine two related studies: the break-up of
fresh-water ice jams and the flow of human blood. First, Uzuner and Kennedy (1974)
summarize previous work and describe their laboratory experiments in a cold-room test flume
on the formation and break-up of ice jams. In their experiments they compress a model ice
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jam made up of fresh-water ice blocks with a vertical plate moving at a constant velocity while
simultaneously measuring the compressive force on the plate. They did these tests for several
different plate velocities and block sizes with dimensions of order 10-100 mm.

Their results and those of Merino, which they cite and summarize, show that the com-
pressive strength of ice jams increases from a constant value dependent on the block size and
geometry as the deformation rate decreases. They explain the strength increase at low
deformation rates as a regelation effect (Hobbs, 1974, chapter 5.12), caused by the formation
of cohesive bonds between the blocks. Uzuner and Kennedy also find that because higher
pressures increase the block concentration to result in a greater density of block-to-block
contact, the ice jam strength also increases with the applied pressure. Finally, in an argument
similar to our sintering discussion in Section 4, they suggest that the decrease in failure strength
as the deformation rate increases results from the fact that the bonds between the blocks
require a certain time to form, so that high deformation rates lead to low adhesion rates.

Second, studies of human blood (reviewed by Lightfoot, 1974, chapter 2, and Cokelet,
1972) show that blood viscosity also increases greatly as the rate-of-shear decreases. Blood
has several similarities to grease ice; namely blood consists of a saline solution of red blood
cells, which are biconcave discs measuring about 2 pm thick by 9 pm in diameter. The volume
concentration of these cells ranges from about 10-45%; the saline solution also contains about
3%, concentration by weight of long-chain proteins. At high shear rates the red blood cells
move independently, while at low shear rates because of the proteins, the cells join together
into aggregates of as many as 40 cells, which greatly increases the viscosity. Also as we discuss
further below, blood viscosity increases with concentration.

Analytically as Lightfoot (1974) and Cokelet (1972) show, the Casson equation describes
the viscosity of blood in terms of a yield-stress coefficient. Because of the similarities between
grease ice and blood, we next apply the yield-stress model to the grease ice. To do this, we
first define the scalar shear rate and shear stress from the rate-of-shear and shear-stress tensors.
Following Bird (1976), we write the rate-of-shear yyy as

ou;  Ouy
= (19)
where u;, u; are velocity vectors, and define the scalar shear rate y as
y* = dvuy* (20)
Similarly, from the tensor shear stress 7yj, we write the scalar shear stress T as
72 = Tyt (21)
Then from Merrill and others (1965), the Casson model gives
mt = Cyt+4-b (22)

where b2 is the yield-stress coefficient and C?is the constant viscosity which applies in the limit
of large rate-of-shear. Because we restrict our interest in the experiments to the high-viscosity
linear-slope region between the depth £~ and the dead zone, we approximate Equation (22)

as
T = b (23)
From Equation (23) the effective viscosity p is given by
T G
p=r==, (24)
i é Y

so that at high shear rates p — 0, and at low shear rates p > co.
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To calculate the energy decay for a wave propagating through a fluid with its viscosity
described by Equation (24), we follow Phillips (1966, chapters 2 and 3) and write the energy

dissipation per unit area K as

n o

E——*—fw‘dyz—fwzdy (25)
-0 — -

where the dot on E'is the time derivative and the second integral is correct to order (ak)2. For

deep water waves

y = 20ak exp (ky), (26)
so that substitution of Equations (26) and (24) into Equation (25) gives
E = —20ab?. (27)

To write Equation (27) as a differential equation in E, we follow Wadhams (unpublished,
chapter 6). First, from Phillips (1966) the wave energy is

E = }p'ga?, (28)
so that substitution for a from Equation (28) into Equation (27) gives as the first-order
equation for E:

E+(p'g)-teloh?E} = o, (29)
To rewrite Equation (29) as a spatial decay equation so that it models our experiments, we
note from Phillips (1966, chapter 3.7) that for energy propagation in waves

d 0
% %o (30)

where ¢; = o/2k is the group velocity. Substitution of Equation (30) into Equation (29) and
solution of the resultant equation, following Wadhams, with the boundary condition that
a = a, at x = 0, gives

= 4b%k
a=a,— o> (31)
The calculated slope «. of the wave decay for the yield-stress model is then
 4b%
e = pg (32)

For constant b, «. depends only on & and increases as k increases, so that the slope is largest
at short wavelengths. Unlike our observations, « is independent of ayk.

Cokelet (1972, fig. 2) however, shows that the yield-stress coefficient for blood increases
as the cube of the red blood cell concentration. Physically, the cause of this increase is that,
as the concentration increases, the likelihood that cells aggregate with other cells increases.
On similar physical grounds, because Table II shows that the value of ¢ at the dead zone
appears to increase non-linearly with increases in a,k, we suspect that 2 in the above equations
also increases with grease-ice concentrations. If we neglect the variation in ¢ ahead of the dead
zone and assume that the dead-zone concentration determines 42, then we arrive at a physical
basis for the dependence of & on a,k.

To solve for 42 on the assumption that the yield-stress model is correct, we set a¢ in Equation
(32) equal to « in Figure 13b, write 0.252 as 0.25, and find

I agk)?
b = 'E P'g % ’ (33)

which has a similar functional form to Equations (9) and (11). To calculate the possible range
of b* in our experiments, we substitute for a, and & from Table I and find that b2 ranges from
2 to 9 N m=2, with the larger values occurring at the lower frequencies.
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Also, from the definition of the radiation stress in Equation (7), we write
==L
4r

where § is the open-water radiation stress. This equation shows that at a fixed frequency, b*
increases with the applied stress; this result is similar to Uzuner and Kennedy’s observation
that the failure strength of an ice jam increases with compression. In our case, the dependence
of b2 on § suggests that the stress increase causes the observed concentration increase so that
more sintering occurs per unit volume, with the additional slight possibility of some regelation
bond growth at large values of S.

8. CONCLUDING REMARKS

In summary, the experiments show that grease-ice growth in a wave field occurs very
rapidly, and that the grease ice is a very efficient wave absorber. Comparison of our experi-
mental wave-decay data with a mathematical yield-stress viscosity model shows for any
particular frequency that, if the yield-stress coefficient is proportional to the momentum flux
of the incident wave, the yield-stress model describes our observed wave decay. Our observa-
tions also strongly suggest that the cause of this non-linear viscosity is a combination of the
sintering together of the frazil platelets and the increase in frazil-ice density with wave-
momentum flux. In large polar polynyas it is very likely that this viscosity increase contributes
to the intensity of the wind- and wave-driven Langmuir circulation and to the observed
formation of the grease-ice plumes.
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