
Sea-ice studies

Drifted snow affects momentum exchange over sea ice
EDGAR L ANDREAS and KERRY J. CLAFFEY, U.S. Army Cold Regions Research and Engineering Laboratory,

Hanover, New Hampshire 03755-1290

T
he air-ice drag coefficient at reference height r (CDr) is
defined by

pu 2 . PCDr(1•(1)

Here, t is the surface stress or momentum flux induced
by wind blowing over the surface, p is the air density, u is the
friction velocity, and Ur is the mean wind speed at height r.
Because t is a key component of the momentum balance of
sea ice, knowing CDr greatly simplifies analytical or numerical
models of drifting sea ice.

Normally, besides depending on r, CDr also depends on
the stratification of the atmospheric surface layer. For com-
paring CDr values measured in a variety of conditions, it is
customary to remove these stability effects analytically and to
concentrate on the neutral-stability drag coefficient refer-
enced to a height of 10 meters (m), CDN10. Andreas and Mur-
phy (1986), among others, showed how to handle these trans-
formations.

Alternatively, by measuring u and Ur when the stratifica-
tion is near-neutral, CDN1 0 is obtained directly without the
added uncertainty of using empirical functions to remove the
stability effects. This is just what we did on Ice Station Wed-
dell-i (ISW-1) (Anonymous 1992; ISW Group 1993). We
obtained 197 values of CDN10 by measuring the wind speed
profile at four levels between 0.5 and 4.0 m above the surface
during episodes of near-neutral stratification (Andreas et al.
1992; Andreas and Claffey 1992, pp. J109-J112; Andreas and
Claffey in preparation).

At a single site on 15W-I, during the 30 days of our meas-
urements, we found CDNIO values that ranged between
1.27x10 3 and 2.54x10 3 . Although there is nothing unusual
about measuring individual values within this range—they
have been observed before (e.g., Overland 1985)—the range
itself is startling. Though no deformation occurred in the
underlying ice in the vicinity of our profile mast to change its
inherent roughness, our CDN10 values, nevertheless, ranged
from -33 to +33 percent of the mean value of CDNJO,
1.91x iO. Drifting snow, not ice deformation, was the cause.

On ISW-1, we also made hourly surface-level observa-
tions of many other meteorological quantities almost contin-
uously from 25 February to 29 May 1992 (Andreas et al. 1992).

Our Russian meteorological colleagues on 15W-1 made 6-
hourly "synoptic" observations during this same period. On 1
March 1992, they began including observations of drifting
and blowing snow in their synoptic report. We have com-
bined these observations of wind-driven snow with our
hourly averaged wind speed at a height of 5 m and show the
result in figure 1. In the figure, the primary distinction is
between drifting and blowing snow. Drifting snow is below
eye level; blowing snow is above eye level and, thus, obscures
visibility.

The point that figure 1 establishes is that, on ISW-1 at
fairly modest wind speeds [6-8 meters per second (in
some form of wind-driven snow was present about 60 percent
of the time. At speeds above 8 m s, wind-driven snow was
virtually guaranteed. All in all, roughly 20 percent of the time
on ISW-1, some form of wind-driven snow was present. In
other words, wind and snow were continually altering the sur-
face; a persistent wind of 6-8 m s would begin building
snowdrifts parallel to the mean wind. High winds from a new
direction would erode these drifts and begin building drifts
aligned with the new direction.
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Figure 1. Ice Station Weddell-1 observations showing the percentage
of the time with wind-driven snow for a given hourly averaged 5-rn
wind speed. The terminology follows World Meteorological Organiza-
tion guidelines. Above each histogram bar is the number of hourly
averaged wind speeds that we measured within the indicated range.
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Figure 2 shows one such event that our drag coefficient
measurements captured. At the start of this event, CDNJO was
relatively high; however, because the wind blew at over 8 m
s 1 from a fairly constant direction, it eroded existing snow-
drifts and built new drifts that streamlined the surface in the
mean wind direction. As a result, CDN10 decreased.

In the figure at roughly 1400 hours on day 64, the wind
began turning. Since the surface was not as streamlined in this
new direction, CDN10 increased. But on day 65, the wind direc-
tion stayed fairly constant, and CDN10 again decreased as the
drifting snow streamlined the surface in this new direction.

During our deployment on ISW-1, we observed a couple
of other such episodes of decreasing CDN10 as a consequence
of drifting snow. Thus, the sequence was repeatable and

seems to be an essential feature of air-ice coupling in the
Weddell Sea and probably elsewhere.

To test whether our explanation for these observations is
theoretically sound, we have adapted Raupach's (1992) physi -
cally based analytical model of form drag to treat the rudi-
mentary sastrugi that we observed on 15W-1 (Andreas in
preparation). Figure 3 shows some of our model predictions
for CDN10 over sastrugi that cover 15 percent of the surface
(Y=O. 15). 1 is the orientation of the mean wind with respect to
the long axis of the sastrugi, with =0 0 being perfect axial
alignment.

We find that when sastrugi height h is taken as 10 cen-
timeters, the model reproduces our observations quite well.
When the wind is well aligned with the sastrugi ((I12 0), the
model predicts that CDN1O is 1.43-1.45x 10-, roughly the lower
limit of our observed drag coefficients. As L' increases and the
wind sees more of the sides of the sastrugi, the modeled CDN10
increases to 2.73x 10, again in the approximate range of our
maximum observed values.

In conclusion, when the 5-m wind exceeds 6-8 meters per
second, it begins eroding any snowdrifts at right angles to it
and deposits this snow to streamline the surface in the cur-
rent wind direction. Consequently, if these high winds persist,
the snow surface gets more streamlined as the drifts build;
CDN10 thus decreases as evidence of this streamlining. Our
single ISW-1 floe thereby yielded a wide range of CDN10 values
that reflected the wind's integrated history.

We thankA.W. Hogan and C.C. Ryerson for reviewing the
manuscript. This research was supported by National Science
Foundation grants OPP 90-24544 and OPP 93-12642.
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Figure 3. Model calculations of CON10 as a function of wind orientation
(P) with respect to the dominant axis of the sastrugi. Here, the sastru-
gi cover 15 percent of the surface (y=0.15) and have uniform peak
heights (h) of either 5, 10, or 20 centimeters (cm), as indicated.
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Figure 2. A 2-day event on ISW-1 characterized by a relatively con-
stant wind direction and 5-rn winds (1/5) strong enough to transport
snow. The CON10 values come from our profile analysis. (m/s denotes
meters per second.)
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A cispersec pancake ice tieia in tne \Neddei Sea. (Courtesy of S.F. Ackley).
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Wave-pancake ice interactions
HAYLEY H. SHEN and SUSAN FRANKENSTEIN, Department of Civil and Environmental Engineering, Clarkson University,

Potsdam, New York 13699-5710

D
uring the 1986 Winter Weddell Sea Project (WWSP), a
new mechanism for the formation of ice at the advancing

edge was observed. This so-called pancake cycle (Lange et al.
1989) begins with a high rate of ice-crystal production in a
turbulent wave field. These crystals later congeal into circu-
lar-shaped floes, typically less than 1 meter (m) in diameter.
These floes are called pancake ice. Wave action, along with
the production of more frazil in the open area between floes,
causes these pancake floes to freeze together rapidly to form a
continuous cover. The extent of the southern ocean covered
by this process in the early austral winter is estimated at 6
million square kilometers (Wadhams 1994). Except in areas
such as the Bering Sea and the Odden tongue in the Green-
land Sea, ice-cover formation in the antarctic region is
markedly different from that in the arctic and subarctic. A
consequence of this formation is the extremely rapid heat
exchange with the atmosphere and a salt flux to the underly-
ing water. A plan view of the pancake ice field observed in the
Weddell Sea is shown in the figure.

The presence of ocean waves is believed to be responsi-
ble for this "pancake cycle." Our study is to investigate, both
experimentally and theoretically, how waves interact with
individual pancake floes to form a continuous ice sheet.

The experimental work consists of two phases. Phase one
was done with plastic slabs placed in a wave tank. The wave
tank has a dimension of 19.8 m x 1.83 m x 0.9 m and is capa-
ble of producing monochromatic waves with a frequency of
0.21 to approximately 0.89 hertz, a wave length of 1.9 to
approximately 11.1 m, and an amplitude of 0.5 to approxi-
mately 8 centimeters. Two sizes of plastic slabs were used.
Both had surface areas measuring 0.2 m x 1.79 m. Their thick-
nesses varied and were 3.175 millimeters and 6.35 millime-
ters, respectively. This phase of the experiment was to deter-
mine the drift of a single floe and the interaction between
multiple floes. The results of this phase of study are being
used to help verify a theoretical model. This theoretical model
will be used to quantify the effect of waves on a field of dis-
persed ice floes.
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Phase two of the experimental study
will be done in a refrigerated wave tank hav-
ing dimensions 39 m x 1.22 m x 0.61 m.
Slabs of urea ice will be placed in this tank
to study the freezing process between
neighboring floes under various wave con-
ditions. Results of this experiment will be
checked against the parallel theoretical
development.

Preliminary results from phase one
have been obtained. The drift patterns
determined from both theory and experi-
ment are currently being compared. The
oscillation amplitude, drift velocity, and
time for the floe to become trapped at a sin-
gle location are the parameters being inves-
tigated. Initial comparisons look promising
although some inconsistencies are being
found. More work needs to be done before
conclusive statements can be made.




