
feature in approximately 8 hours. Large mixing rates were found
throughout the surface layer. We should be able to determine a
plausible source region for this eddy from an analysis of its
temperature /salinity relationship and develop some understand-
ing of the role of such features in the overall horizontal property
fluxes in this region.

Considerable intrusive activity within the permanent
pycnocline was documented throughout the drift (see figure 2 of
Pdman and Levine 1994). The frequently strong vertical prop-
erty gradients at the edges of these intrusions suggests that they
may be responsible for enhancing the diapycnal property fluxes.
The hydrographic profiles through intrusions also indicate the
potential for enhanced fluxes due to double diffusive processes,
even in the absence of the more usual shear-driven mixing.

Padman and Levine (1994) noted an example of double-
diffusive steps through which the modeled vertical heat flux
14ould be several watts per square meter. We will be investigating
tI ie regional distribution of double-diffusive features in order to
determine the importance of this process to water mass modifica-
ti in the western Weddell Sea.

Ackley et al. (1994) reports that the substantial slush layer
e countered at the ice/snow interface was a result of seawater
fl ooding due to the depression of the sea ice by snow loading. The
subsequent freezing of this slush layer at the ice/snow interface

as monitored and reported by Ackley et al. (this issue) as
C ntributing tens of centimeters of ice growth. This method of
acreation, considerably more efficient than that associated with
leat losses through the ice cover, influences the upper ocean

thermodynamic budget by as much as 25 to 30 percent during the
fall. This heat loss significantly improves the efficiency with
which ice is formed and the pycnocline eroded due to the subse-
quent salt rejection. The latter was shown to enter the water
column through the abundant brine channels that were docu-
mented by underwater video footage shot by the Russian dive
team of Mel nikov and Grischenko.

We wish to acknowledge the contributions of Roger Anderson
and Ted Baker who made many of the upper-ocean physics
measurements and set up and dismantled the equipment. Also,
thanks to Arnold Gordon, scientific coordinator; Valery Lukin,
ice station manager; and Jay Ardai, technical coordinator, for
their general contributions to the success of the camp. This work
was supported in part by National Science Foundation grants
DPP 9O-25083(DGM), DPP 91-10422(MGM), DPP 91-10423 (JHM),
and DPP 90-24695 (LP).
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For Ice Station Weddell I(ISW), we executed a field research
program aimed at characterizing the velocity, density, tempera-
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ture, and turbulent structure of the upper ocean under the
multiyear ice pack of the western Weddell Sea. Our primary goal
was to explore the transfer of momentum and heat between the
ice and ocean in this little explored region, which has a poten-
tially important impact on bottom-water transformation and on
the climate of the deep world ocean.

Two approaches were used: First, at the manned ice station,
we deployed an inverted mast with instrument clusters at six
levels from 4 to 24 meters below the ice and ocean interface. Each
cluster measured temperature, conductivity, and three orthogo-
nal components of current velocity 6 times per second. The
instrument frame operated continuously from late March to ear-
ly June 1992.

Second, we also deployed a cluster of unmanned, ARGOS-
transmitting data buoys at site Chris, about 50 kilometers west of
the main camp. Collectively, these buoys include a basic meteor-
ological package, temperature, and conductivity at six levels in
the upper ocean (10,40,70, 120,200,300 meters), a high vertical-
resolution thermistor chain, plus a travel-time acoustic current
meter at 10 meters. The current meter samples horizontal velocity
variance, as well as mean velocity. The buoys were deployed in
early March and are continuing to transmit data by satellite.

Here we present a sampling of results from a preliminary
analysis: one set from the manned station turbulence-cluster
mast during a storm in late March, and the second, a month-
long record of estimated ocean and ice heat flux from the buoy
cluster initially 50 kilometers west of the manned station.

With three-dimensional current structure measured at several
levels, we estimate turbulent flux of momentum by forming a
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Figure 1. (A) Hodograph (plan view) of 6-hour average currents
measured relative to the ice on 27 March 1992. Numbers at each
vector tip indicate in meters the distance below the ice/water interface.
Orientation with respect to magnetic north is indicated to the left. (B)
Similar hodograph of t=(u'w)i+ (v'w9jfor the same time period and
orientation. (Dotted spiral is an Ekman stress model with K
approximately 150 cm2s 1 , and the dashed arrow is the inferred
Interfacial stress.)

Reynolds stress tensor from the six possible zero-lag covariance
components. Of particular interest is the kinematic, horizontal
Reynolds stress vector and u •, a scale velocity representing the
square root of its magnitude. Another useful scalar is the turbu-
lent kinetic energy velocity, q, which is the square root of twice
the turbulent kinetic energy per unit mass. The vertical compo-
nent of turbulent heat flux per unit mass is the specific heat of
seawater times the zero-lag covariance of vertical velocity and
temperature (for definitions and techniques, see McPhee 1992).

On 27 March 1992, winds blew the ice pack north, developing
strong relative currents in the mixed layer. We have examined
approximately 12 hours of data from that storm and found the
results tantalizing. One current meter at 12 meters failed, leaving
five instrument clusters with full, three-dimensional current
records. A 6-hour average of horizontal velocity, measured rela-
tive to the drifting ice, is shown in figure la. Coriolis turning
(Ekman dynamics) is readily apparent in the leftward turn-
ing with increasing depth. Unlike the mean-velocity profile,
Reynolds stress is not sensitive to rapid variation of eddy viscos-
ity in the surface layer, nor is its representation affected by the
translation of the reference frame. Thus, in horizontal Reynolds

Figure 2. Twelve-hour time series from cluster 1,4 meters below th
ice, showing data from 15-minute flow realizations smoothed with a
1-hour running average. Upper panel shows the current speed
center panel shows the TKE scale velocity, q (light shading) and
friction velocity, u (darker shading); lower panel shows the turbulent
heat flux, pc(w'T').

stress, an "Ekman spiral" is possible, and a reasonable approxi-
mation is in fact observed when the 6-hour average stress vect-
ors (i.e., t = (u'w') i + (v'w') j) are displayed (figure ib). Also
drawn is a similarity Ekman solution (McPhee 1990) chosen so
that the stress matches the average of 4-meter and 8-meter ob-
served values. The inferred surface stress (dashed arrow) is rotated
clockwise from the 4-meter stress and closer to alignment with
the near-surface relative velocity. The eddy viscosity in this case
is about 150 square centimeters per second. Normally, other
factors in the force balance distort the stress profile (McPhee et
al. 1987); this example is one of the purest stress spirals we have
yet encountered.

A 12-hour series of scalar properties at 4 meters is shown in
figure 2. Both turbulent velocity scales, q and u, are shown in the
center panel to be relatively uniform over the period. Although
small in magnitude, turbulent heat flux is much more variable.
The positive flux in the first part of the period may result from
entrainment of heat into the mixed layer from below, which
relaxes after 6 hours as the stress temporarily diminishes. Heat
flux time series at lower levels are similar.

Figure 3 shows a month-long time series of upward heat flux
at the buoy cluster site west of camp, calculated from the horizon-
tal velocity variance 7.5 meters below the ice along with tempera-
ture and freezing temperature (based on salinity) at the same
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Figure 3. Time series of 6-hour averages of turbulent scaling velocity,
qH (top), elevation of mixed layer temperature above freezing,
(center), and derived oceanic heat flux at 7.5 meters (bottom). Heat
flux Is pcpchu*dT, where u* = qH/(0.89 x 2.62), and Ch 0.006.

level. We used the formula suggested by McPhee (1992) derived
from extensive turbulence measurements in the Arctic, and esti-
mated u from the horizontal velocity variance (McPhee 1989).
Although the record begins a few days after the storm docu-
mented in figures 1 and 2 at the main camp, peak heat flux and
turbulent scale velocity values are similar. Indeed, the 12 hours
of figure 2 could easily be a subset of figure 3, so that apparently
neither the methods nor the sites differ radically.

We acknowledge Roger Andersen for an outstanding job in
the initial setup of both the buoy and turbulence mast projects, in
addition to performing many crucial camp-related duties. We are
also indebted to Ted Baker for enthusiastically continuing the
program into the night shift, after taking over from DGM. We
also thank the camp management team, led by V. Lukin and J.
Ardai, for their excellent support. This program was supported
by National Science Foundation grants DPP 90-25083 (DGM),
DPP 91-10422 (MGM), and DPP 91-10423 OHM).
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Thermal finestructure and turbulence
in the western Weddell Sea
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As part of thejoint Russian/U.S. ice camp, Ice Station Weddell
#1 (ISW), we deployed a temperature recorder mooring and
microstructure profiler to measure the small-scale oceanic vari-
ability in the upper 350 meters under the pack ice of the western
Weddell Sea. A brief review of these measurements is presented,
emphasizing the small-scale mixing and diffusive processes that
appear to be most responsible for vertical fluxes of heat, salt, and
momentum in the upper pycnocline and mixed layer. An over-
view for the ISW project is given by Gordon and Lukin.

Field operations. ISW was deployed by the Russian research
icebreaker Akademik Federov in late January 1992 on an ice floe
near 71.5'S 50' W, near the 2,000-meter isobath. The camp then
drifted northwards until recovery near 66' 5 52.7' W in June by

the Federov and the new U.S. research icebreaker Palmer. For most
of the duration of ISW, the water depth was between 2,000 and
3,000 meters (mid-slope). Time series of temperature were ob-
tained from 15 internally recording Miniature Data Recorders
(MDRs), manufactured by AlphaOmega. The MDRS were. de-
ployed between 12.5 and 290 meters below the ice base, and
sampled at 2-minute intervals with a resolution of about 0.001 'C.
The deepest MDR also included a pressure transducer to monitor
mooring motion. These data (figure 1) provide a background of
both large-scale and fine-scale variability in the upper ocean.

About 600 vertical profiles of velocity shear, temperature,
and salinity at centimeter scales were obtained throughout the
drift with the Rapid Sampling Vertical Profiler (RSVP) (Padman
and Dillon 1991). The RSVP is a tethered profiler that free-falls
from the surface to about 350 meters at 0.8 meters per second, and
records data at 256 hertz. The data are transmitted through the
tether for recording at the surface. These data are used to quan-
tify the rates of turbulent diffusion of momentum, heat, and salt
and to investigate other small-scale processes such as double
diffusion and interleaving that affect the rates of water mass
modification in the western Weddell Sea. The profiles will be
valuable for studying the interactions between the sea-ice cover,
the seasonal mixed layer, and the underlying pycnocline.

Temperature data. Two deployments of the temperature re-
corders were made. The first was for a duration of approximately
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