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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

LAURIE PADMAN AND MURRAY D. LEVINE

College of Oceanography
Oregon State University

Corvallis, Oregon 97331-5503

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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Figure 1. Transect of daily-averaged temperature in the upper 150 meters from the moored temperature recorders. The nominal depth of each
recorder is shown. The shaded area (temperature less than -1.850 during the second deployment) approximates the depth of the surface mixed
layer.

2 weeks while the second ran for about 10 weeks. The depths of
some of the recorders were changed between deployments based
on our improving picture of the hydrography of the region from
conductivity-temperature-depth (CTD) and RSVP profiling. Fig-
ure 1 shows the time variability of daily averaged temperature in
the upper 150 meters in both deployments. The seasonal deepen-
ing of the mixed layer, approximately by the depth of the -1.85
isotherm, is clearly seen with the improved vertical resolution in
the upper 100 meters during the second deployment.

High-frequency variability is also observed in the thermistor
data, with plausible sources being vertical isopycnal motions of
internal waves and the episodic presence of large intrusions in the
upper pycnocline.

Microstructure profiles. A typical microstructure profile is
shown in figure 2. A fairly homogeneous surface layer about 30
meters thick overlies a region of small vertical temperature (and
density) gradient, followed by a transition near 25 meters into the
permanent thermocline. We suspect that the region of weak
thermal stratification between 30 and 200 meters represents the
previous winter's mixed layer, while the observed mixed layer (0
to 30 meters) is the result of the spring/summer ice melt.

Below the seasonal pycnocline, common features are intru-
sions (e.g., near 300 meters in figure 2) and thermohaline steps

(e.g., from 250 to 310 meters in figure 2). Intrusions are seen as
fine-scale variability in the vertical profiles of T and S. They
typically arise through horizontal variations in the T-S relation-
ship, since the temperature (or salinity) can change significantly
along lines of constant density. We will be able to use sequences
of RSVP profiles and simultaneous current observations to infer
the length scales of intrusive features. Thermohaline steps have
been identified previously in the central Weddell Sea (e.g., Foster
and Carmack 1976; Muench et al. 1990). Steps are the result of
double-diffusive convection, which is a process that can cause
greatly enhanced vertical fluxes of heat, salt, and momentum
simply due to the large difference in the molecular diffusivities
of temperature and salinity (Turner 1973). Such steps are only
formed when both T and S increase with depth, i.e., the salinity
gradient by itself would be gravitationally stable while the tem-
perature profile alone would be unstable. Oceanic occurrences of
double-diffusive convection are principally found in polar regions
where the surface water is cold and fresh, while the deeper water
is warmer and saltier. For steps like those in figure 2, empirical
formulae (e.g., Marmorino and Caldwell 1976) predict vertical heat
fluxes of several watts per square meter. Double diffusion might
therefore be a significant process in the evolution of the pycnocline
as the deeper water circulates around the Weddell Gyre.
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Figure 2. A profile of temperature (T), salinity (S), density (0), and
microscale velocity shear (Uj, from year-day 74 (14 March 1992).
The velocity shear is a measure of the turbulent mixing rate. Below
60 meters, the measured values of U are at the noise floor.

The most energetic mixing (kinetic energy dissipation rate, t)
in the profiles that have so far been analyzed was found in the
surface layer as seen in figure 2. Surface layer mixing provides a
mechanism for heat from the upper pycnocline to be lost through
the ice cover. Our preliminary analyses suggest that this mixing

was caused by the friction due to the motion of the surface layer
currents relative to the rough bottom of the pack ice, since mixing
was only large when the ice-relative surface current was high.
This condition occurred particularly during the initial stages of
storms when the ice motion was large due to wind forcing but
before the surface layer had accelerated. Another potential source
of surface layer mixing is convection caused by salt rejection from
forming ice. While this has not been observed in the profiles
analyzed so far, it may prove to be a significant source of surface
mixing in data collected later in winter as the heat lost through the
ice increased.

Peter Wilkniss, Bernie Lettau, and Al Sutherland (NSF) are to
be commended for their faith in our collective scientific ability to
perform this experiment. Arnold Gordon (LDGO) provided the
overall U.S. science leadership prior to, and during, the experi-
ment. John Evans and Kirk Kiyota (ASA), Jay Ardai (LDGO),
and Valery Lukin (AARI, St. Petersburg) provided the necessary
on-site logistics and managerial support. Doug Martinson and
Ted Baker (LDGO) carried on the RSVP profiling past the first
leg, resulting in an order-of-magnitude improvement in the
value of the microstructure data from what was expected. Walt
Waldorf (OSU) prepared and packed the instruments. This study
was supported by National Science Foundation grant DPP 90-
24695.
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