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Abstract. The upward flux of heat from the subsurface core of Warm Deep Water 
(WDW) to the perennially ice-covered sea surface over the continental slope in the 
western Weddell Sea is estimated using data obtained during February-June 1992 
from a drifting ice station. Through the permanent pycnocline the diapycnal heat 
flux is estimated to be about 3 W m -2, predominantly because of double-diffusive 
convection. There is no evidence that shear-driven mixing is important in the 
pycnocline. The estimated mean rate of heat transfer from the mixed layer to the 
ice is 1.7 W m -2, although peak heat fluxes of up to 15 W m -2 are found during 
storms. It is hypothesized that isopycnal mixing along sloping intrusions also 
contributes to the loss of heat from the WDW in this region; however, we are unable 
to quantify the fluxes associated with this process. Intrusions occur intermittently 
throughout this experiment but are most commonly found near the boundary of 
the warm-core current and the shelf-modified water to the east. These heat fluxes 

are significantly lower than the basin-averaged value of 19 W m -2 (Fahrbach et 
al., 1994) that is required to balance the heat budget of the Weddell Gyre. Other 
studies suggest that shelf processes to the west of the ice station drift track and 
more energetic double-diffusive convection in the midgyre to the east could account 
for the difference between our flux estimates for this region and those based on the 
basin-scale heat budget. 

1. Introduction 

The Weddell Sea is believed to be an important 
component of the ocean-atmosphere system and is a 
significant source region for Antarctic Bottom Water 
(AABW) [e.g., Gordon et al., 1993a, b]. The circula- 
tion is dominated by the Weddell Gyre, the structure of 
which is described in detail by Orsi et al. [1993]. The 
(lyre is a clockwise circulation of about 30 Sv (1 Sv = 
106 m 3 s-1) with most (-o90%) of the transport being 
contained in a boundary current located within 500 km 
of the shelf break [Fahrbach et al., 1994]. Water in the 
Gyre loses a significant amount of heat as it travels 
from the eastern Weddell to the northern tip of the 
Antarctic Peninsula. Fahrbach et al. [1994] estimate 
that the oceanic heat loss is equivalent to a flux to the 
atmosphere of 19 W m -2 when averaged over the entire 
Weddell Sea. 

Several different mechanisms are responsible for the 
observed cooling. For example, Muench et al. [1990] 
found that double-diffusive fluxes in the central Gyre, 
away from boundaries, were comparable to the basin- 
scale average flux of 19 W m -2. High fluxes might also 
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occur over the broad, deep continental shelves in the 
southern and western Weddell Sea. Complex physical 
oceanographic interactions occurring on the shelves and 
near the shelf/slope front can contribute to the forma- 
tion of AABW, including the extremely cold and dense 
Weddell Sea Bottom Water (WSBW) [e.g., Carmack, 
1986; Foster et al., 1987]. These processes include those 
due to nonlinearities in the equation of state, such as 
cabbeling [Fofonoff, 1956; Foster, 1972; Foster and Car- 
mack, 1976a] and thermobaricity [see Gill, 1973]. This 
wide range of distinct but interacting processes implies 
that understanding the sensitivity of the Gyre circula- 
tion to perturbations in large-scale forcing requires first 
that the dominant physical processes in each region of 
the Weddell Sea be identified and understood. 

Several physical oceanographic studies have been 
made in regions of the Weddell Sea where the ice cover 
either disappears in summer or is sufficiently thin to 
allow ship access. The western margin, however, is rel- 
atively inaccessible to ships because it is perennially 
covered with thick, second-year ice that has been ad- 
vected into the region from the east. The problem of 
access is particularly acute in winter when the ice cover 
is most compact. Consequently prior to 1992, most data 
in this region consisted of ice drift and ice concentration 
measurements obtained from satellite or aircraft-borne 

sensors and satellite-tracked ice-mounted buoys. Even 
basic features of the bathymetry, such as the location 
of the continental slope, were inferred primarily from 
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satellite altimetry [LaBreque and Ghidella, 1993]. To 
increase the data coverage, a manned camp, Ice Station 
Weddell I (ISW), was established on the mobile pack ice 
near 52øW, 71.5øS in January 1992 by the Russian ice- 
breaker Akademik Federov. A wide variety of oceanic, 
atmospheric, sea-ice, and biological data were collected 
as ISW drifted approximately northward over the cen- 
tral continental slope [Gordon et al., 1993b]. The camp 
was recovered near 52øW, 66øS in early June (Figure 
1). More recently (January 1993), the German research 
vessel Polarstern has obtained data from a cross-slope 
transect to the face of the Larsen Ice Shelf near 69øS 

[Bathmann et al., 1994]. 

Our primary goals in this paper are to estimate the 
upward oceanic heat flux from the WDW to the sur- 
face in the western Weddell Sea and to identify the 
principal physical mechanisms responsible for this flux. 
Toward these goals, we summarize our observations of 
oceanic finestructure and microstructure at ISW and 

describe the processes responsible for this flux. The fol- 
lowing section describes the data and section 3 gives an 
overview of the spatial and temporal variation of the 
upper ocean hydrography. Section 4 discusses the var- 
ious processes responsible for vertical heat flux in the 
upper ocean. A discussion and summary are provided 
in section 5. 
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Figure 1. Drift track of Ice Station Weddell: daily positions indicated by dots. Depth contours 
are in meters, with depths less than 500 m being shaded. The 500- and 3000-m isobaths are 
shown bold. Time along drift track is in day of year. Roman numerals refer to the regimes 
defined in section 3. 
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2. The Experiment 

Ice Station Weddell i (ISW) was established in late 
January 1992 on a floe of multiyear ice located over the 
continental slope. ISW initially drifted southwest to- 
ward shallower water, then turned northward and trav- 
eled downslope to deeper water, after which it continued 
northward roughly following the 3000-m isobath (Fig- 
ure 1). Gordon et al. [1993b] review ISW and its asso- 
ciated measurements. 

We collected approximately 700 microstructure pro- 
files using the Rapid-Sampling Vertical Profiler (RSVP) 
[Caldwell et al., 1985; Padman and Dillon, 1987, 1991] 
between February 26 and May 27, 1992. These dates 
correspond to year-days 57 and 148. Throughout this 
paper, time t will be given in decimal day-of-year 1992 
(UTC), where t - 1.0 is 0000 on January 1. Most pro- 
files reached from the surface to a depth of about 350 m, 
which is within the permanent pycnocline. During in- 
tensive investigations of the seasonal pycnocline, how- 
ever, shallower profiles were taken, typically to 100 m. 
The cycling time between profiles varied from about 
15 min to days. Several profiles were obtained on most 
days (Figure 2a), with the exception of a 10-day data 
gap from t = 115 to 124. 

The RSVP is a tethered, flee-fall profiler about 1.3 m 
long. Sensors for measuring temperature (T), conduc- 
tivity (C), pressure (P), and microscale velocity shear 
(Uz = Ou/Oz and Vz = Ov/Oz) are located on the nose. 
Each data channel was sampled at 256 Hz. The fall 
rate was about 0.85 rn s-•; therefore each profile to 
350 rn required about 7 min. Sensors to measure T and 
C were a Thermometrics FP07 thermistor and a Nell 

Brown Instruments Systems microconductivity cell, re- 
spectively. The conductivity required frequent recali- 
bration, which was achieved by comparison with the 
closest (in time) CTD profiles obtained by Lamont Do- 
herty Earth Observatory (LDEO). Least significant bit 
(lsb) resolutions of the raw 16-bit records are about 
1.5 x 10-4øC in T and 1.5 x 10 -s S m -• for C. Typ- 
ical rms noise levels based on measurements in non- 

turbulent mixed layers are comparable to the lsb reso- 
lution in T (2.1 x 10-4øC) and an order of magnitude 
larger for C (1.1 x 10 -4 S m- •). For calculating salinity 
(S) and potential density (so), the mismatch between 
the time constants and locations of the T and C sensors 

was taken into account by lagging C by 0.075 m. The 
lag was determined by optimizing the correlation coef- 
ficient between temperature and conductivity gradients 
and minimizing salinity spiking. After incorporating 
the lag, T and C were averaged over 2 s (512 points) and 
used to generate values of S and so at approximately 
1.7-m depth intervals. Temperatures were converted to 
potential temperature (0) using S and measured P. 

Two orthogonally mounted airfoil shear sensors on 
the RSVP measured the velocity shear microstructure 
(uz and vz). The spatial resolution of these probes, ap- 
proximately 0.03 rn [Osborn and Crawford, 1980], can 
resolve most of the Kolmogorov shear spectrum [Ten- 
nekes and Lumley, 1992] for typical oceanic turbulence 

levels. The velocity shear spectra were integrated for 
wave numbers between 2.5 and 40 cycles per meter 
(cpm) to estimate the turbulent kinetic energy dissi- 
pation rate (e) at approximately 1.7-m depth intervals 
(2 s of data). This dissipation rate is related to the 
microscale shear variance by 

(1) 

where • is the kinematic viscosity of seawater, approx- 
imately 1.85 x 10 -6 m 2 s -• for these temperatures and 
salinities, and the angle brackets ( / indicate vertical av- 
eraging. The factor 7.5 results from assuming that the 
velocity fluctuations are isotropic [Tennekes and Lum- 
ley, 1992]. This assumption is generally valid when e 
is sufficiently large that the buoyancy or "Ozmidov" 
length scale Lb = (e/N3) •/2, is much greater that the 
viscous or "Kolmogorov" scale, Lk = (y3/e)1/4 [Dillon, 
1984]. This condition can be written in terms of an "ac- 
tivity" index AT = e/yN2: if AT is greater than about 
24 [Stillinger et al., 1983], then a significant fraction of 
the total velocity shear variance will be found at spatial 
scales that are unaffected by buoyancy. 

Prior to calculating e, the velocity shear records were 
edited for obvious spikes resulting from anomalous fall 
speeds or encounters with biota. Additionally, shear 
values greater than 3 standard deviations from the 
mean shear for each 2-s interval were excluded from the 

variance calculations, since the majority of these large 
shears were believed to be related to biota impacts or 
electronic noise. For e above the noise floor of about 

2 x 10 -9 m 2 s -a, this latter stage of editing made little 
difference to the estimates of e. 

To provide background information on thermal struc- 
ture and internal gravity waves, an ice-mounted moor- 
ing consisting of 15 miniature data recorders (MDRs) 
was deployed twice, with the positions of some sen- 
sors being changed between deployments. The mean 
depths of the MDRs over 2-day intervals are shown in 
Figure 2b for both deployments. A Yellow Springs In- 
struments model YSI40006 thermistor was installed in 

each MDR. The MDRs have a resolution of approxi- 
mately 0.001øC and a long-term stability of 0.03øC. In 
the deepest MDR, a Veritron Corp. model 3000 pres- 
sure sensor was installed to monitor the mooring mo- 
tion. This pressure sensor had a resolution of 0.5 psi 
(-00.3 m). The variations in the sensor depths near 
t - 87 and 145 in Figure 2b are due to mooring mo- 
tion. The depths of sensors above the bottom MDR 
were interpolated using a mooring model forced by a 
depth-independent, ice-relative current. Temperature 
was recorded at 2-min intervals by the upper 14 MDRs, 
and both T and P at 4-min intervals by the deepest 
MDR. Sensors were calibrated before and after the ex- 

periment. 
Additional data collected at ISW by other investiga- 

tors included ISW location, water depth, currents, CTD 
profiles, and meteorological and ice data [Gordon et al., 
1993b]. The drift track of the camp (Figure 1) is based 
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Figure 2. (a) Number of RSVP profiles per day, (b) MDR depths, every two days, (c) water 
depth (m), (d) wind speed (m s-Z), (e) wind direction (øT), and (f) ice-relative current speed at 
50 m (cm $--1) at ISW. 
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on global positioning system (GPS) measurements after 
smoothing with the complex demodulation algorithm 
described by McPhee [1988]. A precision depth recorder 
and an acoustic pinger mounted on the LDEO CTD 
wire were used to determine water depths. To supple- 
ment water depth measurements at ISW, satellite and 
aircraft gravimetric data were used by LaBreque and 
Ghidella [1993] to develop a bathymetric chart for the 
western Weddell Sea. Current velocities at ISW were 

measured at three depths under the ice, 25, 50 (Fig- 
ure 2f), and 200 m [Muench et al., 1993]. CTD profiles 
to the bottom were collected by LDEO roughly at 10 
km intervals along the drift track, i.e., several times per 
week [Gordon et al., 1993b; Huber et al., 1994]. 

3. ISW Upper Ocean Hydrography 

The hydrographic structure of the upper ocean helps 
determine the physical processes that can cause the ver- 
tical transport of heat and salt. We therefore first re- 
view the principal features of the upper ocean hydrogra- 
phy at ISW. For reference, a profile taken at t - 76.018 
is shown (Figure 3). A thin, well-mixed surface layer 
that was present during the earlier portion of the exper- 
iment typically extended to a depth of 20-50 m and was 
bounded below by the seasonal pycnocline. Below the 
seasonal pycnocline, a weakly stratified layer was found. 
This layer had potential temperatures (-1.9 ø to-1.5øC) 
and salinities (typically 34.3 to 34.6 psu) that are char- 
acteristic of the Winter Water layer described by Foster 
and Carmack [1976b] and Muench et al. [1990]. This 
layer is believed to be a remnant of the surface mixed 
layer from the previous winter. The lower portion of 
this layer has been, and continues to be, modified sub- 
stantially by intrusions and vertical mixing. Intrusions 
like those in Figure 3a were typically found between 
150 and 300 m depth throughout the experiment. They 
are clearly visible in 0-S diagrams (e.g., Figure 3b) as 
kinks in the 0-S curve. Below this weakly stratified 
layer was the permanent pycnocline, which was roughly 
300 m thick with a potential density change of about 
0.08 kg m -s. The maximum buoyancy frequency N in 
the permanent pycnocline was about 2 cycle per hour 
(cph). Within both the permanent pycnocline and the 
region of intrusions, double-diffusive steps were found. 

Below the permanent pycnocline there was a core 
of relatively warm water with a potential temperature 
ranging from 0.4 ø to 0.6øC and a salinity of 34.68-34.70 
psu. This water lies within the 0-S space denoted as 
Warm Deep Water (WDW) by Foster and Carmack 
[1976b]. The maximum potential temperature (Omax) 
and salinity ($max) values and their depths (Zomax and 
Zsmax) (Figure 4) were determined from the CTD pro- 
files collected by LDEO and kindly provided by A. Gor- 
don. The value of Omax generally decreased as the ice 
camp moved north [Gordon et al., 1993a]. During the 
first few days of the camp, both Oraax (r'•0.5øC) and 
$max (34.67-34.68) were lower than elsewhere along the 
drift path. Also during this period, both the permanent 
pycnocline and the Zomax were approximately 200 m 
deeper than during the remainder of the experiment. 

The Zsmax was observed to be about 200 m deeper 
than Zomax during most of the experiment, a feature 
also found in the eastern Weddell Sea [Gordon and Hu- 
bet, 1990]. 

Analysis of CTD data from the main camp and cross- 
slope helicopter transects indicates that ISW generally 
drifted near the warm core of the northward-flowing 
western arm of the Weddell Gyre [Gordon et al., 1993a; 
Muench and Gordon, 1995]. Measurements from early 
in the experiment were inshore of the warm core of the 
current, which roughly follows the 2500-m isobath. On 
the basis of changes in bathymetry and upper ocean hy- 
drographic structure, the experiment was divided into 
five time periods or regimes (see Figures 1, 2, and 4 and 
Plate 1). 

Regime I (57 <_ t • 65): The ice camp traveled 
over the upper continental slope, where water depths 
were less than 2000 m. There was a thin, deep seasonal 
pycnocline (•50-75 m) and Zomax was near 800 m. 

Regime II (65 <_ t ( 82): The ice camp drifted 
across the continental slope into deeper water with the 
water depth increasing from 2000 to 2700 m. There 
was a shallower seasonal pycnocline (•30 m) and Zomax 
(•700 m) than in regime I. 

Regime III (82 _< t • 101): The seasonal pyc- 
nocline was weaker than in the previous regimes with 
a typical density difference across the seasonal pycno- 
cline of 0.05-0.1 kg m -s, compared with differences of 
approximately 0.2 earlier in the experiment. This de- 
crease in density difference was caused by an increase 
in salinity and a slight decrease in temperature in the 
surface layer. This temperature decrease (•0.03øC) is 
apparent in the MDR records but is not noticeable in 
Plate la. The temperature maximum was shallower 
than in regimes I and II (Zomax •" 600-650 m). The ice 
station traveled over a deeper portion of the continental 
slope during this period. 

Regime IV (101 <_ • < 120): During this regime, 
the upper water column was in transition from regime 
III to V with a very weak seasonal pycnocline. The 
Z•max was at • 650-700 m, a slight deepening relative 
to regime III. This regime is also characterized by ex- 
tremely variable ice drift (Figure 1) compared with the 
relatively smooth northward motion during regimes 
and V. Analyses of measured and geostrophic currents 
[Muench and Gordon, this issue] indicated a strong in- 
flow of about 9 Sv from the east during this period, 
possibly associated with bathymetric steering of the pri- 
marily barotropic currents by Endeavor Ridge. 

Regime V (120 _< • < 150): The seasonal pyc- 
nocline was absent, and ISW remained over a deeper 
portion of the continental slope. The upper mixed layer 
now included the remnant mixed layer from the previ- 
ous winter. The water column below 200 m was similar 

to that in regime IV. 
The LDEO profiles from regimes IV and V have 

been averaged together to produce representative pro- 
files (Figure 5a). The lack of a seasonal pycnocline dur- 
ing these regimes is apparent, especially when compared 
with Figure 3a, which is a profile taken from regime II. 

In a 12 hour period on Day 99, near the end of regime 
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III, ISW passed over an unusual hydrographic feature 
(denoted in Figures 2 and 4 and Plate I by "F"). This 
feature, which might be a small eddy, has been excluded 
from further analyses of these data. 

4. Vertical Mixing Processes and Rates 

The primary purpose of this study was to investigate 
the rate of heat transport from the subsurface Warm 
Deep Water (WDW) to the ocean surface. We concen- 

trated on processes which occur within the permanent 
and seasonal pycnoclines, since they act as barriers for 
heat flux. In this section we first discuss the heat trans- 

port processes expected to be important in the perma- 
nent pycnocline, then review the transport mechanisms 
in, and the destruction of, the seasonal pycnocline. 

4.1. The Permanent Pycnocline 

On the basis of the hydrographic structure discussed 
in the previous section, the most likely processes respon- 
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sible for heat transport through the permanent pycno- 
cline are double-diffusion, internal wave-induced shear 
instabilities, and intrusions. These are discussed inde- 
pendently below. 

Double Diffusion. Double-diffusive staircases are 

often found when the vertical gradients of T and $ have 
the same sign [see Turner, 1973; Schmitt, 1994]. If T 
and $ both decrease with depth, salt fingering may 
occur; if T and $ both increase with depth, double- 
diffusive convection is possible. We will concentrate on 
the latter case since in polar regions, cold, fresh water 
generally lies above warmer, saltier water. Salt fingering 
is possible, however, below the temperature and salin- 
ity maxima and also on the lower edges of warm, salty 
intrusions. 

In double-diffusive convection (see Figure 3), the den- 
sity gradient due solely to the temperature stratifica- 
tion is intrinsically unstable, while the salinity gradient 
provides the necessary static stability. Staircases are 
characterized by homogeneous layers that are bounded 
above and below by thin interfaces (or "sheets") in 
which both T and $ change rapidly with depth. The 
layers are convectively stirred by the alestabilizing buoy- 
ancy flux arising from the diffusive transport of heat 
through the interfaces, which is only partly offset by 
the diapycnal salt flux. This combination of diffusion 
and convection can significantly increase the diapycnal 
fluxes of heat, salt, and momentum. 

One indicator of double-diffusive activity is the Tur- 
ner angle (Tu), defined by 

Tu -- tan- l ( ( I + Rp) ) (• - •) 
(2) 

where Rp is the density ratio, given by 

• as/a• (3) Rp = Oz oqT/oqz 
In (3), fi and a are the haline contraction and ther- 
mal expansion coefficients, respectively. A Turner angle 
between-90 ø and-45 ø indicates a potential for double- 
diffusive convection; a value between +45 ø and +90 ø in- 
dicates potential for salt fingering. As Tu approaches 
-90 ø, which implies that the destabilizing density gra- 
dient due to OT/Oz is becoming comparable to the sta- 
bilizing gradient due to OS/Oz, the likelihood of find- 
ing strong double-diffusive activity increases [Ruddick, 
1983]. Equivalently, values of Rp greater than 1.0 are 
indicators of double-diffusive activity, with 1.0 < Rp < 
2.0 indicating strongly double-diffusive conditions. For 
salt fingering, 0.0 < Rp < 1.0. Favorable conditions for 
double-diffusive convection were found in a band below 

about 200-250 m during regimes I and II and below 
about 100-150 m during regimes III to V (Figures 6a, 
3c, 5b, and 5c). Double-diffusive steps were frequently 
found in this band, some examples of which can be seen 
in Figure 3a. 

Observed step heights varied from •0.05 m, near the 
vertical resolution of the RSVP's temperature sensor, 
to about 20 m, although most steps had heights less 
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than 10 m. The temperature differences across inter- 
faces adjacent to thick layers (5-10 m) typically ranged 
from 0.1 ø to 0.5øC and occasionally reached 0.8øC. The 
largest temperature steps were usually associated with 
large intrusions. Intrusions and double-diffusion inter- 
act: intrusions establish the large-scale conditions nec- 
essary for the double-diffusive instability, and double 
diffusion supplies a driving force for intrusions [Toole 
and Georgi, 1981; Walsh and Ruddick, 1995]. 

Smaller steps, with heights of about 2 m and tem- 
perature differences less than 0.1øC, were observed in 
regimes II to V and were much more common than the 
larger steps. Double-diffusive steps have been previ- 
ously observed in the Weddell Sea by Foster and Car- 
mack [1976a] and Muench et al. [1990]. The latter 
paper divided steps into two size classifications: type A 
(1-5 m) and type B (> 10 m). The most common size 
steps observed here correspond to type A. Muench et 
al. [1990] found that type B steps typically occurred 
deeper than type A in the weaker stratification just 

above the broad temperature maximum. If such steps 
were present in the western Weddell, they would have 
been present below the maximum depth sampled by the 
RSVP. The larger steps observed here are more likely 
to be related to intrusions than to type B steps, which 
were found only in a more central region of the Weddell 
Gyre where no intrusive features were present. 

Models for estimating the vertical heat flux (FH) 
through double-diffusive steps have been developed by 
several investigators, including Marmorino and Cald- 
well [1976], Taylor [1988], Fernando [1989], Kelley 
[1990], and Rudels [1991]. We refer to these studies as 
MC76, T88, F89, K90, and R91, respectively. The heat 
fluxes predicted by each model are denoted FH-MC, 
FH-T, FH-F, FH-K, and FH-R, respectively. All of 
these formulations are parameterized using the temper- 
ature difference across the step (A0) and the density 
ratio Rp (3). (These investigators use AT in their heat 
flux formulations; however, the formulas are quoted 
with A0 here.) With the exception of F89, the models 
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assume that the heat flux is proportional to (A0) 4/3, 
based on a model developed for heat flow between two 
parallel plates [Turner, 1973]. Heat flux parameteriza- 
tions (in W m -2) for four of these models are presented 
below' 

FH-MC 0.00859 Po Cp •-1 
ß exp{4.6 exp[-O.54(Rp 

ß (g/•t2/]--l) 1/3 (ozA(9) 4/3 
-1)]} 

(4) 

FH-T 0.00272 Pocp Oz --1 j•;2.1 
ß (g•;•2/y-1)l/3 (ozA0)4/3 (5) 

FH-K 0.0032 Po cp Oz --1 exp[4.8R• ø'72] 
(g•2/]-1) 1/3 (ozA0)4/3 (6) 

FH-R 5-5/3 -111 (NsN•- 1)0.514/3 -?r Po Cp c• - 3 

ß (g•;•2/y-1)l/3 (ozA0)4/3 (7) 

where p0 is the mean density (kg m-3), Cp is the spe- 
cific heat (J kg- 1 oc-1), g is the gravitational accel- 
eration (ms-=), and Rs and nt are molecular diffusiv- 
ities (m = s -I) for salt and heat, respectively. The pa- 
rameterization by F89 is only self-consistent for a spe- 
cific value of Rp (• 1.2) and therefore has not been 
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used. (However, readers interested in the physical pro- 
cesses involved in double-diffusive convection with vary- 

_ing density ratio will find a clear description in that pa- 
per.) The model of R91 was developed for Rp - 1.0; 
consequently, it should only be applied to regions of low 

For regions of fairly constant Rp, the fundamental 
parameter required for estimating the double-diffusive 
heat flux is the thermal step at the interface, AO. Meth- 
ods for locating interfaces have been developed for ap- 
plication to data from the Arctic Ocean [Padman and 
Dillon, 1987, 1988]. Automated searching in the present 
data is, however, complicated by the wide range of 
step scales, the intermittency of steps, and the irreg- 
ular structure in the interfaces separating the quasi- 
homogeneous layers. The thermal step A0 was esti- 
mated from the layer height H using A• = (O•/Oz)H. 
Two methods were followed to determine the thermal 

gradient and H. 
1. For the range of temperatures for which steps were 

commonly found, each profile was categorized as con- 
sisting of "large," "medium," and "small" steps, based 
on visual inspection of profiles and ignoring layers less 
than 0.5 m thick. The layer thickness, H, for each cat- 
egory was then estimated from a more detailed inspec- 
tion of several typical profiles for each category. The 
mean thermal gradient was estimated using the differ- 
ence in • over the depth range in which steps were 
found. 

2. We estimated H from the large-scale stratification 
parameters using the relation proposed by Kelley [1984]: 

1.1 0.25 
H = [0.25x10 -9Rp yn,• x (Rp-1)] 

ß (8) 

The thermal gradient was then estimated from a verti- 
cally smoothed average of •, where the averaging scale 
was much greater than a typical layer height. 

For regimes II to V, mean layer heights evaluated 
using method I are about 2 m, and for the mean ther- 
mal stratification of 0.015øC m -x, the resultant value 
of A• is 0.03øC. Examples of step heights obtained us- 
ing method 2 are shown in Figure 5d, and in the region 
of well-defined steps (Tu near-90 ø) step heights range 
from 4-7 m. In sections of the profiles with well-defined 
steps, the step heights from both methods were similar. 
However, when the steps are poorly defined or absent, 
the heights from method I are much lower than the 
modeled heights from method 2. 

To demonstrate the differences between the heat flux 

models described by (a)-(7), and to define a reason- 
able upper bound on double-diffusive fluxes, we apply 
each model to the layer heights determined by method 
2 (Figure 7). Both K90 and T88 predict essentially the 
same values, hence the T88 estimates are not shown. 
Heat flux estimates from R91 are only shown in Figure 
7 when R• < 1.5. The estimates made using MC76 
exceed those using K90 (Figure 7) by a factor of 2-2.5 
for 1.4 < Rp < 1.5 (typical values for these data). At 
R• = 1.0, the MC76 and K90 predictions differ by a 

factor of 4. For 1.0 < Rp < 1.5 there is a wide scatter 
in the laboratory data on which these formulations are 
based, with very little data available at all for Rp < 1.2. 
The discrepancy between these models is therefore ex- 
plained primarily by the authors' different choices of 
functions for fitting the Rp dependence. Note, however, 
that MC76 heat flux exceeds those from R91 (Figure 7), 
the latter being assumed to be an upper bound because 
it is formally applicable only at neutral static stability; 
i.e., Rp = 1. 

The heat fluxes evaluated using method I for the 
mean layer height range from I to 2 W m -2. Note 
that this is an average over the depth range for which 
steps are found. This is comparable to the heat flux 
estimate using method 2 (Figure 7) when averaged over 
the diffusive-convective depth range. Our interpreta- 
tion, based on our observations of both layer heights 
and intermittency, is that the double-diffusive flux is 1- 
2 W m -2 on average, with peak values, when steps are 
well-defined, of about 4 W m -2. 

Ideally, the flux laws above should be applied to 
the properties (AO and Rp) of each observed diffusive- 
convective step, followed by averaging of the modeled 
fluxes appropriate time and/or depth ranges (see, for 
example, Padman and Dillon [1987]). In the present 
case, however, the steps are difficult to find automati- 
cally in the RSVP data due to their intermittency and 
the variability of their sizes, as discussed above. Fur- 
ther more, steps are seldom resolved by the LDEO CTD 
data, which have been used here to extend our flux cal- 
culations to the depth of the temperature maximum. 
Padman and Dillon [1987] found for Arctic data that 
the actual mean heat flux was about 50% higher than 
would be predicted from (a) and (8), primarily because 
the large steps in the measured distribution of temper- 
ature differences dominated the average flux due to the 
A04/3 dependence in (4)-(7). Analyses on a few char- 
acteristic profiles in the present data set suggest that 
some increase in mean heat flux would occur by con- 
sidering the true distribution of interfacial A0 and Rp; 
however, the increase is small, less than 20%. 

Transects of F•/-•c obtained using method 2 are 
shown in Figure 6b. Maximum fluxes were reasonably 
constant throughout all regimes, although the heat flux 
of regime I was slightly smaller. Maximum fluxes of 
4 W m -• (following K90) occurred in a band centered 
near 250 m in regimes III-V. In regime II, this band 
was approximately 50 m deeper (300 m), which corre- 
sponds to the deeper location of the band of double- 
diffusive steps. Likewise, the band was significantly 
deeper (,•400-450 m) in regime I and the heat fluxes 
were smaller (< 3 W m-a). The maximum heat flux 
of 4 W m -• corresponds to a buoyancy flux of about 
4 x 10 -xø m • s -3. T88 noted that the buoyancy flux 
should be approximately balanced by the dissipation 
rate e in the layers, however we are unable to test this 
hypothesis in the present case because the expected 
buoyancy flux is less than the noise level for e. 

In data obtained from the Canada Basin, Padman 
and Dillon [1988] were able to trace individual layers 
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between adjacent profiles, allowing estimates of along- 
layer variability of T and H to be made. With the 
present data set, however, this is not possible. This may 
be due to the relatively rapid motion of the ice camp, 
combined with significant horizontal spatial gradients of 
T and $ in the steps. Temporal evolution may also be 
more rapid because vertical heat fluxes are much higher 
here, being O(1) W m -2 compared with 0.04 W m -2 in 
the Canada Basin. Muench et al. [1990] noted that 
the large (type "B") steps found to the east of the ISW 
drift track were observable over hundreds of kilometers 

in CTD data, however individual layers were not traced. 
Below the salinity maximum (Plate lb), gradients 

of both T and $ are favorable for salt fingering. The 
Turner angle, however, indicates only weak salt finger- 
ing conditions (Figure 6a). 

Shear Instabilities. In the permanent, midiart- 
tude thermocline, a significant component of the to- 
tal diapycnal flux is usually provided by mixing asso- 
ciated with shear instabilities of the internal gravity 

wave field [Gregg, 1989]. In the few experiments from 
polar regions that have investigated both mixing and 
internal waves, a wide range of diapycnal heat fluxes 
have been found. For example, Padman and Dillon 
[1987] found that the contribution of shear-driven mix- 
ing to the local diapycnal flux was negligible (less than 
0.1 W m -2) in the central Canada Basin. In contrast, 
measurements in the eastern Arctic revealed heat fluxes 

of up to 30 W m -2 due to energetic mixing events 
associated with large-amplitude, high-frequency wave 
packets [Padman and Dillon, 1991]. One difference be- 
tween these two sites is their proximity to internal wave 
sources. The measurements described by Padman and 
Dillon [1991] were made in a region where strong tidal 
flows were able to interact with the steep topography of 
the continental slope, whereas the Canada Basin mea- 
surements were taken well away from significant topo- 
graphic features. 

Given our poor understanding of both the topogra- 
phy and currents in the western Weddell Sea prior to 
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the present program, it was not known whether cur- 
rent/topography interactions would be important in 
this region. In the observed microstructure profiles the 
dissipation rate e in the permanent pycnocline never ex- 
ceeded the noise level of about 2 x 10 -9 m 2 s -3. What 
would be the heat flux if the true value of e was al- 

ways near the noise level? Following Osborn [1980], we 
estimate the effective diapycnal eddy diffusivity as 

K• • N2 (9) 
where F is the mixing efficiency, generally assumed to 
be about 0.2 [Gregg, 1987]. For a buoyancy frequency 
N = I cph (0.0017 s-•), •he diffusivity associated with 
•he noise level for e is about 10 -4 m 2 s -1. Since the 
diapycnal heat flux is given by 

OT 

Bit - p cp Kt Oz (10) 
the noise level of e is equivalent to a heat flux of about 
4 W m -2. This value is, however, an upper bound. 
Shear-driven turbulence tends to be extremely variable 
in both space and time [Baker and Gibson, 1987], with 
the average value being dominated by the presence of a 
few large but intermittent events. Since we do not find 
any events significantly above the noise floor, we expect 
that the mean value of heat flux is actually much less 
than 4 W m -2. An alternative technique for estimating 
the vertical diffusivity and heat flux from internal wave 
parameters based on a model by Gregg [1989] and ex- 
tended by Wijesekera et al. [1993], implies a mean heat 
flux of about I W m -2. 

Intrusions. Intrusions, such as those shown in Fig- 
ure 3, are often associated with large along-isopycnal 
gradients of temperature and salinity, and hence are 
frequently found at fronts between contrasting water 
types. Isopycnal mixing can be quite energetic and ef- 
fective, since it does not have to overcome any buoyancy 
gradient. It is, however, extremely difficult to evalu- 
ate its magnitude: Ledwell et al. [1993] is one of very 
few studies to have estimated an isopyncal diffusivity 
by tracking the lateral diffusion of released tracers. In 
the present study we are unable to quantify the mixing 
rates suggested by the presence of intrusions. However, 
intrusions can play an important role in the ultimate 
ventilation of the subsurface oceanic heat to the sea 

surface. 

During ISW, large intrusions were frequently found in 
the weakly stratified region above the permanent pyc- 
nocline. An intrusion is most accurately identified as a 
region of anomalous t)-S characteristics relative to some 
"background" t)-S relation. The background relation- 
ship can be determined by scale separation (see, for 
example, Ruddick and Walsh [1995]), or by averaging 
several profiles together to define a "mean" state. In 
the present study, the mean hydrography varies in the 
vertical on scales comparable to intrusion heights, hence 
the former method is impractical. The latter method is 

also difficult to apply in this case because of the rapid 
change in "mean" hydrographic properties in the region 
where most intrusions are found. Since our present goal 
is simply to describe the distribution of intrusions, we 
search for regions where the temperature decreases with 
increasing depth, contrary to the large-scale trend of 
increasing • (above the temperature maximum). For 
such regions, we calculate the maximum value of At) 
representing the difference between a local temperature 
maximum and the adjacent (in depth) local minimum. 
These values are contoured from the RSVP data in Fig- 
ure 6c. Note that, according to our search algorithm, 
locally high values of At) occur on the lower edges of 
warm and salty intrusions. Most intrusions are found 
in regimes I and II, i.e., while ISW was located over the 
upper slope. This observation is consistent with most 
intrusions being located on the inshore side of the warm- 
core current, between this current and the shelf/slope 
front revealed by the cross-slope transect in the work 
by Muench and Gordon [this issue]. 

We also indicate on Figure 6c two isopycnals that rep- 
resent the approximate upper and lower bounds of in- 
trusive activity. The lower isopycnal, ae - 27.78, slopes 
upward both to the west (inshore) and east of the warm 
core, reaching the bottom of the winter mixed layer over 
the upper slope and in the central Gyre. Isopycnal mix- 
ing associated with the intrusions therefore provides a 
mechanism for venting upper WDW heat to the sur- 
face over a broader region than would be possible by 
diapycnal (near-vertical) fluxes alone. A similar mech- 
anism has been described by Boyd and D'Asaro [1994] 
for explaining the heat lost by the West Spitsbergen 
Current as it enters the Arctic Ocean. 

Large intrusions, defined by us as having heights of 
25-35 m and temperature anomalies of 0.1ø-0.6øC (see 
Figure 8) were usually found in regimes I and II. Smaller 
intrusions with heights of 5-20 m and smaller temper- 
ature anomalies were found in all regimes but may not ß 
appear in Figure 6c because of the analysis method. 

In general, intrusions could not be tracked between 
RSVP profiles to allow estimations of their horizontal 
extent or lifetime. However, the horizontal extent of the 
intrusions in a series of RSVP drops from t - 74 was 
estimated using the ice-relative measured current ve- 
locities at 200 m, kindly provided by R. Muench. One 
intrusion approximately 50 m high was observed for al- 
most 4 km (Figure 8); however, most of the intrusions 
were traceable less than I km. We caution, however, 
that much of the variability in the intrusion proper- 
ties probably occurs in the direction normal to the ISW 
drift track, since most of the large-scale hydrographic 
variability is across-slope (see Muench and Gordon [this 
issue, Figure 5]). The observed vertical scales of intru- 
sions, defined as the vertical distance from one tem- 
perature maximum to l•he next, were about 50-100 m. 
This is consistent with the vertical scale of O(100) m 
that is obtained from the model of Toole and Georgi 
[1981], using the observed mesoscale horizontal gradient 
of salinity obtained from the cross-slope CTD transects. 
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4.2. The Seasonal Pycnocline and the Mixed 
Layer 

The final obstacle to the upward flux of heat from 
the WDW toward the sea ice is the seasonal pycnocline, 
which isolates surface effects, such as mixing driven by 
surface stress and cooling, from the deeper waters of the 
remnant winter mixed layer. The seasonal pycnocline 
is located at the base of the surface mixed layer (SML), 
which is a water layer of nearly constant 0 and S in con- 
tact with the ice (Figure 3a). In most cases, weak verti- 
cal gradients of both 0 and S exist in the SML, partic- 
ularly deeper. For purposes of discussion, we therefore 
define the lower depth bound of the SML as the depth 
at which the temperature is 0.04øC greater than 
the average temperature of the upper 20 m. Potential 
temperature was used rather than density because 
was better resolved in the RSVP data than S. This is a 

reasonable approach since the seasonal thermocline and 
halocline coincided during most of the experiment. The 
mixed layer temperature, •ML, ranged from-1.85 ø to 
-1.89øC during the experiment and was near or slightly 
above freezing (typically within ""0.02øC, based on the 
corresponding salinity range of 34.10 to 34.45 psu). 

The seasonal pycnocline is visible in transects of both 
rr0 (Plate lc) and buoyancy frequency N (Plate ld). 
Values of N in the seasonal pycnocline decreased from 
greater than 5 cph early in the experiment to less than 
3 cph just before it disappeared near t - 120. The 
seasonal pycnocline began to deteriorate significantly 
around t = 82 (Plates lc and ld), finally disappear- 
ing completely near t = 120. Most of the decay oc- 
curred during storm events, with about 40% of the total 

density change across the seasonal pycnocline occurring 
during the storm event of t = 86-91. Another 40% is 
associated with two other storms (""20% each). Thus 
80% of the mixed layer density change was associated 
with three storm events. 

During one storm (t = 86-91), McPhee and Martin- 
son [1994] used frame-mounted clusters measuring u, v, 
w, T, and $ to obtain direct measurements of the tur- 
bulent vertical heat flux (w•T•), the covariance of tem- 
perature and vertical velocity fluctuations T • and w •, 
respectively, in the upper SML (4-24 m depth). Peak 
fluxes near 15 W m -2 were measured. McPhee [1992] 
found that the turbulent heat flux in the upper mixed 
layer could be estimated from 

F. - p Cp c. u. (TML -- T•) (11) 

where c•/ is a constant (--0.005 to 0.006 [McPhee, 
1992]), T/is the fleezing point temperature for the mea- 
sured SML salinity, and the friction velocity u. is de- 
termined from 

u. = v/CD,25 Urel (12) 
In (12), Uret is the measured ice-relative velocity at 
25 m, and CD,25 is the appropriate ice/water drag coeffi- 
cient. For rough ice, a reasonable value of CD,25 is about 
0.005. Using (11) and (12), turbulent heat fluxes (Fig- 
ure 9) were estimated using T at ""12.5 m depth (the 
uppermost MDR) for TML and interpolating $ from 
the LDEO CTD profiles to determine Tf. The high- 
est turbulent heat fluxes occurred during storms, when 
the ice-relative current speed was greatest. Times of 
major storms are marked by arrows in Figure 9. The 
maximum flux of about 15 W m -2 for the storm of 
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Figure 9. Turbulent heat flux estimates versus time 
from u, following McPhee [1992]. Times of princi- 
pal storms are marked with arrows. "MM" denotes 
the storm of t = 86-91, for which McPhee and Mar- 
tinson [1994] measured a peak turbulent heat flux of 
15Wm -2. 

t - 86-91 is comparable with the McPhee and Mar- 
tinson [1994] estimate. Between storms, the turbulent 
heat fluxes were typically less than 2 W m -2. The 
mean flux for the entire record was 1.7 W m -2. For 

comparison, V. I. Lytle and S. F. Ackley (Heat flux 
through sea ice in the western Weddell Sea: Convective 
and conductive transfer processes, submitted to Jour- .c: 
nal of Geophysical Research, 1995) (hereinafter referred 
to as Lytle and Ackley, 1995) estimated an average ice 121 
flux of 7 W m -2 using measurements of ice and snow 
conditions combined with modeling of the conductive 
and convective fluxes through the ice and snow cover. 
While these two estimates disagree, both indicate that 
the local loss of oceanic heat to the surface is less than 

the large-scale average of 19 W m -2. 
McPhee and Martinson [1994] postulated that the in- 

crease in turbulent heat flux due to storms resulted 

from mixing of the slightly warmer and saltier water 
of the remnant winter mixed layer into the SML. An 
example of this mixing can be seen in microscale pro- 
files of 0 and velocity shear (uz) during a storm on 
day 79 (Figure 10a). The turbulent velocity shear is 
high throughout the mixed layer. During storm events, 
surface-generated turbulence frequently extended to the 
pycnocline (Figure 11). In such cases, mixing entrains 
water into the mixed layer, thus deepening the SML and 
at the same time bringing heat and salt upward into 
the SML [e.g., McPhee and Martinson, 1994]. Mixing 
can also continue across the pycnocline after the sur- 
face stress has decreased (Figure 10b). In this case, the 
source of turbulent kinetic energy is presumably the ve- 
locity shear across the seasonal pycnocline, which might 
be due to mean flow or internal gravity waves. 

The heat fluxes associated with the various processes 
described in section 4 are summarized in Figure 12. 
This figure represents average conditions from late Feb- 
ruary to late May, 1992 during ISW. About 3 W m -2 of 
upward heat flux occurs in the permanent pycnocline, 
primarily due to double-diffusive convection. We esti- 
mate that 1.7 W m -2 finally reaches the base of the 
pack ice through stress-driven turbulent entrainment of 
heat from the underlying seasonal pycnocline and rem- 
nant winter mixed layer. An additional loss of heat from 
the warm core occurs through mixing along isopycnals, 
as suggested by the presence of large intrusions on the 
inshore side of the warm core. While we are unable 

to quantify the isopycnal heat flux, we note that the 
deepest isopycnal for which intrusions are found slopes 
upward into the surface mixed layer to the east and 
west of the ISW drift track. Isopycnal mixing therefore 
provides a plausible mechanism for venting the upper 
WDW heat to the surface over a broader area than by 
diapycnal mixing processes alone. 

These heat fluxes are significantly less than the 
19 W m -2 average flux required to explain the over- 
all observed cooling of the water in the Weddell Gyre 
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Figure 10. Profiles of potential temperature 0 (øC) 
and one component of velocity shear, $1, (s-1), (a) at 
t = 79.701, showing entrainment through the seasonal 
pycnocline by surface stress and (b) at t = 80.934, show- 
ing cross-pycnocline mixing in the absence of surface 
stress. 
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Figure 11. Transects of the mixed layer depth HML as determined from the LDEO profiles 
(heavy solid line) and the log of the dissipation rate e. Times of principal storms are marked 
with arrows. 

[Fahrbach et al., 1994]. This should not be surprising: 
the thicker second-year ice in this region is a much more 
efficient insulator between the ocean and atmosphere 
than the thinner seasonal ice further to the east. In 

addition the hydrographic and current fields are not 
amenable to the energetic mixing processes that are 
possible on the upper slope and shelf. It is, nonethe- 
less, important to understand the heat transport pro- 

Atmosphere • F atm. 

Warm Core 

Figure 12. Heat budget for the water column in the western Weddell Sea during ISW. Fcond 
and Fat m represent the conductive flux through the ice, and the heat loss to the atmosphere from 
the snow surface, respectively. 
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cesses which are present so that the region's sensitivity 
to perturbations in oceanic and atmospheric conditions 
can be assessed. 

Some support for this inference of low mean fluxes 
from the ocean to the surface is provided by Lytle and 
Ackley (submitted manuscript, 1995), who used time 
series of ice and snow thicknesses and temperatures to 
model the thermodynamic evolution of the ice at sev- 
eral sites on the ISW floe. They conclude that the mean 
conductive flux through the ice (denoted Fcond on Fig- 
ure 12) varies between l0 and 30 W m -2 during the 
freeze-up period (days 70 to 92), and between 0 and 
15 W m -2 during the fall (days 92 to 145). The flux 
of heat from the snow surface to the atmosphere aver- 
aged 9-17 W m -2. For the observed mass balance the 
required heat flux from the ocean was 7 W m -2 which 
is significantly larger than our estimate of 1.7 W m -2 . 

Several processes might contribute to the mismatch 
between these two estimates of oceanic heat loss to the 

ice. Since our estimate agrees well with direct measure- 
ments of the turbulent flux (wtT t) made by McPhee 
and Martinson [1994], we tend to favor the lower value. 
The complexity of the ice thermodynamics in this re- 
gion, where much of the new ice formation is via flood- 
ing of snow-loaded sea ice rather than growth on the ice 
base, makes modeling more difficult (Lytle and Ackley, 
1995). Significant variability in ice and snow thickness 
also raises concerns about the applicability of data from 
the five ice-monitoring sites to the overall transfer of 
oceanic heat to the sea ice. Nevertheless, both esti- 
mates are much lower than the 19 W m -2 mean flux 
required for the Gym-scale heat budget. 

The high dissipation rates that we found at ISW dur- 
ing storms were primarily due to stress-driven mixing 
caused by the surface-layer water moving relative to the 
rough ice base. The observed evolution of the SML is 
not, however, solely due to stress-driven mixing. One 
possibility is that much of the observed variation in the 
depth of the SML is due to lateral variability rather 
than local temporal change. This would not be sur- 
prising, given the variability of the mesoscale velocity 
field as determined from geestrophy by Muench and 
Gordon [this issue]. For example, the strong westward 
mesoscale flow of about 9 Sv that they find between 
67.5 ø and 68.5øS (t - 101-120) could also advect in the 
new, deeper surface mixed layer structure that is found 
subsequent to that time. 

The presence of a highly variable mesoscale flow, com- 
bined with the sampling constraints imposed by ISW's 
drift track, precludes simple comparisons between the 

drographic variability of the warm-core current. Some 
of the hydrographic variability in Figure 4 and Plate 
1 is clearly due to the camp's transit over a spatially 
variable hydrographic field, for example the variation 
in temperature maxima (Tmax) between regimes I-II 
and III-V. Any attempt to explain the apparent down- 
ward trend in Truax between t - 85 and t - 145 in 
terms of the observed diapycnal heat fluxes is confused 

by the addition of fluid to the boundary flow near the 
Endeavor Ridge [Muench and Gordon, this issue]. 

Considering these caveats our principal conclusions 
are given below. 

1. Double-diffusive convection is the dominant di- 

apycnal heat transport mechanism in the permanent 
pycnocline, with a maximum estimated upward flux of 
about 2 W m -2 (Figures 6 and 7). 

2. Mixing due to shear instabilities in the perma- 
nent pycnocline appear to provide a maximum of about 
1 W m -2 of upward heat flux. 

3. Intrusions are frequent in the depth range above 
the permanent pycnocline. This depth range is asso- 
ciated with isopycnals that intersect the surface mixed 
layer to the east and west of the ISW drift track. We 
hypothesize that mixing along these sloping isopycnals 
could be responsible for further heat loss from the warm 
core of the boundary current. 

4. The seasonal pycnocline, which in summer and 
early fall protects the remnant of the previous year's 
winter mixed layer from surface effects, weakens during 
the ice drift, disappearing entirely near the end of April. 
The decay is strongly correlated with energetic stress- 
driven mixing during rapid ice motion in storms, how- 
ever additional variability may be imposed by mixed- 
layer lateral advection associated with the mesoscale 
velocity field described by Muench and Gordon [this is- 
sue]. 

5. The mean heat loss from the ocean to the ice is 

about 1.7 W m-2. 

Ice Station Weddell was the first oceanographic study 
in the western Weddell Sea to obtain modern finescale 

and microscale measurements that allow direct esti- 

mates of fluxes in this region. Further measurements 
would be necessary to fully understand the small-scale 
mixing processes in the various hydrographic and cur- 
rent regimes revealed by the concurrent large-scale sur- 
veys described by Muench and Gordon [this issue]. In 
many ways, the warm core current that was under ISW 
for most of the experiment is an anomalous component 
of the general northward flow of the western Weddell 
Gyre• which includes the shelf circulation to the west 
and the more horizontally homogeneous hydrography 
of the central Gym to the east of the ISW drift track. 
Mixing mechanisms over the upper slope and broad con- 
tinental shelf [e.g., Carmack, 1986] differ significantly 
from those revealed by the present study. From data 
collected in the southern Weddell Sea, Foster et al. 
[1987] proposed that baretropic shelf waves could ad- 
vect the WDW, which is generally confined seaward of 
•ho qho!f/s!op• frorot,, On.f.c• t. ho .qhalf where mixing COllid 
be accomplished by shear instabilities in the semidiur- 
nal tides and perhaps higher-frequency internal grav- 
ity waves. Nonlinearities in the equation of state, such 
as cabbeling [Felonoff, 1956; Foster, 1972; Foster and 
Carmack, 1976a] and thermobaricity [Gill, 1973] also 
become critical as the density contrast between sur- 
face and deeper waters is reduced. Similar processes 
are presumably operating over the shelf and slope in 
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the western Weddell Sea r since the cross-slope hydro- 
graphic structure [see Muench and Gordon, this issue] 
is similar to the southern shelf/slope. It is suggested 
that future studies in this region concentrate on mixing 
processes over the upper slope and central shelf, in par- 
ticular the interaction between shelf water and WDW 

at the shelf/slope front. 
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