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ABSTRACT

Data obtained on two cruises to the Antarctic Polar Front are used to investigate the nature of thermo-
haline intrusions in the front. These data, obtained in the Drake Passage and south of New Zealand, include
CTD time series made relative to neutrally buoyant vertical-current meters, temperature data from these
floats, and small-scale CTD sections. Analysis of these data is divided into a study of temporal persistance
and an examination of the spatial structure of the intrusions. The study of intrusion time scales is
hampered by the presence of large spatial gradients in the intrusion field. This study suggests that fea-
tures are persistent for several days but additional measurements appear necessary to resolve the intru-
sion decay process. The length scales of intrusions are found to vary within the frontal zone. Near the
region of maximum lateral gradients in the front, length scales of § to 10 km are observed, while else-
where scales of only 1 km are found. It is suggested that these small, isolated leaves of fluid are old intru-
sions that have been sheared and advected from their generation site. Several pieces of circumstantial
evidence are presented to support the hypothesis that intrusions are driven by salt fingering, and good
agreement between the observations and the results of a dynamical model of intrusions driven by salt
fingers is noted. Finally, application of a statistical model for intrusive variance predicts that intrusions
may effect constant lateral eddy diffusivities in fronts provided the small-scale vertical diffusivity is
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constant,

1. Introduction
a. Overview

The nature of intrusive finestructure associated
with oceanic fronts has been studied extensively
in recent years. Three papers have dealt exclusively
with the intrusions found in the Antarctic Polar
Front. Gordon et al. (1977, hereafter GGT) pres-
ented a series of STD profiles from the frontal zone
in the western Scotia Sea. Georgi (1978) discussed
several XBT experiments designed to sample the
intrusion length scales, along with STD and XBT ob-
servations to determine the time scales of the intru-
sions. Joyce et al. (1978, hereafter JZT) discussed
CTD and profiling-current-meter measurements
taken in the Drake Passage.

On the basis of these and other studies, several
theories were developed which deal with the dy-
namics of intrusions and their effects on larger-
scale fields. Specifically, intrusions are believed to
be driven by salt fingers (e.g., Stern, 1967; Turner,
1978), and to effect lateral mixing across the front
(e.g., Joyce, 1977). The intrusion theories evolved
from studies of the structure of the intrusions and
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their evolution with time. As these observations are
strongly convolved in space and time though, they
are subject to various interpretations.

This paper discusses the results of several ex-
periments designed to separate observations of the
spatial structure of the intrusions from those of their
temporal evolution. These experiments were per-
formed on two cruises to the APF. The first cruise
took place in March 1976 aboard the R.V. Thompson
in the Drake Passage (Joyce, 1976). Some of the
results from that cruise have been discussed by
Joyce and Patterson (1977) and JZT. The second
cruise, aboard the R.V. Knorr south of New Zea-
land, took place in November of 1978 (Bryden and
Joyce, 1979). The data from the cruises discussed
here include temperature and salinity time series
from CTD stations made relative to neutrally buoy-
ant floats, temperature data from these floats, and
small-scale CTD sections.

Much of the following analysis is based on the
previous studies of GGT, JZT and Georgi (1978).
A review of their results is presented below before
discussing the new observations. It will be shown
that the nature of the finestructure appears strongly
dependent on the characteristics of the frontal scale
fields. Therefore, Section 2 is devoted to a brief
description of the frontal properties at the times
when finestructure measurements were made. The
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temporal behavior of the intrusions is discussed in
Section 3, while Section 4 investigates their spatial
structure. Finally, Section 5 discusses the thermo-
haline characteristics of the features and presents
evidence for double-diffusive mixing.

b. Previous observations

The thermohaline finestructure in the Antarctic
Polar Front is characterized by numerous inver-
sions in vertical temperature and salinity profiles,
probably the product of lateral advection across
the frontal zone (GGT). These features dominate the
thermohaline variability on vertical scales smaller
than 100 m at depths from 100 to roughly 1000 m in
the frontal zone (GGT, JZT). The vertical spectra
of temperature and salinity anomalies are red (JZT)
with a vertical wavenumber slope between —2 and
—~3. Vertical-gradient spectra exhibit enhanced
energy density at wavelengths between 100 and 30 m.

Horizontal length scales for the intrusive fine-
structure were first estimated by GGT from a series
of STD casts made from a drifting ship. The range
of alongfront length scales quoted was 0.3-0.7 km
for an aspect ratio (intrusion height divided by
length) of 0.1. Georgi (1978) estimated both along-
and crossfront length scales from a set of closely
spaced XBT’s. He found an anisotropy in the intru-
sion field with longer scales in the along-front direc-
tion. Along- and crossfront aspect ratios found in
this study for features with vertical wavelengths of
order 100 m were 0.03 and 0.10, respectively. Along-
front intrusion length scales also were estimated by
JZT with data from a 28 h CTD time series. An
along-front aspect ratio computed with these data
was order 0.01.

Measurements of the time scale of the intrusive
variability are generally complicated by spatial
gradients also present in the intrusion field. In-
dividual intrusions were observed for 5 h by GGT
during their ship drift while JZT computed a co-
herence time scale of 5 h with their data. These
results were interpreted as spatial variability as
described above, not intrusion variations with time.
Georgi (1978) computed the loss of coherence of the
finestructure with time using STD and XBT time-
series data. His results displayed a rapid fall-off of
coherence with time and vertical wavenumber. The
coherence between features with vertical wave-
lengths of 100 to 250 m was significantly different
from zero for periods longer than 1 h. At smaller
wavelengths, 50 to 100 m, this period fell to just
over 15 min. Phase randomization by internal-wave
vertical advections and spatial gradients in the in-
trusion field could have acted to reduce the co-
herence calculated by Georgi.

The thermohaline characteristics of the intrusions
were also investigated in these studies. Since the
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temperature and salinity anomalies are correlated in
the finestructure, there is little density signal asso-
ciated with the features. A regression between
temperature and salinity anomalies by GGT vyielded
a value for the nondimensionalized ratio of the
anomalies which was indistinguishable from 1.0.
This led GGT to use the term ‘‘density compensat-
ing”’ to describe the temperature and salinity anom-
alies of the finestructure. The density-compensat-
ing nature of the finestructure was investigated by
JZT. A plot of the non-dimensionalized ratio of the
vertical-temperature-gradient spectra to that for
salinity versus vertical wavenumber showed that on
scales >20 m the finestructure appeared density-
compensating (the above ratio equal to 1.0). On
smaller scales, this ratio fell below 1.0 on account of
an excess of salinity-gradient variance. In physical
space a calculation of vertical stability found
marginally weaker stratification at depths where the
vertical temperature and salinity gradients were
positive as compared to depths where the vertical
gradients were negative. These results suggested
the finestructure was not density-compensating on
small vertical scales, but this result may be an
instrumental artifact (Millard, er al., 1980; Horne
and Toole, 1980). .

The intrusions observed in the CTD time series
discussed by JZT appeared on slightly different
potential density surfaces. This was interpreted by
JZT as the advection of sloping features past the
observation site. The slope of the intrusions relative
to the density surfaces in the across-front direc-
tion was estimated to be between 0.02 and 0.04,
with features deepening towards warmer water. The
sense of this slope (warm intrusions rising and cold
ones sinking) is consistent with the hypothesis that
the intrusions are driven by vertical salt-finger
fluxes (Turner, 1978).

2. Frontal scale fields

The Antarctic Polar Front is a circumpolar water-
mass boundary separating the cold, fresh surface
waters of the Southern Ocean with its characteristic
temperature-minimum layer from the warmer, more
saline subantarctic waters (see Gordon, 1971). The
large scale characteristics of this front in the Drake
Passage and South of New Zealand are presented
in this section.

The hydrographic structure of the polar front
in the Drake Passage for the time period of the
Thompson cruise is presented by JZT. The time
evolution of the front has also been documented
by Joyce and Patterson (1977). During the cruise, the
front evolved rapidly and formed a cold-core ring
which was mapped by a two-ship operation (Joyce,
1976; Patterson and Sievers, 1976). Finestructure
observations obtained in the frontal zone before the
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Fi1G. 1. The station position map (a), and temperature section
(b), from a large-scale CTD section which spanned the region of
the CTD time series. The positions of the Antarctic Polar Front
and the cold-core ring at the time of the section are shown in (a).
The time series was taken near CTD 80, just south of the cold
pool of water centered at 200 db about CTD 81 in (b).

ring formed are discussed by JZT. Measurements
taken in the re-established front, several days after
the ring separated, are presented here.

A large-scale CTD section spanned the observa-
tional site in the re-established front (Fig. 1). Neu-
trally buoyant vertical-current meters (VCM’s) were

deployed in the front at 400 and 600 m depth, and -

shipboard measurements were made relative to the
floats. Temperature data obtained around the floats
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were consistent with the thermal field near CTD 80
in Fig. 1b. The local horizontal temperature gradient
in the region was a factor of 4 weaker than that
observed by JZT before the ring event, and, at
depths below 200 m, had the opposite sign because
of a cold pool of water located just north of the
site (see Fig. 1b). The maximum frontal gradients
were located south of the observational site, near
the termination of the temperature-minimum layer
seen between stations 77 and 78 in Fig. 1b. The sec-
tion suggests that finestructure measurements made
near station 80 may be in a far-field regime for the
interleaving, away from the large horizontal gradi-
ents of the front.
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F1G. 2. The station position map (a), and temperature section
(b), from a preliminary XBT survey of the frontal zones south of
New Zealand. Measurements were taken in the front near XBT
650 in (b).
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FiG. 3. Drift tracks of VCM’s deployed in the frontal zone and
CTD station positions south of New Zealand. Data from CTD
To-Yo 169 are discussed here.

The structure of the Antarctic Polar Front south
of New Zealand differs from that in the Drake Pas-
sage in that the termination of the temperature-
minimum layer does not always coincide with the
region of largest frontal gradients. (Burling, 1961).
Large horizontal gradients may be associated with
temperatures anywhere from 3 to 7°C (Heath,
1979). The frontal features in this region have been
termed the primary and secondary polar front zones
(Gordon, 1971) and the Australasian subantarctic
front (Burling, 1961; McCartney, 1977).

A preliminary XBT section was run on the Knorr
cruise to locate the front, Fig. 2. This section ex-
hibits the complicated frontal structure described
above. A small enhancement of lateral gradients is
visible about the 6.5°C isotherm at the southern
border of a large pool of nearly isothermal water.
McCartney (1977) would term this pool the local
version of Subantarctic Mode Water. The largest
horizontal temperature gradient occurs between
XBT’s 647 and 650 about the 4°C isotherm. This
lateral gradient is about twice that observed in the
Drake Passage before the eddy formed. The buoy-
ancy period in the frontal zone was 30 min, half that
observed in the Drake Passage.

After an XBT survey and CTD section were
completed, VCM’s were deployed in the frontal
zone at depths of 217, 400 and 630 m (Fig. 3). The
floats were located on the cold side of the large
horizontal gradient at 4°C seen in Fig. 2. The shal-
lower float, VCM 5, was in the water for 4% days
while a second float was deployed twice. Vertical
shear in the horizontal current necessitated the
redeployment of the deeper float to minimize the
horizontal distance between the two floats. The
floats drifted south for a day and a half when first
deployed, then turned abruptly and drifted for the
remainder of the observation time nearly due east.
The data discussed below were obtained prior to the
turn of the VCM's.

3. Intrusion time scales

Several experiments were performed on the
Thompson cruise to measure the decay time scale
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for the intrusions. Ideally, one would like measure-
ments of an isolated fluid parcel with anomalous
thermohaline properties in a quiescent homoge-
neous water mass. The data have none of these char-
acteristics. First, the mean horizontal flow in the
polar front is strong and has shear in the vertical
(JZT). Superimposed on the mean flow are high-
wavenumber high-frequency fluctuations due to
internal waves. The effects of advection have
been partially circumvented in this analysis since
all measurements were made by, or relative to,
neutrally buoyant floats deployed in the interleaving
zone. Second, the intrusions sampled were located
in the frontal zone which is capable of supporting
growing intrusions (Toole and Georgi, 1981). Some
of the data exhibit apparent intrusion growth,
rather than decay, making interpretation of the
data difficult.

A 16-cast CTD time series, with profiles taken
about every two hours, was made in the Drake
Passage after the formation of the cyclonic ring,
while the ship maintained position relative to a
VCM at 400 m depth. The potential temperature
profiles from the series, processed to remove
internal-wave vertical displacements as by JZT,
appear in Fig. 4. In this process, the vertical co-
ordinate of each cast is stretched so that its poten-
tial-density profile on vertical scales >100 m is
identical to the ensemble-mean density profile of the
casts in the series. This technique is described
more fully in Toole (1980).

The intrusions observed in the re-established front
seem to be of a much different character from that
of those observed by JZT before the ring event. The
profiles from their series are also shown in Fig. 4 for
comparison. Individual intrusions have smaller
thermohaline anomalies than in the first time series
and appear to have smaller vertical scales. Tem-
perature and salinity spectra of the data in the inter-
leaving range (250-550 db) are red with a wave-
number slope between —2 and -3 (Fig. 5). The
level of the spectra from this time series is sig-
nificantly below that of the JZT series (Fig. 5) on
scales greater than 60 m but the two sets of spectra
are indistinguishable at the 95% confidence level
on smaller scales. Temperature and salinity-gradi-
ent spectra showed a dominant wavelength of order
60 m which is significantly smaller than the 100 m
wavelength scales found by JZT.

The common way to study temporal persistence
is to compute the averaged dropped lagged co-
herence (e.g., Hayes, 1975). However, it is incor-
rect to use this method straightforwardly in this
case because of spatial variability in the profiles.
During each CTD station, one hydrophone was
left in the water to measure range to the float. The
float ranges that appear below each temperature
profile in Fig. 4a vary from 0 to 1.1 km with a mean
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FiG. 4. Vertical profiles of potential temperature versus stretched pressure (sece text) from the Drake
Passage time series relative to a VCM at 400 db (a), and the profiles from the time series discussed by
JZT (b). The temperature scales are correct for the first profiles and successive profiles have been offset
by 0.5°C. The range between the ship and VCM at the time of the station is given below the profile in
(a). VCM’s were not deployed during JZT’s time series.

of 0.52 km. Although small, these station ranges
appear to be a significant fraction of the horizontal
dimension of the intrusions during this phase. Ob-
serve the variation of the thermal structure between
stations 63 and 65. The thermal structure is highly
coherent over the 4.6 h separating these stations
made directly over the float. Station 64 made just
800 m away from these stations but between them
in time, shows virtually no coherent thermal struc-
ture around the float depth (400 m), a state quite
unlike the results of the time series discussed by
JZT where the estimated intrusion length scale
was order 8 km.

Despite the apparent small lateral scale of these

features, the profiles taken near the float consistently
show a cold intrusion at the float depth, although
its thermal anomaly and vertical scale do change
between observations. It is not clear whether these
changes are temporal or the result of spatial varia-
tions sampled during the series. Nevertheless, these
results suggest that features can persist for periods
longer than 1% days (the duration of this series).
Three additional CTD time series spanning longer
time periods but with poorer temporal resolution
were made relative to VCM’s during earlier deploy-
ments in the Drake Passage. The potential-tempera-
ture profiles from these series are plotted versus
potential density in Fig. 6. The intrusions about
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F1G. 5. Ensemble-averaged vertical spectra of temperature and salinity anoma-
lies using data from the time series in JZT (solid line) and the time series discussed
here (dotted line). Confidence bounds for the 95% significance levels are also given.

the depths of VCM 1 at station 44 are highly cor-
related with features at station 46 but bear little
resemblance to those at station 52. Similarly for
VCM 2, several features appear to persist from
station 47 to station 51 but not throughout the

float deployment. The intrusions about the depth of
VCM 5 do not persist between casts. A cold feature
below the float depth is visible at all three stations
but the temperature anomaly of that feature in-
creases during the time of observation.
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Fi1G. 6. Potential temperature profiles plotted versus potential density from

stations made over VCM’s. Also shown are approximate float depths (Xx) and
pressure scales about the float depth. Successive profiles have been offset by
0.5°C and the relative timing of each station is given below the profile.
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F1G. 7. Relative temperature data from a VCM plotted versus the relative vertical
displacement between the float and the water in 12 h averages. The vertical lines
through each profile demark the same temperature, while the mean times for the
profiles are shown below. Only-outlines containing some 90% of the data are shown

because of time-response errors in the data.

The VCM’s also yielded data on the time scale
of the intrusions directly from their temperature
records. Since VCM’s tend to remain on isobars, the
floats profile small regions of the water column
around their mean depths as internal waves displace
fluid past them (Voorhis, 1971). The VCM senses
both temperature and relative vertical displacement
so it-is possible to produce plots of the vertical
temperature profile about the float depth and to ob-
serve their change with time. This is difficult to do
in practice, however, because of the long response
time of the VCM thermistor (Toole, 1980).

The lag-corrected temperature data from the first
deployment of VCM 1 is plotted versus relative
displacement in 10-12 h averages in Fig. 7. Be-
cause of the lag correction problem, only the outline
of the traces including some 90% of the data is shown
in the figure. The reduction in the amplitude of the
temperature signal found in the temperature profiles
taken near this float (Fig. 6) is clearly seen in these
data as a reduction in the amplitude of the thermal
features around the float depth.

It is tempting to interpret this amplitude change as
intrusion decay on a time scale of order two days but
in this case also spatial variability could be respon-
sible. Since VCM’s:-do not follow fluid parcels

through their vertical excursions, and generally sink -

slowly during their deployments, displacements
between a fluid parcel and a VCM can be generated.
Thus the persistence or decay time of order two days
found here can be considered only a rough estimate.
A truly Lagrangian float which follows fluid parcels
vertically or an extensive dye experiment appears
necessary to obtain more accurate results.

4. Spatial structure of intrusions
a. Drake Passage

It has been noted above that there was a great
deal of spatial variation in the intrusion field during
the 16-cast CTD time series. The horizontal length
scale of the intrusions appeared to be of the same.
order as the ship-float ranges during the CTD casts.
Careful examination of the profiles revealed station-
to-station variations of the depths of the persistent
features. The vertical coordinate in Fig. 4 is related
to potential density, so depth variations in features
imply density changes of the features. Since there
is no steady trend to the depths of features with
time, the data must be interpreted as a random
sampling of features sloping in space rather than the
observation of features propagating across density
surfaces with time.

Following JZT, the slopes of these intrusions
across the front relative to potential-density surfaces
were computed by Toole, 1980. Asin JZT, the intru-
sions were found to slope downward to the north.
Recall, though, that the local horizontal temperature
gradient had the opposite sign from that in JZT. This
implies that cold intrusions in this region were slop-
ing down toward cold water, seemingly in the wrong
sense for driving by salt fingers.

b. South of New Zealand

The analysis of the Drake Passage data suggested
that intrusions do slope relative to density surfaces
but that the direction of that slope with respect to
the large-scale density field could not be consistently
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estimated. These slope estimates were also con-
taminated by temporal variations since the experi-
ments used to estimate the slopes included data
separated in time by many hours. Several small-
scale CTD surveys were performed during the Knorr
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cruise to measure directly the intrusion length
scales and their slopes across density surfaces on
a time scale where intrusion decay could be ne-
glected. These experiments involved cycling the
CTD over a 500 db pressure range while towing the
CTD across the front.

The towed Yo-Yo or To-Yo data discussed here
(station 169 in Fig. 3) were taken one day after
the VCM’s had been deployed. Float tracks and
XBT’s were used to determine the orientation of the
front prior to the tow. The ship was directed along
course 090°, perpendicular to the front, heading
toward warmer water. Figs 8a and 8b present ship
and float tracks in absolute coordinates and in a
frame fixed with respect to the VCM. Several
satellite fixes (the only method of navigation in this
area) arrived during the time of observation and
these were used to plot the absolute position map,
Fig. 8a. Because 1-2 km position errors are present
in these data, a smooth curve is drawn through the
various fixes to approximate the ship track. The
VCM positions at the times of the satellite fixes,
computed using ship-float range and bearing data
are denoted by the X’s in Fig. 8a. Some of the
scatter in the float position is probably due to errors
of ship’s position. On the scale of the To-Yo, these
position maps show that the ship course was within
15° of the cross-front direction. The map of the
entire float track (Fig. 3), shows the To-Yo was
made just north of a region where the current turned
sharply to the east. This makes it less certain how the
To-Yo was oriented with respect to the front on a
larger scale.

The CTD To-Yo data were broken up into down-
and up-traces, processed into a set of 29 traces with
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FiG. 9. Vertical profiles of potential temperature versus stretched pressure from the Yo-To experiment.
Successive profiles have been offset by 1.0°C.
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uniformly increasing pressure, and stretched to
remove internal wave distortions. The potential
temperature profiles for the down-traces shown in
Fig. 9 extend for ~10 km across the front, with
average profile separations of 0.75 km. Several
features can be observed in the profiles extending
a significant distance along the To-Yo track. In
addition, the features are seen to slope in the verti-
cal, which in these coordinates means they cross
density surfaces. The duration of the To-Yo (5 h)
was only a third of the local inertial period and small
compared to an intrusion lifetime (see above), so
these data may be viewed as a snapshot of intrusions
sloping across density surfaces.

The average temperature gradient spectrum, com-
puted from 409.6 db pieces (Fig. 10) has structure
similar to the Drake Passage data. The spectrum
shows enhanced energy density on scales between
200 and 30 m, comparable to the scales observed
in the first time series in the Drake Passage discussed
by JZT. The energy density for these data, though, is
almost 10 times larger than that observed in the
Drake Passage. .

The dropped lagged coherence was computed to
estimate the horizontal scales of the intrusions by
averaging over 0.5 km bands of horizontal separa-
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tion and four wavenumber bands [0.0024-0.0049,
0.0049-0.0098, 0.0098-0.0195, 0.0195-0.0391
(units: cpdb—-cycles per decibar)]. The down- and
up-traces are physically different since they slope
through space in opposite directions. The co-
herences between down- and up-traces were only
computed for the shortest space lag. Fig. 11 presents
the coherence versus separation for the four wave-
number bands above. The average coherence be-
tween successive traces on scales <25 m was not
significantly different from- zero, in general. The
coherence is seen to fall with increasing separation
but the fall-off is not ordered in wavelength. The
features of wavelength 100-50 m extend much
farther across the section than the larger or smaller
features.

Length scales for the intrusions were estimated
with the separation for which the dropped lagged
coherence was indistinguishable from zero at the
95% significance level assuming all station pairs
were independent. The results are given in Table 1
for the four wavelength bands along with the re-
sultant aspect ratios of the features. The intru-
sions are much longer than previously observed.
Georgi (1978) estimated aspect ratios for XBT
survey data with a horizontal length scale chosen
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is from JZT’s series while the solid line is from the series reported here. Also shown
are the 95% confidence bounds for the spectra.
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F1G. 11. Band-averaged coherence between station pairs versus
horizontal separation using data from the To-Yo experiment.
Band 1 includes wavelengths from 409.6-204.8 m; band 2: 204.8-
102.4 m; band 3: 102.4-51.2 m; and band 4: 51.2-25.6 m. Data
points above the dashed lines are significantly different from zero
at the 95% significance level, assuming all station pairs are
independent.

where the squared coherence equaled 0.5. Using this
length scale, the aspect ratios of the present data
are still smaller.

The intrusions pictured in Fig. 9 generally slope
downwards from left to right. This is consistent
with the idea that the intrusions are driven by salt
fingering. The major exception to this observation
is the cold feature appearing at the end of the To-
Yo around 175 db. If we are to retain the idea of salt
finger fluxes driving intrusions, then this feature
must be thought of as an isolated cold leaf, ad-
vected along the front into the To-Yo path. This
appears reasonable since this cold intrusion cannot
be connected to the cold water across the front in
Fig. 9. The other major intrusions can be connected
across the front along the To-Yo path to their ap-
parent sources.

The first 10 lowerings were not contaminated by
this cold leaf so these data were used to estimate
the cross-density slope of the intrusions. The
dropped lagged coherence including all station pairs
in this group was again calculated for the three
wavenumber bands containing most of the tempera-
ture finestructure (bands 2, 3, and 4). Fig. 12 shows
the phase angle plotted versus horizontal separation
from this calculation along with least squares regres-
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TaBLE 1. Estimates of intrusion length scales, aspect ratios
and cross-isopycnal slopes from the To-Yo experiment.

Wavelength Length Aspect
(m) scale (km) ratio Intrusion slope
409.6-204.8 4.0 0.05 —
204.8-102.4 4.0 0.03 4.6 x 1073
102.4-51.2 8.0 0.01 6.7 X 1073
51.2-25.6 1.5 0.02 9.0 x 1078

sion lines for each wavenumber band. The intru-
sion slopes determined from the regression lines
are also presented in Table 1. Note that the intru-
sions with the smaller vertical scale slope most
steeply across density surfaces. This can be ob-
served in the profiles themselves in Fig. 9 where
the small intrusion at 175 db in the fourth profile
appears to slope more steeply than the larger intru-
sion at 230 db. The behavior of intrusions appears
to depend on the vertical scale of the features.

5. Evidence for salt fingering

The vertical thermohaline gradients at intrusion
interfaces are of the correct sense to support both
types of double-diffusive phenomena (Stern, 1960;
Turner and Stommel, 1964). There are several pieces
of circumstantial evidence suggesting that at least
salt fingering is active in the Antarctic Polar Front.

Linden (1974) has demonstrated that salt fingering
(or salt sheeting) will be present in a region where
temperature and salinity increase upwards even if
a steady vertical shear is applied to the fluid. Only
a continuous, highly turbulent velocity field appears
able to disrupt the fingers in the laboratory (Linden,
1971), but the ocean is only rarely turbulent on
small scales (see Gregg and Briscoe, 1979). In addi-
tion, Schmitt (1979a,b) has shown that the growth
rate of the fingers is rapid with respect to the time
scale of the oceanic shear and the fingers can ef-
fect significant mixing provided the stability ratio
(the ratio of the vertical temperature and salinity
gradients nondimensionalized by the thermal-
expansion and saline-contraction coefficients) is
below 2. Since intrusions are nearly density-com-
pensating and the mean density stratification of the
polar front is weak, salt finger fluxes in the intru-
sion field can be large.

The double-diffusive mechanisms flux heat and
salt vertically at different rates. The laboratory
measurements of salt fingering by Turner (1967)
and Schmitt (1979b) yielded a lower bound on the
ratio of nondimensional fluxes of heat (aF;) and

“salt (BF;) of (aF4/BFs) ~ 0.56, where o and 3 are

the thermal-expansion and saline-contraction coef-
ficients. Turner (1965) also measured the vertical
heat and salt fluxes through a diffusive interface
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FI1G. 12. Average phase angle between station pairs in the To-Yo experiment
versus horizontal separation for wavenumber bands 2 (closed circles) 3 (open
circles) and 4 (X). Error bars are shown for the 95% confidence bands. Intrusion
slope estimates from the least-squares linear fits to the data are also given.

and found an upper bound on the flux ratio of 6.67.
The change of an intrusion’s temperature or salinity
by vertical processes depends on the fluxes of tem-
perature and salinity across the upper and lower
interfaces of the intrusion. From the above experi-
mental results, the flux ratio for an intrusion af-
fected only by double-diffusive fluxes is bounded by

< 6.67,
S

where the A indicates the difference in fluxes across
the two interfaces. The laboratory studies of Turner
(1978) show that, once formed, the total heat and
salt fluxes into intrusions are dominated by trans-
fers at the salt-fingering interfaces. Thus the flux
ratio into the laboratory intrusions is only slightly
larger than 0.56, and cold intrusions sink while warm
intrusions rise. The sense of the intrusion slopes
relative to density surfaces observed by JZT and in
the data obtained south of New Zealand is consistent
with Turner’s laboratory results and the assump-
tion that salt fingering is driving the intrusions.
Direct calculations of the heat and salt fluxes
between intrusions using CTD data were not pos-
sible since the laboratory-derived formulas for these
fluxes are in terms of the temperature and salinity
jumps across an interface that are not easily identi-
fiable or well resolved in CTD data. The flux ratio
may be estimated if the intrusions are assumed to be
locally steady. The nondimensional heat and salit
conservation equations to lowest order are then

daT ad

— = afp,

ol oz

apS @
v - % gp,

al az PFs

where U is the speed of intrusion advance and / is
length directed along the intrusion while F; and Fy
represent the total vertical fluxes of heat and salt due
to turbulence as well as double-diffusion. Vertically
integrating over an intrusion, assuming U is con-
stant, and dividing the two resulting expressions,
yields '
2 @m |

. al o F¥ — FP) _ DaFy
B(F§* — F9  ABFs’

0 —
—(BS
3 BS)
where superscripts SF refer to the salt-fingering

interface and D to the diffusive interface and the
overbar is a vertical average. The flux ratio for an

‘intrusion is then given in terms of the temperature

and salinity gradients along the intrusion, provided
entrainment does not drastically enlarge the thick-
ness of the intrusion as it propagates. The studies
of Ruddick and Turner (1979) show scale preserva-
tion once intrusions reach finite amplitude, suggest-
ing the above relations are applicable.

The heat and salt content of four of the most
persistent features in the To-Yo were computed
from each profile by vertically averaging the tem-
perature and salinity over a fixed vertical distance
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FI1G. 13. A scatter diagram of nondimensional lateral temperatural difference to that for salinity
along four selected intrusions observed in the To-Yo experiment. Reference lines are given for density-
compensating temperature and salinity changes (aAT/BAS = 1.0) and for the lower limit due to salt
fingering (¢AT/BAS = 0.56). The line whose slope is given by the ratio of the variance in the two vari-

ables (aAT/BAS = 0.66) is shown dashed.

centered at the temperature extremum of the fea-
ture. The temperature and salinity differences
between adjacent observations of the same feature
were computed and plotted on a scatter diagram
(Fig. 13) after normalization by the local values of «
and B. The data are noisy since there are large
vertical gradients above and below the features.
Small variations in the location of the averaging
window could result in large differences of the cal-
culated means. Nevertheless, the temperature- and
salinity-difference data appear well correlated,
especially for large differences where the noise
errors are proportionally less. The flux ratio, es-
timated from the ratio of the standard deviations of
the two data sets is 0.66 while the least-square
slope estimates that bound this value are 0.84 and
0.53. A line with a slope of 0.66 is shown in Fig. 13
along with lines for the lower bound for salt finger-
ing, a slope of 0.56, and for no density flux, a slope
of 1.0. The flux ratio of 0.66 for these four intrusions
appears consistent with double-diffusive mixing that
is dominated by salt fingering.

6. Discussion and summary

Several experiments have been discussed in which
the length scales of the finestructure and the slope
of the intrusions across density surfaces have been
estimated. The data of JZT and from the To-Yo
exhibited dominant vertical scales of order 100 m,
lateral scales of several kilometers and intrusion

slopes consistent with the hypothesis that cold
(warm) intrusions sink (rise) as they move across the
front. Other data from the Drake Passage showed
smaller vertical- and horizontal-scale finestructure
which also crossed density surfaces but the slopes
of those features could not be consistently related to
the large-scale frontal gradients. The finestructure in
the 16-cast time series differs from those observed
in the other two experiments in that it appears to
be detached leaves of fluid rather than intrusive
extensions of fluid across the front. This distinc-
tion may resolve the discrepancy in the observed
intrusion slopes.

We consider two initial states; the first, a smooth
water-mass front with crossfront temperature and
salinity gradients but no alongfront variations, and
the second, an isolated leaf of fluid with a tem-
perature and salinity anomaly. A perturbation on
the smooth front will tend to grow on account of
the salt-finger fluxes across the perturbation’s
vertical interfaces as discussed by Turner (1978).
The initial growth will be directed across the front
drawing on the potential energy stored in the cross
frontal thermohaline gradients. There intrusions will
be observed to slope across the front in the manner
discussed by JZT. The leaf, on the other hand, has
similar lateral thermohaline gradients on all sides.
Double-diffusive fluxes acting across the leaf inter-
faces will produce a density change in the leaf and
the resulting buoyancy force will drive the leaf up or
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down depending on its thermohaline anomaly. Any
lateral gradient of the density flux into the leaf
would produce a slope of the leaf across density
surfaces. Such gradients could be produced by local
thermohaline anomalies in the leaf or its environ-
ment, anomalies with no dependence on the large-
scale fields. Thus an isolated leaf of fluid might slope
in any direction, while an intrusion from a smooth
front initially slopes across the frontal gradient field.

It is suggested that the isolated leaves of fluid
are old intrusions that have been sheared and ad-
vected from their generation site. Most likely,
this site is the region of largest lateral thermo-
haline gradients in the front. Consequently, fine-
structure observations near large frontal gradients
will be dominated by intrusions such as observed by
JZT and in the To-Yo experiment. Observations
far from large gradients will show isolated leaves
with smaller amplitudes and scales, as seen in the
16-cast time series discussed above.

It is noteworthy that the finestructure south of
New Zealand had amplitudes of order three times
those found in the Drake Passage while the New
Zealand frontal gradients were a factor of two
greater than in the passage. Despite the difficulty
in estimating horizontal gradients, these results
suggest that intrusion amplitudes may be propor-
tional to frontal gradients.

Joyce’s (1977) statistical model predicts a lateral
effective diffusivity due to intrusions. This dif-
fusivity scales directly with the vertical-gradient
variance in the intrusive field and a vertical mixing
coefficient, and inversely with the square of the
lateral gradients across the front. If intrusion ampli-
tudes are proportional to lateral gradient, as these
results suggest, Joyce’s model predicts a constant
eddy diffusivity due to intrusions, provided the
decay rate of intrusions is constant. Additional
observations are needed to determine accurately
the decay processes and decay rates of intrusions
and leaves in order to verify this result.

The observations of JZT and those presented here
suggest that salt fingering is active in intrusions.
The models of Stern (1967) and Toole and Georgi
(1980) describe intrusions’ initial growth driven by
vertical salt-finger fluxes. The vertical scale and
variation of cross-front intrusion slope with vertical
scale predicted by Toole and Georgi (1980) is in
good agreement with the observations discussed
here. Additional observations are required, how-
ever, to determine if salt fingers are indeed present
in the intrusions and if their vertical heat, salt,
and density fluxes are significant to the dynamics of
the intrusions.
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