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ABSTRACT

The seasonal mid-water thermocline over the continental shelf has been examined with the aid of an
oceanographic Richardson Number Probe. The overall Richardson number of this stable layer was found to
be 0.9 but within the thermocline, regions of low gradient Richardson number were observed. The shape of
the conditionally averaged density profile was compared with laboratory experiments and used to aid speculation
on the direction of entrainment during this experiment. The low value of the gradient Richardson number in
the upper portions of the thermocline supported the interpretation of entrainment from above.

1. Introduction

The water column over the continental shelf is
often stratified during the heating season. Atmo-
spheric forcing stirs the upper layer while sea-floor
friction due to tidal motions can mix the bottom
waters. Within a range of water depths (which appears
to encompass a large portion of the outer continental
shelf) a strongly stratified thermocline develops be-
tween these two mixed layers and persists throughout
the summer.

In order to be able to model the transport of mo-
mentum through the water column, one must be able
to describe the transport of mass and momentum
across this stable thermocline. We would like to know
the thickness of the thermocline, its maximum gra-
dient, and the rate of entrainment of one homoge-
neous layer into the other. A useful measure of the
dynamic stability of the interface is the Richardson
number, i.e., the ratio of the damping of turbulent
energy by buoyancy forces to the generation of tur-
bulent energy by velocity shear. Regions of low
Richardson number should be turbulent and thus
transport mass and momentum in the presence of
small mean gradients of these quantities, while re-
gions of high Richardson number should be asso-
ciated with the strong suppression of turbulence and
ineffectual transport of properties down gradients.

In this paper we examine the seasonal thermocline
over the continental shelf and determine some sta-
tistically stable estimates of the properties of the in-
terface. These statistics are compared with laboratory
results in order to speculate on the direction of en-
trainment and the thickness of sheared interfaces.

2. Apparatus

Profiles of Richardson number were calculated with
the aid of an instrument described by Jones and Bruz-
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zone (1981). This Richardson Number Probe (RNP),
shown in Fig. 1, measures the velocity difference over
a 1.5 m separation and at the same time measures
temperature gradient over 1 m. The instrument is

- changed only slightly from that described by Jones and

Bruzzone (1981) by increasing the power to the elec-
tromagnetic current meters (to lower the effective elec-
tronic noise) and decreasing the current-meter filter
time constant to give a —3 dB point of 1 Hz. The
electronic noise is 0.5 cm s™! but the fluid mechanical
difficulties of flow around the sensors and case probably
limit the accuracy to a shear of 1072 s™!, At present
our most severe difficulty is in maintaining the zero-
shear value to a small fraction of 1072 5™}, The reason
for shifts in the zero-shear value is not electronic drift
but appears to be connected with the problem of
ground-loop currents. The zero-shear value was de-
termined at the site by placing the instrument in a
tank of still water that was grounded to the platform
from which the measurements were made. Throughout
the experiment the same earthing arrangements and
cable lengths were maintained. Calibration of the ve-
locity channels of the RNP was carried out before and
after the experiment at the University of Sydney towing
tank,

The data from the RNP was recorded on the plat-
form with the aid of a 12-bit data logger. This device
provided a true average over the sampling period (1
second for this experiment) and wrote the value of
each channel, together with the time, on a SEA-DATA
cassette tape recorder. Frequent calibration has shown
that the data recorder accuracy can be maintained to
+1 bit, i.e., 0.02% of full scale.

3. Large-scale features of the water column

Measurements were made from the Kingfish B oil
recovery platform at a position 148°11’E, 38°36'S in
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FI1G. 1. Gradient Richardson Number Probe. U, V are velocity
sensors, T is temperature, AT temperature difference and P is pressure.

the eastern portion of Bass Strait. The site is near the
shelf break in 78 m of water as shown in Fig. 2. Dur-
ing the summer heating season the water column is
often stratified with a well-mixed surface layer sep-
arated from a tidally stirred lower layer by a sharp
thermocline. The water in Bass Strait is, in general,
colder than that of the Tasman Sea and a shelf-break
surface front discussed by Godfrey et al. (1980) is
frequently near the Kingfish B platform.

Internal tides with a semi-diurnal period can cause
large movements of the thermocline, and Jones and
Padman (1981) found regular waves during periods
of strong stratification. These motions, in combina-
tion with the shear in the tidal components reported
by Jones (1980), complicate the description of shear
through the water column. Some preliminary mea-
surements of Richardson number were made in the
seasonal thermocline at this site (Jones and Bruzzone,
1981) but our efforts were concentrated on the tran-
sient surface thermocline in this previous experiment.
When we returned to the site on 5 May 1980, the
temperature of the upper mixed layer was 18.2°C and
that of the bottom mixed layer was 15.5°C, giving a
thermocline strength of 2.7°C. The corresponding
change in salinity was 0.13% with the upper layer
being more saline. During the period of the present
measurements the flow was of the order of 30 cm s™!
throughout most of the water column and to the west.
This fortunately placed the instrument at an up-
stream corner of the platform legs.
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4. Processing of data

The instrument was used to profile across the ther-
mocline, crossing the 17°C isotherm about once per
minute. From some 50-odd crossings the data were
divided into five periods of 10 minutes, each con-
taining about 10 crossings. The quantities measured
during these 10 crossings were simply averaged at
each depth and then smoothed with a running filter
of the type

P 1 J‘zﬂ)
@ =35 P, (1)
where z is defined positive in the upward direction.
The variables measured, P(z), were spatial averages

of the type
1 z+6z a P
P = — f _—
(z) 6zJ, oz dz,

where 6z was 83 cm for temperature difference 67
and 145 cm for velocity difference éU, i.e., the sensor
separations.

By adjusting the averaging distance in Eq. (1) both
sensors have the same effective vertical averaging dis-
tance (of an equivalent box-car filter) of 145 cm. The
spatial filter is shown as an insert in Fig. 3.

All the averaged profiles of temperature gradient
had the same visual appearance with a narrow region
at the bottom of the density interface where the gra-
dient rose rapidly from its value near zero in the bot-
tom mixed layer to around 0.5 X 1072 °C cm™'. As
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FIG. 2. Location of the Kingfish B platform
from which measurements were made.
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Fig. 3 shows, the temperature gradient decreases
slowly to a low value in the upper mixed layer. In
contrast, the velocity gradients were more variable,
but in the north-south direction there appeared to be
a significant gradient associated with the density gra-
dient. Tidal forcing produces a counterclockwise ro-
tary current at this site with the upper current lagging
the lower current in the manner illustrated in Fig. 4
of Jones (1980). For the profiles in Fig. 3 the current
was rotating from NW to SW and the lagging upper
current induced much of the shear over the middle
portions of the water column. Those velocity profiles
that extended some distance from the interface
showed that the shear zone was much thicker than
the zone of significant temperature gradient.

The generation of a stable statistic in a variable geo-
physical flow is difficult. The thermocline is deepening
during the 50-minute measurement period, in part
because of the internal tidal motion discussed by Jones
and Padman (1983). From the Richardson Number
Probe yoyo dips, the depth of the 17°C isotherm is
plotted in Fig. 4, as well as the maximum temperature
gradient, i.e.,

1 z+8z 3T

Py ] 3~z~dz, 6z = 83 cm,

of each interface crossing. Obviously an average at
constant depth smears out the temperature gradient
.and so averages were computed relative to the
15.6°C-isotherm position of each 10-minute sample.
Using the five profiles in Fig. 3 the conditional av-
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FIG. 3. Temperature gradient and velocity gradient measure-
ments on day 65, 1980. Each trace is a 10-minute average. The
spatial filter used is shown in the upper left corner.
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FIG. 4. Depth of the 17°C isotherm together with the
maximum temperature gradient (averaged over 0.8 m).

erages (at depth relative to the 15.6°C isotherm) are
shown in Fig. 5. The width of the 50-minute average
of temperature gradient was 3.7 m between points
that were ¢! of the maximum average temperature
gradient. This interface, which is of comparable thick-
ness to the transient thermocline described by Jones
and Bruzzone (1981), is much thinner than many
interfaces found at the bottom of the surface mixed
layer during JASIN 78. The north and south velocity
gradients were similarly averaged and the vector sum
of the two conditionally averaged gradients used to
compute
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FIG. 5. Ensemble-averaged temperature gradient and velocity
shear together with the Richardson number calculated from these
curves. Day 65, 1980.
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The velocity gradient was most pronounced a dis-

tance above the sharpest temperature gradient and
maintained this position relative to the 15.6°C iso-

therm despite considerable deepening of the interface

during the 50-minute averaging period.

We must conclude that the shear and temperature
gradient in Fig. 5 are associated in some sense. The
maximum temperature gradient of each crossing

(shown in Fig. 4) becomes more variable throughout

the experiment but shows no trend during the period.
It follows the 15.6°C isotherm as it deepens and the
profiles relative to this isotherm can be seen in Fig.
3. The region of extended shear (in the north direc-
tion) also deepens in conjunction with the isotherms.
Thus it appears that the position of the shear that is
imposed by the tidal flow and the temperature inter-
face between the upper and lower layer of the water
follow each other. If this were not the case, averaging
relative to the 15.6°C isotherm would be expected to
smear out the velocity gradient. We might have ex-
pected the highest shear to occur at the same depth
as the maximum temperature gradient but this was
not the case. The average shear was largest some 3
m above the maximum temperature gradient.

From the width, the temperature difference be-
tween the upper and lower layers (A7) and the ve-
locity difference (AU) determined from integration
of Fig. 5, we can calculate an interface Richardson
number. The buoyancy jump results from both the
temperature and salinity difference, but if we assume
a temperature-salinity relation, the buoyancy jump
can be approximated by gaA7. We have used
a =2 X 107*(°C)"! for the present situation. Relevant
bulk parameters of the interface are given in Table
1. We find that the interface is stable on overall mea-
sures with a bulk Richardson number of 0.9. Since

TABLE 1. Details of thermocline for 1300-1400 Day 65, 1980.
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Water depth 76 m
Mean depth of 17°C isotherm, D 32m
Width of thermocline e}, L, 37m
Average temperature difference AT 2.7°C
Average velocity difference AU 14.3 cm s™!
. 2aATL
Bulk Richardson number, ‘ﬁi‘e 0.9
Inverse Froude number, ga i—{g 85
Wind speed Sms!
Wind stress, T 0.3 dyn cm™?
Significant wave height 0.9 m
Representative current speed 30cms™!
Inverse Froude number, QA_’& 5.8 x 10°
AU
B i , ———
uoyancy time scale, PN 0
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this thermocline persists throughout most of the sum-
mer we would not expect to find the low Richardson
number observed by Jones and Bruzzone (1981) for
the transient thermocline.

5. Local Richardson number

For the quantities averaged over 50 min we can
calculate the local Richardson number,

_ gaﬁ/az
© (0U/az)*’

where the overbar implies a temporal and spatial av-
erage. We have assumed that the density gradient,
normalized by the mean density, is dominated by the
temperature gradient. The logarithm to-the base of
10 of Ri(z) is presented in Fig. 5.

One sees within the thermocline minimum local
Richardson numbers of about 0.05 despite the bulk
Richardson number of the interface being 0.9. The
differing shapes of the shear and the temperature pro-
files are responsible for the large differences between
the two measures of stability. Also there is a region
of high local stability and presumably it is this portion
of the interface that inhibits mixing.

If we examine shorter time scales we see that both
the temperature (density) and the shear fluctuate
about their 50-min mean values. These fluctuations
induce variations in the gradient Richardson number.
Jones and Bruzzone (1981) showed such fluctuations
in the seasonal thermocline when one-second aver-
ages were used. :

A suitable averaging time to use in calculating Ri-
chardson number is difficult to determine. Both the
overturn time of an eddy, calculated with thickness of
the interface (L,), i.e., L,/Au =~ 24 s, and the buoyancy
time scale (see Table 1) of 30 s appear to be short
compared with the time scale of shear fluctuations that
we observed. One would like an averaging time that
is longer than that required for significant turbulent
energy to be generated. This is in turn a function of
the Richardson number since low Richardson number
implies that little turbulent energy is lost to buoyancy
damping while high Richardson number implies that
most of the shear-generated turbulence is lost imme-
diately to buoyancy damping. To form a time scale,
6, in a zero Richardson number flow, indicative of the
rate of change of turbulent energy, one can equate the
rate of change of turbulent energy to the rate of gen-
eration, G, i.e., -

Ri(z)

turbulent energy
8 =G.

Thus it follows that since the generation is of the
order of the product of turbulent energy and the
shear, 6 is proportional to L,/AU.

When the buoyancy term B is also included in the
energy balance, i.e.,
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turbulent energy
[

the time scale becomes

= G- B=G(1 —Ri),

— LP
(1 —R)AU"

In the present case 6 is 5 min, and we have somewhat
arbitrarily averaged over 10 minutes, twice this pe-
riod.

When we use the 10-min averages of Fig. 3 to cal-
culate the gradient Richardson number, we obtain
the values given in Table 2. At 1.7 m above the
15.6°C isotherm (z* = 1.7 m) the 50-min average
Richardson number (Ri = 180) indicates a very stable
situation but the Richardson number calculated from
10-min averages is in the range 1 to 10. Thus despite
the high stability over long times, on time scales
needed for the build-up of turbulent energy the gra-
dient Richardson number drops to order unity for
some period. The fluctuations in the shear are re-
sponsible for this difference of Richardson number
with time and the low value of long-term shear leads
to the high value of the 50-min average Richardson
number.

If we look at the Richardson number near the point
of maximum shear (z* = 4.7 m) the fluctuations in
the 10-min average Richardson number are small.
The variations in shear, as one can see from Fig. 3,
are about the same as those at z* = 1.7 m but since
they are about a large mean, the Richardson number
is only weakly affected. At this position the Richard-
son number is below 0.25 for each 10-min period and
we expect mixing of fluid away from the more stable
layer below.

0

6. Interface thickness

When a density interface is subjected to shear, the
interface broadens until some Richardson number
becomes too large to support turbulent mixing. In a
situation where there is a turbulent layer on one side
of the interface, it reaches a steady thickness but con-
tinues to entrain. Jones and Mulhearn (1983) describe
such an experiment in an annular tank where both

TABLE 2. Richardson numbers from 10 minute averages.

Time
(=10 h GMT) z*=17m z* =47 m
1300-1310 1.6 0.09
1310-1320 3.7 0.07
1230-1330 9.6 0.06
1330-1340 2.6 0.06
1340-1350 44 0.18
1300-1350 180.0 0.06

z* distance above interface
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FIG. 6. Density gradients measured in an annular tank.
Data averaged at constant depth.

external turbulence and shear were found to influence
the rate of entrainment. This same apparatus was
used to study the profile that developed between two
constant density layers. The rotating screen induced
a velocity difference AU across the interface whose
profile was measured using a single point conductivity
probe. While the rotating screen applying the surface
stress to the tank was coarser than that described by
Jones and Mulhearn, this change appeared to be of
little significance.

From averages of density at constant depth, the
density gradient was determined and plotted in Fig.
6 relative to the depth of maximum gradient. Con-
siderable smoothing of the profile resulted from this
process since the interface deepened about 0.1 of its
thickness during the measurement. It is immediately
evident that these profiles are asymmetric about the
maximum gradient with the gradient decreasing more
rapidly on the side away from the turbulent layer.

From the density jump and the velocity jump
across these interfaces one can construct a buoyancy

length
_ pauy

ghp

At smaller buoyancy lengths (very stable) the thick-
ness of the interface becomes comparable with the
oscillations of the interface and averaging at a fixed

B

. depth gives difficult-to-interpret results,

However, for the buoyancy lengths in these two tank
experiments, the observed interface oscillations ap-
peared to be considerably less than the width of the
profiles and so it seems reasonable to compare the
results in Fig. 6 with the conditional averages, depen-
dent on the distance from an isotherm, used in Fig.
5. When one considers the oceanic profile about the
maximum gradient of temperature (z* = 1.8 m) the
gradient changes more slowly above z* = 1.8 m than
below z* = 1.8 m. This is similar to the laboratory
result. )
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The interface thickness L, has been determined
from these two profiles and is plotted in Fig. 7 as a
function of buoyancy length. The present Bass Strait
interface is much thicker than the laboratory inter-
faces but is narrower than the transient thermocline
examined by Jones and Bruzzone (1981). Also shown
in Fig. 7 is the transient halocline measured by Price
(1979) that followed rain over the Florida continental
shelf. In this case we have approximated L, by 0.84
where d is his halocline width.

One sees the trend of increasing interface thickness
with increasing buoyancy length. It follows that it will
be difficult to establish a mildly stable shear layer in
a laboratory tank without the shear layer interacting
with the top and bottom of the tank.

If the interface thickness were always greater than
a certain fraction of the buoyancy length, then a crit-
ical bulk Richardson number would exist. This would
lead to an expression

L‘, > RcLB

One can explain such an inequality by speculating that
if L, drops below the critical value the interface thickens
because of internally generated turbulence. However,
if the buoyancy length decreases, on account of reduced
shear for example, the thickness L, remains greater
than R.Ly. External turbulence may well scour the
outer edges of the interface, gradually reducing L,.
Since in laboratory experiments the rate of entrainment
depends upon both buoyancy length and external tur-
bulence, it is not unreasonable to expect the interface
thickness also to be a function of such external vari-
ables. We have as yet too little data to resolve this
question.
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Pollard et al. (1973) made popular the suggestion
that during entrainment a Froude number,

p(AU)
glpD

should be constant, where D is the distance from the
surface applying a stress to the interface. For the data
in Fig. 7 the range of Froude number is large with
inverse Froude numbers of 2 and 8 for the annular
tank, 8.5 for the present experiment, 0.6 for Price’s
(1979) data, and 0.3 for the data of Jones and Bruz-
zone (1981). One could argue that the relationship
between the surface stress and velocity jump AU was
complex in all cases except the two transient ther-
moclines, and indeed this is so, with much momen-
tum lost to the side walls in the annular tank and
much of the shear induced by internal tides in the
present oceanic case. Thus, the distance from the sur-
face applying the stress to the interface may not be
the dominant length scale. This observation, how-
ever, merely points out that Froude number does not

provide a closure by itself of the problem of sheared

stable interfaces. The bulk Richardson number ap-
pears to be more nearly constant than the Froude
number.

7. Entrainment

It is. not possible in the ocean to deduce the direc-
tion of entrainment from the short-term movement
of the interface because of the influence of internal
waves that can move the interface much faster than
one layer can entrain the other across a stable inter-
face. However, the temperature gradient in Fig. 5,
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FIG.. 7. The density length scale as a function of the buoyancy length.
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with steeper gradients at the bottom of the thermo-
cline, may be characteristic of entrainment by rea-
sonably stable sheared interfaces. It is similar to the
slope of the profiles in the laboratory experiments
that entrained fluid from below.

We imagine that, in both the laboratory experiment
and the present oceanic situation, the shear at the in-
terface induces mixing, and this mixed fluid is swept
away by the turbulence of the upper layer. The lower
density gradients of the broad portion of the ther-
mocline about the density gradient maximum require
higher diffusivities to transport the same flux of density
as the lower portion of the thermocline. The Richard-
son number profiles in our present situation are con-
sistent with this model, with lower Richardson numbers
in the upper turbulent portions of the interface where
we speculate that the diffusivity is high.

In the laboratory situation there clearly was no tur-
bulent motion below the interface while over the con-
tinental shelf we must assume for the period studied
that the effective turbulence is less in the layer below
the interface than in the layer above.

We can contrast this profile through the seasonal
thermocline with that observed in 1978 by Jones and
Bruzzone (1981), in a near-surface transient ther-
mocline that was between the seasonal thermocline
and the surface. The transient thermocline exhibited
little asymmetry in the temperature gradient profile
and the bulk Richardson number of 0.16 was much
less than in the present case. This thermocline pre-
sumably did not persist for long. We may speculate,
from observing these density profiles, that the asym-
metric nature of the interface is a function of the
stability of the interface. Interfaces of low stability are
symmetric about their mid-point (near-neutral den-
sity shear layers have a temperature profile that is
close to an error function (see Fiedler, 1974), while
strongly stable interfaces may take on an asymmetry
indicative of the directional nature of the (small) en-
trainment. More examples are needed to test this
speculation.

8. Conclusions

Measurements have been presented of the detailed
structure of an interface between a wind-mixed layer
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of warm water and a cold layer mixed by bottom
friction. This thermocline was found to have a bulk
Richardson number near unity but within the inter-
face (on time scales representative of the growth of
turbulence within a shear layer of this thickness) re-
gions of much higher stability were observed in the
lower portions of the thermocline. The asymmetric
nature of the density profile observed in this case is
similar to that observed in laboratory experiments
and may be an indicator of the direction of entrain-
ment. Entrainment is to the more turbulent layer
from the less turbulent. The extended region of den-
sity gradients and the lower Richardson number on
the upper side of the thermocline point to this being
the more turbulent region and suggest that entrain-
ment in the present situation is upward.

The thickness of the sheared stable interfaces ex-
amined did not drop below a certain fraction of the
buoyancy length. Large buoyancy lengths (decreased
stability) were associated with thick interfaces. Active
entraining interfaces, as well as being asymmetric, are
in equilibrium between scouring of external turbulence,
which decreases interface thickness, and turbulence
within the sheared regions, which attempts to thicken
the interface.
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