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Lock-release laboratory experiments are performed to examine the collapse of a localized mixed
patch of fluid in a uniformly stratified ambient with constant buoyancy frequency, N. The intrusion
speed is approximately 0.13NH�, in which H� is the depth of the mixed patch. This is consistent with
the speed of intrusions released from a full-depth lock where H�=H is the depth of the ambient. The
vertically propagating waves have frequency set by N ���0.7N� and the horizontal wavelength, �x,
is set by H� ��x�1.5H��. The amplitude is found to scale as the depth of the mixed region cubed
at small H�, and saturates at large H��10 cm due to nonlinear effects. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2814331�

I. INTRODUCTION

Oceans and lakes typically are stably stratified meaning
that their effective density increases with depth. For ex-
ample, descending through the thermocline the temperature
rapidly cools and, as a result, vertical motions are inhibited
because they require work against buoyancy forces �e.g., see
Gill1�.

Localized mixing can nonetheless occur as a conse-
quence of highly energetic surface motions, which are domi-
nantly driven by surface wind stresses. In particular, transient
events such as tropical storms and hurricanes have been ob-
served to mix the surface waters down to depths of several
hundred meters. If the mixing is relatively shallow, the layer
may restratify through surface heating2 or through horizontal
turbulence.3 However, deeply mixed fluid that does not ad-
just in this way, may end up spreading laterally about the
depth of neutral buoyancy, propagating as an intrusion. An
observation of such a phenomenon was noted by Gregg.4

Mixing on relatively smaller scales can occur as a result of
shear instability and interactions between internal waves that
lead to breaking.5 Because such events occur rapidly, the
mixed patch is also expected to collapse as an intrusion,
though there are few observations of such transient events.

The work presented here focuses upon some aspects of
the process of restratification that follows a mixing event.
Specifically, it measures the rate at which a mixed patch
intrudes horizontally into the surrounding stratified ambient
and it examines the coupling between this intrusion and ver-
tically propagating internal waves. The focus is upon the
dynamics over short times during the collapse and so the
effects of background rotation are ignored.

Intrusions are a special manifestation of gravity currents,
which are flows that propagate horizontally due to horizontal
density �and hence horizontal pressure� variations.6,7 The
evolution of gravity currents have often been examined by
way of “lock-release” laboratory experiments. In these a
patch of fluid of one density in a “lock” is separated initially

by a gate from the ambient fluid having a different density or,
if stratified, being characterized by a z-dependent ambient
density. When the gate is rapidly extracted the lock-fluid
collapses and propagates horizontally into the ambient.

Although most studies have involved a uniform-density
ambient, an increasing number of full-depth lock-release ex-
periments have been performed to examine the evolution of
intrusions in stratified fluids. Most of these have focused
upon the evolution of a so-called “symmetric” intrusion
whose density if the average ambient density and the ambi-
ent itself is either a two-layer fluid with a thin or thick inter-
face or a uniformly stratified fluid.8–12 The evolution of
asymmetric intrusions �having density different from the av-
erage ambient density� has been examined recently in full-
depth lock release experiments with two-layer and continu-
ously stratified ambients.13–17

Less is known about the evolution of intrusions in uni-
formly stratified fluid resulting from the collapse of partially
mixed regions. The collapse of localized mixed patches at
the mid-depth thick-interface two-layer fluids and in uni-
formly stratified fluids has been examined in experiments in
which fluid is injected or transiently mixed at by a set of
rollers or an oscillating grid.18–22 In particular, through the
displacement of horizontal dye lines Wu18 observed that the
collapsing intrusion generated vertically propagating internal
waves in uniformly stratified fluid.

A study into the collapse of a partially mixed region,
which is more readily amenable to theoretical and numerical
modelling is set up so that the intrusion is instantaneously
released from a lock whose depth spans only a fraction of the
full depth of the tank. Such partial-depth lock-release experi-
ments in nonuniformly stratified fluid were performed by
Flynn and Sutherland23 and Sutherland et al.,24 who exam-
ined the propagation of an intrusion along the interface be-
tween a uniform-density and uniformly stratified fluid. These
circumstances were designed to represent an idealization of
the propagation of thunderstorm outflows below the tropo-
pause or of an intrusion overriding a thermocline. The stud-
ies showed that the intrusion excited vertically propagating
internal gravity waves in the stratified fluid layer and that thea�Author to whom correspondence should be addressed.
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momentum transport associated with the waves could be
substantial, although this depended upon the flow speed.

Rather than examining intrusions immediately above or
below a stratified region, this study examines the collapse of
a vertically and horizontally localized mixed patch into a
uniformly stratified ambient. Over the vertical extent of the
mixed patch, the system is similar to that studied by Munroe
et al.17 in that the patch collapses, intruding horizontally into
the ambient and exciting internal wave modes in the ambient
over the vertical extent of the patch. In the circumstance
examined here, however, there is no solid boundary below
the mixed region. As a result, the modes and the motion of
the intrusion itself can excite internal waves that propagate
vertically downward away from the horizontally spreading
intrusion.

Unlike the dye-line technique of Wu,18 here the fre-
quency, horizontal wavenumber, and amplitude of vertically
propagating internal waves are determined using a nonintru-
sive laboratory technique called synthetic schlieren.25 Their
associated energy is compared with the available potential
energy associated with the initial state in order to determine
how the intrusion and associated return flows leak energy
into vertically propagating internal waves below this layer.

The experimental setup and schlieren analysis methods
are discussed in Sec. II. Quantitative analyses of results is
provided in Sec. III. Finally, in Sec. IV, we consider the
application of these results to deep ocean mixing.

II. EXPERIMENTAL SETUP

The experiments were performed in a rectangular glass
tank which is 197.1 cm long, 48.5 cm tall, and 17.4 cm
wide. Using the standard “double bucket” technique,26 the
tank was filled with room-temperature salt-stratified fluid to
a total depth H, as indicated in Fig. 1�a�. Typically H
�33 cm.

Using a vertically traversing conductivity probe �Preci-
sion Measurement Engineering�, it was confirmed that the
ambient fluid was uniformly stratified. Finding a best-fit line
through the density profile gave an accurate measure of the
density gradient from which the buoyancy frequency was

determined. The stratification was varied so that the buoy-
ancy frequency ranged between N�0.7 and 1.9 s−1.

Once filled, an acrylic gate spanning the width of the
tank was inserted between a pair of glass guides. These en-
sured that the gate would be extracted vertically when releas-
ing the lock fluid. Exclusively, the length of the lock was �
=18.5 cm. The gate was inserted to a depth moderately
greater than H�, which is the depth to be established for the
mixed region. A mixer, a spiral horizontal disk that rotates
back and forth, was inserted and operated between 5 and 30
s until the desired mixed depth was established.

The conductivity probe traversed through the lock fluid
and underlying ambient in order to measure the density pro-
file. This is illustrated schematically as the dotted line in the
right plot of Fig. 1�a�. Experiments were performed and ana-
lyzed only if the resulting density profile exhibited a uniform
density region of depth H��3 cm below the surface. Figure
2 shows typical density profiles measured in an experiment.
The ambient density profile increases linearly with depth
where as the density profile taken through the lock fluid after
mixing shows that the fluid has uniform density over a depth
H� and is separated from the stratified ambient beneath by a
relatively thin interface.

To measure the depth H�, the maximum density gradient
associated with the mid-depth of the interface was deter-
mined. From this the level of the interface mid-depth, zi and
the half-thickness, �i, of the interface was determined. The
extent of the uniform-density fluid was thus defined to be
H�=H− �zi+�i�.

Synthetic schlieren25 was used to visualize and measure
the amplitude of the vertically propagating waves. The setup
is illustrated in Fig. 1�b�. A 40 cm�40 cm grid of horizontal
black and white lines each 3 mm thick was placed 18 cm
behind the tank with its left-hand side at the position of the
gate. A digital camera was situated on the opposite side of
the tank and looked horizontally through it at the image of
lines. The camera was positioned 300 cm from the tank and
was zoomed in so that the image filled the field-of-view.
Thus the effects of parallax were reduced.

Schlieren works by taking advantage of the fact that
light bends to a greater degree as it passes through saltier
water. As vertical density gradients increase due to the com-

FIG. 1. Schematic of experimental setup showing �a� front view of tank
with uniformly stratified ambient �solid line in right-hand density profile
plot� and near surface mixed layer �dashed line�. �b� Side view showing
measurement of wave characteristics using synthetic schlieren.

FIG. 2. Density profiles of the ambient �solid line� and lock fluid �dashed
line� measured in an experiment with N�1.63 s−1 and H��14.7 cm, as
indicated.
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pression of isopycnal surfaces by waves, light rays bend fur-
ther downward and locally the image appears to displace
upwards. Conversely the image appears to shift downwards
where internal waves stretch isopycnal surfaces apart. By
recording the apparent displacement of the lines in the image
and, assuming that the disturbances in the tank are spanwise-
uniform, the vertical density gradient field, �z�, was mea-
sured nonintrusively. For conceptual convenience this is mul-
tiplied by −g /�0 to give �N2=−�g /�0��� /�z, which is the
change in the squared buoyancy frequency due to waves.

Often it is useful instead to measure changes in �N2

between small times and to estimate the time derivative Nt
2

���N2 /�t. Measuring this field has the advantage over mea-
suring �N2 in that it filters long time-scale variations and
enhances relatively fast time-scale internal waves. Further-
more, this field is found to be proportional to the vertical
displacement field, 	. Using estimates based on linear theory,
the amplitude of vertical displacements due to waves can be
determined and compared with the horizontal wavelength in
order to provide an intuitive estimate of the height of the
internal waves.

Like the waves, the intrusion was visualized by the dis-

tortion of the background image. Though too turbulent, and
hence nonspanwise uniform, to enable the measurement of
perturbation density gradients, its motion and extent can
nonetheless be tracked. A single snapshot is not always
clearly revealing, but the motion is easily seen in movie im-
ages. In some circumstances, dye is added to the mixed patch
in the lock before it is released to allow for easier visualiza-
tion.

Figure 3 shows typical images used for the analysis. The
six images were constructed for three different experiments,
all with N�1.9 s−1 and with H� holding three different val-
ues. For the experiment with H��5.0 cm, Fig. 3�a� shows a
snapshot of the experiment taken after the intrusion has
propagated more than halfway across the field of view �top�.
This plot is a composite showing above the image of the
black and white lines behind the tank, which is distorted as a
result of the intrusion moving in front of it, and showing
below a color field representing values of Nt

2. This field is
proportional to the vertical displacement of fluid due to in-
ternal waves. Waves are clearly seen to emanate downward
and to the right.

Beneath this image is the corresponding horizontal time

FIG. 3. �Color� Results of three experiments with �a� H�=5.0 cm, �b� 6.7 cm, and �c� 14.7 cm, as indicated. In each case the top plots show a composite
snapshot composed of the raw image of horizontal lines and the color image showing the computed values of Nt

2; the bottom row plots horizontal time series
of Nt

2 taken 10 cm below H�. In all cases z=0 corresponds to the surface of the fluid, x=0 corresponds to the position of the gate and t=0 corresponds to the
time at which the gate is extracted. The intrusion is visualized by distortions of the black and white lines in �a� and �b� and is more clearly visualized by dye
in �c�. Values of Nt

2 are indicated by the color scale below the plots �enhanced online�.
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series constructed from a horizontal slice taken 10 cm below
the base of the mixed region where z=−H�=−5.0 cm. �That
is, the horizontal slice in Fig. 3�a� is taken at z=−15 cm.�
This shows that the waves move rightward, as expected. The
image can be used to extract information on the phase speed,
frequency, and horizontal wavenumber of the waves, as dis-
cussed in the next section.

In comparison, the top plots of Figs. 3�a�–3�c� show that
the phase lines of the waves in all three cases tilt at approxi-
mately the same angle to the vertical. Because the buoyancy
frequency is approximately the same in all three experi-
ments, linear theory implies that the wave frequency is com-
parable in all three cases.

From horizontal time series images, as shown in the
middle row of Fig. 3, we determine the horizontal phase
speed of the waves by determining the best-fit line to
constant-phase contours of the leading wave front. Likewise,
from horizontal time series taken at a vertical level corre-
sponding to the mid-depth of the mixed region �not shown�,
we determine the speed of the intrusion.

The horizontal time series are also used to estimate the
frequency of the waves and this, combined with the phase
speed, gives the horizontal wavenumber, kx.

The amplitude of the waves, measured in terms of the Nt
2

field, is determined by computing the root-mean-square tem-
poral average of the field measured from horizontal time se-
ries taken 10 cm below the mixed region. Taking the maxi-
mum result and multiplying by 21/2 gives the amplitude, ANt

2,
of the Nt

2 field. Linear theory is then used to estimate the
amplitude of the vertical displacement field, A	,

A	 = �N3kx sin 
�−1ANt
2, �1�

in which 
�cos−1�� /N�, a measure of the relative wave
frequency, is the angle at which lines of constant phase are
oriented with the vertical.

III. RESULTS

First we examine the propagation of the intrusion. Figure
4 plots the measured horizontal speed of the intrusion, U,
against the characteristic velocity scale NH�. The best-fit line
through the data has slope 0.13±0.02, which is consistent

with the results of Munroe and Sutherland,17 who found that
an intrusion released from a full-depth lock and which propa-
gated at mid-depth in uniformly stratified fluid has speed
moderately less than the two-layer theory prediction that
U /NH�1 / �4�2��0.18. The small correction was attributed
to energy loss through internal wave generation in the ambi-
ent. In the experiments reported upon here, the smaller speed
could also be attributed in part to the extraction of the gate
from a relatively small lock.

This result demonstrates that the intrusion released from
a mixed patch of depth H� behaves as though it was released
from a full depth lock in a tank of total depth H�. The pres-
ence of a stratified lower boundary rather than a rigid solid
boundary does not affect the advance of the intrusion.

Nonetheless, the lower boundary was not rigid, and the
advance of the intrusion together with its associated return
flows deforms the isopycnal surfaces at the level of the base
of the mixed region. Consequently, this can excite vertically
propagating internal waves in the otherwise quiescent strati-
fied fluid below the level of the mixed region.

Figure 5 shows the measured characteristics of the
waves. The frequency and horizontal wavenumber are deter-
mined from horizontal time series such as those shown in
Fig. 3. Although there is some scatter in data, generally we
find that the nondimensional frequency and horizontal wave-
number lie in a relatively narrow range. In particular, for
experiments with N ranging from 0.7 to 1.9 s−1, we find that
the relative frequency, � /N, lies between 0.6 and 0.8. Like-
wise, although H� ranges from 3.5 to 15.4 cm, the relative
horizontal wavenumber, kxH�, lies between 3 and 5.

The dashed line superimposed on the plot passes through
the origin having the same slope as the best-fit line shown in
Fig. 4. If the speed of the intrusion set the horizontal phase
speed, cp=� /kx, of the internal waves, the points would fall
on this line. That this does not occur demonstrates that the
intrusion speed does not establish the time scale for verti-
cally propagating internal waves. Rather it is a combination
of the buoyancy frequency setting � and the mixed-region
depth setting kx.

That internal waves are generated in a narrow relative
frequency range by a fluidic source is surprising but not new.
Such observations have been made for waves generated by

FIG. 4. Intrusion speed, U, plotted against NH� for H��5 cm �open tri-
angle�, 5 cmH��10 cm �closed squares�, and H��10 cm �open circles�.
The dashed line indicates the best-fit line to the data with slope 0.13�±0.02�.

FIG. 5. Relative wave frequency plotted against the horizontal wavenumber
with symbols plotted as indicated in the caption of Fig. 4. Error bars are
indicated for each point. A dashed line is plotted with the same slope as the
best-fit line shown in Fig. 4.
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stationary turbulence in mixing-box experiments,27,28 by tur-
bulence in the lee of obstacles,29–32 and by collapsing mixed
regions in uniformly stratified fluid.17 This phenomenon has
likewise been reproduced recently in numerical
simulations.33,34

Although a definitive explanation remains elusive at this
time, the fact that their frequency is close to that of waves
that transport energy and momentum with the greatest flux
�35° �
45° � suggests that enhanced generation of these
waves results from resonant interactions between the waves
and their source. This hypothesis seems more reasonable in
light of the fact that the waves are generated at relatively
large amplitudes, as shown in Fig. 6.

Figure 6�a� shows that, relative to the horizontal wave-
length, the vertical displacement amplitude of the waves can
be as large as 4%, well into the range at which the waves
exhibit weakly nonlinear behavior.35,36 The relative ampli-
tude increases with increasing H�.

The amplitude itself increases with increasing H�. Figure
6�b� shows a log-log plot of A	 and H�. The vertically offset
line has slope 3. The best-fit line through all the data gives a
power law exponent of 2.8±0.3, although the actual power
law behavior has moderately larger exponent for small H�

and smaller exponent for H��10 cm. A cubic power law can
be explained in terms of the pressure perturbation exerted at
the top of the quiescent stratified region below the collapsing
mixed region. The horizontal motion resulting from the re-
turn flow scales linearly with H� and so the corresponding
pressure perturbation, being proportional to speed squared,

scales as H�
2. But there is an additional pressure perturbation

due to the vertical flow around the intrusion head. The low
pressure in the lee of the head has magnitude proportional to
the head height, which is itself proportional to H�. Thus the
total pressure perturbation at the top of the quiescent fluid,
and hence the amplitude of the launched waves, is propor-
tional to H�

3.
Though exhibiting power law behavior at low H�, the

amplitude cannot grow without bound. Weakly nonlinear ef-
fects become significant if A	 is larger than about 1% of the
horizontal wavelength.36 These effects act to enhance the dis-
persion of the waves and can lead to wave breaking; al-
though such breaking was not observed in the experiments.
In their observed frequency range, the waves are overturning
if A	 is moderately larger than 10% of the horizontal
wavelength.35

IV. DISCUSSION AND CONCLUSIONS

We have examined the properties of vertically propagat-
ing internal waves generated by the collapse of a vertically
and horizontally localized mixed patch. The waves were
found to have frequencies dominantly between 0.5 and 0.7N.
The horizontal and vertical wavelengths are therefore com-
parable and increase with the depth, H�, of the mixed layer
so that H���x ,�z�1.5H�. The vertical displacement ampli-
tude increases approximately as the cube of the mixed layer
depth for low H�. The amplitude must be limited, however,
because the waves approach breaking amplitudes if A	 /�x is
approximately 0.1.

Given the characteristics of the waves, we may estimate
their associated energy. From linear theory, the vertical en-
ergy flux per unit horizontal wavelength of monochromatic
internal waves is

	F
 = 1
2�0�N/kx�3 sin 
 cos2 
�kxA	�2. �2�

For saturated wave amplitudes, having kxA	�0.2, taking 

=45° and kx�4 /H�, this gives the estimate 	F
�1
�10−4�0�NH��3.

Based on images like those in Fig. 3, we suppose the
intrusion excites wavepackets over two buoyancy periods
and that the waves extract energy uniformly over the half-
depth H� /2 of the mixed region. Then the loss of energy
density per unit mass in the mixed region associated with
extraction by vertically propagating waves is

Ewave � 0.003�NH��2. �3�

This quantity is compared with the available potential
energy density per unit mass of the system before the gate is
extracted. This is given by17

Einit = 1
24�NH��2 � 0.04�NH��2. �4�

Thus almost 10% of the energy associated with the lock fluid
is extracted by waves.

It is tempting to extend these results to estimate the char-
acteristics of waves generated from a mixed region in the
ocean. Using the observed data by Gregg,4 we assume the
storm uniformly mixes the near-surface of the ocean down to
a depth of 100 m and that the surrounding stratification is

FIG. 6. �a� Measured relative vertical displacement amplitude of waves,
A	 /�x, plotted against 
�cos−1�� /N�. The convention for defining the
symbols is given in the caption of Fig. 4. �b� Log-log plot of A	 vs H�. The
solid line has a slope of 3.
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approximately uniform with N�0.007 s−1. The resulting col-
lapse of the region should excite nonhydrostatic internal
waves with frequencies comparable to the background buoy-
ancy frequency, about 0.005 s−1, and with wavelengths on
the order of 100 m. The waves should be generated at large
amplitude having maximum vertical displacements no larger
than 10 m.

Nonlinear effects either would lead to breaking or would
act rapidly to disperse the waves through interactions with
the wave-induced mean flow and transfer their energy to
smaller scales through parametric subharmonic instability.37

Based on simulations by Sutherland,38 this would happen
within a few buoyancy periods and so would not likely be
observed except by in situ probes during the passage of a
storm itself.
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