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Abstract Gravity currents descending along slopes have typically been studied in quies-

cent environments, despite the fact that in many geophysical settings there is significant

externally driven motion. Here we investigate how the head of a gravity current is influ-

enced by interfacial internal waves at the pycnocline of a two-layer ambient water column.

Our experimental measurements show that larger amplitude internal waves, interacting

with the gravity current, reduce both the mass transport by the gravity current and its

thickness. These results suggest that the ambient internal wave field should be considered

when estimating transport by gravity currents in geophysical settings with strong internal

waves, such as lakes and the coastal ocean.

Keywords Gravity currents � Internal waves � Desalination � Coastal ocean
processes � Limnology � River inflows

1 Introduction

Gravity currents interact with internal waves in a host of natural settings, such as dense

river inflows into lakes [9, 16, 21, 39], benthic turbidity currents [27, 29, 31] or katabatic

winds [40]. Anthropogenic gravity currents in the coastal environment, such as the dis-

charge of brine effluents from seawater desalination facilities [20, 25], are also becoming

more commonplace. The extent to which dense brine discharges (referred to here as brine

gravity currents) from these facilities impact the coastal ocean remains very uncertain

[15, 25], but may have significant ecological and economic consequences [26]. Therefore,

fundamental understanding of the mixing and transport of the gravity currents in the

ambient receiving waters, which typically have strong internal wave action, is critical to
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predicting the concentrations of brine and chemical additives in the currents and the

reduction in oxygen at the sea bed beneath the brine [20].

Typically, gravity currents are nearly horizontal flows driven by density gradients [41].

When the gravity current is on a slope or incline, it entrains ambient water and is gradually

diluted as it flows [8, 11, 13, 14, 17]. When the ambient water is stratified, fluid from the

gravity current will intrude into the ambient at heights of neutral buoyancy [4, 23, 43],

whereas in two-layer stratifications, a gravity current will intrude at the pycnocline if it is

lighter than the lower layer, or will split into an intrusion at the pycnocline and a gravity

current descending beneath the lower ambient layer (see Fig. 1) if it contains fluid denser

than the lower layer [9, 33, 40, 48].

If we introduce internal waves into the receiving environment the picture becomes more

complex. For example, qualitative observations have suggested that the volume exchange

between the gravity current and the ambient water by entrainment and detrainment can be

influenced by internal waves in the ambient [3, 9, 21, 22, 49]. However, even though

internal waves are known to be a significant source of kinetic energy in the benthic

environment [16, 24, 29, 30, 37, 42] there are currently few quantitative measurements of

the influence of internal waves on these exchanges. Evidence for the influence of internal

waves on gravity current transport was found in the field by Fischer and Smith [16], plotted

in their Fig. 4. This showed that, when internal waves led to upwelling of the hypolimnion,

some of the initially dense river water was transported into the surface layer whilst the rest

of the river water continued as an underflow. The river-borne nutrients then became

available for primary production resulting in problematic algal growth. Whilst they con-

clude that internal wave motions may play a strong role in the transport of nutrients to the

surface waters, this has not subsequently been incorporated into inflow models.

In isolation, internal waves incident on shelf slopes have been studied intensively in

laboratory experiments [5, 18, 19, 35, 36], numerical simulations [1, 2, 6, 7, 44, 45] and

field observations [7, 12, 37, 46], revealing that a number of different outcomes are

possible when a wave encounters a slope. When the wave is shallow compared to the

bathymetric slope, it will form a seiche rather than break, reflecting most of the incident

wave energy [6, 32, 46]. For steeper interfacial internal waves, such as those investigated

here, the incident wave will break to form either a coherent bolus or a turbulent surge

propagating upslope. Prior work has also shown that, depending on the wave steepness, the

wave can break through distinct backward breaking, top-breaking or forward breaking

mechanisms [5, 35].

Our goal in this paper is to begin to identify and quantitatively describe the influence of

internal waves on gravity currents, focusing specifically on the modification to the

Fig. 1 A shadowgraph image of an inclined gravity current descending (a) through a two-layer ambient.
The gravity current splits at the pycnocline, with the lighter part intruding at the pycnocline (b) and the
densest part descending as an underflow beneath the lower layer (c). These motions are highlighted by the
arrows
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downslope mass flux. The particular experiments described here investigate how an

internal wave at a density interface modifies the flow of an inclined gravity current passing

through the interface in a two-layer ambient environment. To allow the gravity current to

descend through the pycnocline, the bottom of the basin must be inclined. Because it is

important to identify how strong the ambient motion needs to be relative to the strength of

the gravity current in altering the transport by the gravity current, we performed the

experiments over a range of wave amplitudes. The apparatus was designed to produce an

internal wave that was repeatable, easily characterized and similar to those observed in the

coastal ocean [46].

We continue below in Sect. 2 by describing the experimental apparatus and the methods

used in the experiments. In Sect. 3 we present our results, showing the variation in the

gravity current characteristics for increasing wave amplitudes, and discussing the mech-

anism by which the internal wave modifies the gravity current. Finally, we summarize our

conclusions and describe how we plan to further investigate the influence of ambient

motion on underflows.

2 Facilities and methods

A tank apparatus, shown in Fig. 2, was set up to generate an internal wave that would shoal

on the slope while the inclined gravity current was passing through the pycnocline. The

tank is 0.15 m in breadth, 1.2 m in length, and 0.2 m in height, and was inclined at an angle

h ¼ 5:4� from the horizontal. The fluid in the tank was stratified with two distinct layers.

The upper layer was fresh water, with density q1; the lower layer had a higher density q2,
achieved by adding sodium chloride for a salinity of 20.2 parts per thousand (ppt). The

thickness of the interface (pycnocline) was approximately 1 cm. Salinities were measured

with an Anton-Paar density meter, and the variation was less than 0.1 ppt. The experiments

were performed in the following way. First, upper layer fluid was extracted from behind

the internal wave lock with a syringe to allow the pycnocline behind the lock to rise: this

set the conditions for the internal wave to be released by the lock. The raised height, a, of

the pycnocline behind the lock was varied in different runs and was the control parameter

used to vary the strength of the wave. The fluid in the gravity current lock (density q3) had
a salinity of 25.1 ppt. The relative timing of the release of the two locks was kept

approximately constant throughout the runs; the small uncertainty in timing due to the

manual release of the locks was negligible on the time scale of the flow development. This
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Fig. 2 Schematic of experimental apparatus. Locks were pulled out to release the internal wave and the
gravity current. The vertical interrogation plane is shown by the dotted line (with length hf ¼ 84 mm) and

the image window is shown by the dashed rectangle. The internal wave lock height a was varied for each
experimental run; the other geometric parameters were fixed at h ¼ 5:4�, h0 ¼ 25 mm, L ¼ 124 mm, and
D ¼ 54 mm
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timing was fixed to ensure that the internal wave reached the head of the gravity current

shortly after the gravity current head had passed through the pycnocline and travelled as an

underflow beneath the lower layer of ambient fluid. While we recognize that the relative

timing of the releases is a key experimental parameter that can affect the outcome of the

experiments, we chose to reduce the complexity of this initial set of experiments by

keeping the timing constant. It will be investigated in future work.

The concentration of the gravity current fluid was measured during the experiments

using planar laser induced fluorescence (PLIF). A fluorescent dye (Rhodamine 6G) was

added to the initial gravity current fluid at a known concentration. A light sheet (ap-

proximately 3 mm thick) was produced along the center of the tank by passing a 532 nm

laser beam produced by a CivilLaser LSR532H-2W laser through a cylindrical lens and

illuminating the water column through the base of the tank. The illuminated part of the tank

was imaged using a Imperx Bobcat ICL-B2520 CCD camera acquiring images at 16

frames per second with an exposure time of 20 ms. The size of the images acquired during

the experiments was 180 mm by 150 mm and the camera had an array of 2456 by 2058

pixels, giving a resolution of 13 pixels per mm. The light intensity imaged by the camera

was converted to a dye concentration with a calibration using a uniform dye field as

described by Crimaldi and Koseff [10]. As dye was only introduced into the source of the

gravity current, the dye concentration can be used to estimate the mass flux of the gravity

current source fluid. The index of refraction of the different fluids was not matched in these

experiments because particle tracking techniques were not used for these experiments. The

signal from the bulk flux of dyed fluid was not affected by index of refraction issues.

The incident internal wave can be characterized by a wave Froude number Frw ¼ a=L,
where L is the length of the lock release. This parameter describes the ratio of the fluid

velocity to the wave speed: the larger the Froude number, the steeper the wave. In these

experiments, Frw was varied between 0 and 0.29. The lock length at the initial release was

L ¼ 124 mm and the amplitude in each case is shown in Table 1. The other geometric

parameters were held fixed for each experiment, with h ¼ 5:4�, h0 ¼ 25 mm,

L ¼ 124 mm, and D ¼ 54 mm (see Fig. 2). In the coastal ocean, shoaling internal waves

can realistically have Frw of the order of 0.1 [46]. The gravity current release can be

characterized by the density Richardson number Riq ¼ g0iD=ðg0ch0Þ, where g0i ¼ gðq2 �
q1Þ=qr is the reduced gravity at the interface, D is the depth of the upper layer, g0c ¼

Table 1 Parameter values for
experimental runs

Only the initial lock height a (see
Fig. 2) was varied from run to
run, with all other parameters
held constant. The density
Richardson number Riq was 3.9

for all runs

Run ID Initial lock height a (m) Frw

1 0 0

2 0 0

3 0.012 0.10

4 0.012 0.10

5 0.018 0.15

6 0.024 0.19

7 0.024 0.19

8 0.024 0.19

9 0.03 0.24

10 0.036 0.29

11 0.036 0.29

12 0.036 0.29
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gðq3 � q1Þ=qr is the reduced gravity of the gravity current source fluid in the upper layer,

2h0 is the initial depth of the gravity current source fluid in the lock, g is acceleration due to

gravity and qr ¼ 1000 kg m�3 is a reference density. In these experiments, Riq for the

gravity current fluid was held fixed at 3.9. For a discharge from a desalination plant to the

coastal ocean, realistic values would be of the order of g0i ¼ 0:004 ms�2, g0c ¼ 0:01 ms�1,

D ¼ 20 m and h0 ¼ 2 m, giving Riq ¼ 4 [28, 47].

3 Results

3.1 Gravity current mass flux and thickness

To characterize the gravity current mass transport in different wave conditions, integral

measures of the mass flux per unit width of source gravity current fluid and the gravity

current thickness were used. These estimates were evaluated on a vertical interrogation

plane 0.55 m downslope from the gravity current lock, indicated by the dotted line B–B in

Fig. 2. At this location, the gravity current had flowed far enough beneath the pycnocline

for the gravity current fluid to be separated by lower layer fluid from any intrusion at the

pycnocline. The mass flux in the gravity current was calculated by averaging the mass flux

over a period of T ¼ 5 s beginning just after the gravity current head reached the inter-

rogation plane. The period of 5 s was chosen because it was long enough for the wave to

pass over the gravity current, but not long enough for the mixing to be influenced by the

reflection of waves from the end wall of the tank, or for the intrusion at the pycnocline to

reach the interrogation plane. We examined the sensitivity of the averaging period on our

results and found that over a reasonable range the period did not affect our results.

The mass flux of source gravity current fluid, _m, was estimated as

_m ¼ Uf cos h
Z hf

0

cdh0; ð1Þ

where Uf is the average speed of the front of the gravity current, hf is the height of the free

surface, c is the local dye concentration, and h0 is the vertical distance above the tank

bottom to the location of the measurement. In the plots of _m that follow, the local dye

concentration c was normalized against c0, the concentration in the head when it first

reaches the interrogation plane. The speed of the front of gravity current Uf was averaged

over the time it took for the front to pass through the field of view of the camera. This

estimate of the mass flux is based on the assumption that the velocity is uniform across the

height of the gravity current and constant in time. The thickness of the current was

estimated as

H ¼
R hf
0
ch0dh0R hf

0
cdh0

; ð2Þ

where hf ¼ 84 mm at the interrogation plane (see Fig. 2). In the case of a gravity current

with a top-hat density profile, in which the density is uniform over the thickness of the

gravity current, H gives half the thickness of the top-hat profile.

The time series of the mass flux, non-dimensionalized by the flux Uf h0c0, is plotted in

Fig. 3 for three different cases. Here, c0 is the concentration in the head when it first

reaches the interrogation plane. The plot shows that with no wave present the mass flux
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peaked as the head at the front of the current initially passed the interrogation plane and

then reduced to a lower level in the tail of the current after t=T ¼ 1. When a wave was

incident on the current, the initial peak in mass flux associated with the head of the gravity

current was reduced. The mass flux in the tail of the gravity current was not significantly

altered. As the Frw of the incident wave was increased, the magnitude of the initial peak in

mass flux reduced until, for the largest wave generated in our apparatus, the mass flux in

the initial part of the gravity current was approximately that of the tail. This (and the

images shown later in Fig. 6) suggests that the wave stripped the dilute fluid in the gravity

current head from the current and transported it upslope, leaving only the lower part of the

current present in the tail.

The time series show substantial fluctuations, caused by the passing of turbulent eddies

in the gravity current, and so, as one would expect, runs with the same initial conditions did

not produce identical time series of mass flux. However, the trend of the reduced peak in

mass flux with Frw was shown consistently in repeated trials, as shown by the three

example time series at Frw ¼ 0:29 plotted in Fig. 4. Figure 5a shows that the variation in

the time averaged mass flux between these three repeat runs is much smaller than the

variation over the range of Frw.

The average mass flux �_m and average current thickness �H over the duration T for

different incident wave amplitudes are plotted in Fig. 5a, b. It is clear from the data that

both the mass flux and current thickness decrease as the amplitude of the incident wave

increased. The presence of the largest wave suppressed the average mass flux by 40%, and

the average current thickness by 30%, compared with the case with no wave. This

observation is consistent with our interpretation that the wave stripped the dilute fluid in

the gravity current head and transported this fluid upslope, thus reducing the mass transport

and the thickness at the head of the current. The data also suggest that the reduction in mass

Fig. 3 Time series of mass flux
passing the interrogation plane in
run 1 with no wave (dotted line),
run 5 with wave of Frw ¼ 0:14
(dashed line) and run 10 with
wave of Frw ¼ 0:29 (solid line)
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flux and thickness may saturate above Frw ¼ 0:2. To test this conjecture, larger-amplitude

waves are needed, which in turn require a larger tank than we have used here.

3.2 Spatial distribution during wave–current interaction

To more fully understand the mechanisms by which the wave reduces the thickness of the

gravity current, we made qualitative observations over a larger field of view where we

could image the full interaction of the wave with the gravity current, shown by the dashed

rectangle in Fig. 2. In these visualizations, dye was added to the lower ambient layer and

Fig. 4 Time series of mass flux
passing the interrogation plane
for runs 10, 11 and 12 with
identical Frw ¼ 0:29

(a) (b)

Fig. 5 Trends in a average mass flux and b average current thickness with wave Froude number
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the gravity current in proportion to their respective salt concentrations, so that the motion

of the wave at the pycnocline could be visualized simultaneously with the motion of the

gravity current. Snapshots of the dye concentration are shown in Fig. 6 panels a–d and e–h

for experimental cases with no wave and with Frw ¼ 0:29, respectively. In both cases, the

first snapshot is 2.1 s after the currents enter the left of the image plane (line A–A on

Fig. 2) and are shown subsequently at 1.7 s intervals. A light blue contour indicates a dye

concentration midway between the initial lower layer concentration and the gravity current

source concentration. For an experiment with no incident wave, Fig. 6a shows the gravity

current shortly after the gravity current head passed through the pycnocline. The pycno-

cline then rose as the gravity current flowed beneath the lower ambient layer, as was seen

in similar experiments conducted by Monaghan et al. [34]. The gravity current then

continued down the slope whilst a wave of elevation at the pycnocline moved with the

current, shown in Fig. 6b–d. At all times, the thicker head structure at the front of the

gravity current is noticeably present as the gravity current moved down the slope beneath

the lower layer.

The evolution of the gravity current in the presence of a wave is shown in Fig. 6e–h and

is described in the following text. In Fig. 6e the gravity current had just reached the

pycnocline. At the right hand side of the frame in Fig. 6f, the pycnocline was slightly

inclined towards the left by the oncoming internal wave. In addition, as the gravity current

Fig. 6 Snapshots of density field at 1.7 s intervals during gravity current passing through the pycnocline.
The image window is 30.0 cm in width. The colormap shows dense fluid with c=c0 ¼ 1 as dark red and light
fluid with c=c0 ¼ 0 as pale yellow. Panels a–d show a run with no internal wave and panels e–h show a run
with a shoaling wave of Frw ¼ 0:29. The cyan contour shows the concentration of fluid half way between
the lower layer and the gravity current source fluid. The upper white arrow in h shows the upslope motion
induced by the internal wave pushing the upper part of the head fluid back. The lower white arrow shows the
motion in the lower part of the gravity current, which continues to move down the slope

390 Environ Fluid Mech (2018) 18:383–394

123



passed through the pycnocline and flowed into the lower layer, the pycnocline was dis-

placed upwards, just as occurred in the case with no wave. The thick head of the gravity

current was also visible at this point. In Fig. 6g the head of the gravity current is made

thicker as the wave moves over the gravity current. This was caused by the velocity field

associated with the wave moving to the left immediately beneath the pycnocline. A similar

thickening of the head was also observed by Robinson et al. [38] in surface waves above a

gravity current traveling in the opposite direction from the incident waves, suggesting that

this thickening may be a general response to a gravity current traveling beneath an

interfacial wave moving in the opposite direction. Figure 6h shows that the fluid in the

upper part of the head was held back by the upslope motion caused by the passing wave.

This could be described as the head of the gravity current being ‘‘decapitated’’ by the

passing wave. The lower part of the current, which has approximately the same thickness

as the tail of the gravity current, continues to move down the slope. This effect also results

in the thinning of the front portion of the gravity current (Fig. 6h) which appears to be

squeezed by the presence of the internal wave as it continues to travel down the slope. This

process of moving dilute fluid in the head upslope and leaving a thinner gravity current

head appears to be the mechanism by which the internal wave reduces the mass flux in the

gravity current, as seen in the trends in Fig. 5a. The shoaling internal wave went on to form

a bolus, which moved up the slope before falling back down. At times after that shown in

Fig. 6h, reflections from the back wall of the tank contaminated the influence of the

internal solitary wave on the gravity current. Furthermore, previous work [22] has sug-

gested that when the internal wave moves the gravity current fluid up into the upper

ambient layer, the gravity current fluid mixes with fluid from the upper ambient layer. This

mixing increases the amount of gravity current fluid that is neutrally buoyant at the pyc-

nocline, thus permanently reducing the flux of current into the lower layer. The added

displacement of the pycnocline above the head of the gravity current compared to the case

without a wave (compare, for example, Fig. 6d with h) is caused by the superposition of the

incident internal wave with the wave created by the gravity current.

4 Discussion and conclusions

Our experiments show that incident internal waves can have a significant influence on the

mass transported by a gravity current. As the amplitude of the internal wave was increased

we observed a progressive reduction in the average mass flux of the source gravity current

fluid and the thickness of the gravity current. Specifically, the mass flux in the initial part of

the gravity current was reduced by 40% when the largest wave produced in this study,

Frw ¼ 0:29, was incident on the slope. Images of the full concentration field suggest that

the mechanism for the internal wave altering the gravity current is that the velocity field

induced by the internal wave passing over the head of the gravity current strips part of the

gravity current head and then moves this upper recirculating part of the gravity current

head upslope. Only the lower part of the gravity current continued to travel downslope.

In the observations of Fischer and Smith [16], internal wave motion was observed to

redirect gravity current fluid to the surface of the lake. Whilst Fischer and Smith con-

sidered a different configuration, where gravity current fluid was raised to the surface of the

lake, it is likely that the upslope motion of the shoaling internal gravity wave, as we

observed here in the lab, caused the change in the gravity current transport. Measurements

in the field with finer time resolution, such as those by Bourgault et al. [7] would allow the
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mechanisms observed in the lab to be better compared to processes in the field. Calcula-

tions on the impact of internal waves on dense inflows by Cortés et al. [9] considered a

regime where the velocities generated at the bed by the internal wave field Ui were an order

of magnitude smaller than the velocity of the gravity current front Uu. In the regime

investigated in our experiments the velocities generated by the internal wave field were of

a similar order of magnitude to gravity current front velocity. This meant that the shear

generated by the internal waves was substantial enough to separate the upper part of the

fluid in the head from the front of the gravity current. Field settings with larger density

drops at the pycnocline and shallower bed slopes than in the Cortés et al. [9] study will

operate in a regime more similar to our laboratory observations.

In the future, we plan to extend this study by looking at larger amplitude waves in a

larger facility and a broader range of conditions of slope angles and time delays between

the gravity current and internal wave. The different wave breaking regimes at different

slope angles [1] and different phases of the wave breaking motion are likely to have

different influences on the gravity current.
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