Inter nal inertio-gravity wavesin the laboratory:
M echanisms, properties, and impacts

Paul Williams

Department of Meteorology,
University of Reading, UK
p.d.williams@reading.ac.uk

Abstract

This paper describes laboratory observations of int@madio-gravity waves (also referred to
as inertia-gravity waves) emitted from balanced fluidvfloln a rotating two-layer annulus
experiment, the wavelength of the inertia-gravity wavewary close to the deformation
radius. Their amplitude varies linearly with Rossby nunib¢he range 0.05-0.14, at constant
Burger number (or rotational Froude number). This lineafingcahallenges the notion,
suggested by several dynamical theories, that inertia-granatyes generated by balanced
motion will be exponentially small. It is estimate@the balanced flow leaks roughly 1% of
its energy each rotation period into the inertia-grawives at the peak of their generation.
The findings of this study imply an inevitable emissionirartia-gravity waves at Rossby
numbers similar to those of the large-scale atmosphed oceanic flow. Extrapolation of the
results suggests that inertia-gravity waves might madigraficant contribution to the energy
budgets of the atmosphere and ocean.

1. Introduction

Inertia-gravity waves are observed ubiquitously throughitnat stratified parts of the
atmosphere (e.g., Eckermann and Vincent 1993; Sato et al. 198veDal. 2004) and ocean
(e.g., Thorpe 2005). Orthodox mechanisms for inertia-grawiéyve generation include
dynamical instability (e.g., Kelvin-Helmholtz shear atstity; Chandrasekhar 1961), which
is a known source of atmospheric gravity waves (Fri®82, 1984). Another possible
mechanism is the interaction between the flow and a qdlysbstruction (e.g., generation in
the wake of a ship; Lighthill 1978), which is the mechanmw~hich mountains generate
atmospheric gravity waves (Hines 1989). Direct forcing ofdbean by the atmosphere is a
known source of oceanic gravity waves (Wunsch and Ferrari 260@lly, inertia-gravity
waves are also radiated during the geostrophic adjustmemthgpothetical fluid (Rossby
1938), in which geostrophic balance is approached from anandeal initial condition.

Despite the above insights, our understanding of theceswf inertia-gravity waves remains
incomplete. In particular, Ford (1994) showed that eveanbad flows may undergo a
generalized adjustment that is accompanied by the emigdi inertia-gravity waves. By
“balance” we refer here in a generic way to a dynahnéationship that allows the fluid state
to be diagnosed through potential vorticity inversioncamtrast to geostrophic adjustment,
the Ford (1994) mechanism involves (weak) departures fromdmathat arise spontaneously
as the flow evolves (Ford et al. 2000; Viudez and Dritschel 2G0®) not those that arise
from ageostrophic initial conditions. It is proving extrdinarily difficult to determine
whether or not this mechanism is a significant sourceneftia-gravity waves in real
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geophysical flows, however (Mcintyre 2001). This hinders theveldpment of
parameterizations of the waves in general circulatiodels (Kim et al. 2003).

2. Therotating laboratory annulus

Here, we study the spontaneous generation of inertiatgresdves the rotating two-layer
annulus apparatus used by Lovegrove et al. (1999, 2000) and Widtaals (2003, 2005).
The annulus has an inner sidewall of radius 62.5 mmyutar sidewall of radius 125.0 mm,
and a total depth of 250.0 mm. The annulus gap width is thus 625amd the two
immiscible fluid layers have equal resting depths of 125.0 iime. base and lid are both
horizontal and the annulus is mounted on a turntalble.bBse and sidewalls rotate about the
axis of symmetry, and the lid (in contact with the uppeerpyotates relative to the base and
sidewalls. For all of the experiments described inghjser, there is a super-rotation of the lid
and working fluids relative to the turntable.

The upper layer is water and the lower layer is a maxtirimonene and CFC-113. The
lower-layer constituent liquids are both practicaftgaluble in water and are mixed in such
proportions that the composite density (1003 Ryfmslightly greater than that of water (997
kg/n?). Importantly, the lower layer has a large opticativity due to the limonene.
Therefore, when the system is illuminated from belwith white light and viewed from
above through crossed polaroids, there is a relationgivpebn the colour perceived and the
height of the internal interface. This is the effeesponsible for the colour gradients in the
images, which are captured by a video camera viewing the anfiolm above. This flow
visualization technique was proposed by Hart and Kittelman (19869.a non-invasive
method for visualizing interface perturbations with higbotetion in the vertical coordinate
(see following paragraph), the horizontal coordinate(r case, 0.5 mm), and time (in our
case, 0.04 s).

Williams et al. (2004) calibrated the experiment by deriving tjuantitative relationship
between hue (a measure of the dominant wavelength) armeigiaet of the internal interface.
Given an image captured by the camera, the two-dimengioadield can be calculated from
the digitized red, green, and blue pixel information #veh projected onto the calibration
curve to obtain an interface height map.

However, during the present study it was discovered tleapitel jitter noise in the blue
channel is much larger than in the red and green channets.ndlsie limits the vertical
resolution of the retrieved interface height measurgspewhich is a key consideration
because we wish to be able to detect small-amplitudgargravity waves. For the purposes
of the present study, we therefore disregard the blue chandemodify the Williams et al.
(2004) calibration curve to use only the red and green chanfieis strategy reduces the
error in retrieved interface height measurements ftomm (as reported by Williams et al.
2004) to 0.3 mm, and it will be used throughout this paper.

3. Experimental results

A series of experiments was performed using the apparatasbaesin the previous section.
A photograph from one of the experiments is shown in Eigur Two trains of internal
inertia-gravity waves at the internal interface aramyjevisible in the troughs of the large-
scale flow pattern. The wavelength of the inertia-gyawaves is very close to the
deformation radius. Full details are provided by Williaahgl. (2008).
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Figure 1: The view of the rotating annulus from above, showéngs of inertia-gravity waves in the
troughs of the large-scale flow pattern. A colour movie shotiagevolving flow can be viewed at
http://www.youtube.com/RotatingAnnulus.

The mechanism by which the laboratory inertia-gravity 8a&ee generated is of interest.
Because the waves continue to be generated long ladtstdrt of the experiments, generation
by initial-condition adjustment can be ruled out. Becabgemeasurement technique used is
non-invasive, generation by a physical obstruction can a&salbd out. Using data from a
qguasi-geostrophic numerical model of the large-scale flve different indicators of inertia-
gravity wave generation have been examined and will nowsbeas$ed.

The shear instability indicators, including the Richardeamber, are inconsistent with the
generation observed in the laboratory. Ford (1994) derimeimdicator for the spontaneous
emission of inertia-gravity waves in rotating shalloater. Spontaneous emission here refers
to wave excitation in which nonlinear interactions of Hasic state energize linear wave
modes with only weak back-reaction on the basic steé.ifFord’s indicator was found to be
gualitatively consistent with the observed laboratargrtia-gravity wave generation. This
laboratory experiment thus provides the first opporturotyesst, in a real fluid, theoretical
predictions about spontaneous inertia-gravity wave geoerat

From careful measurements, the amplitude of the emitidia-gravity waves is found to
vary linearly with Rossby number, at constant Burgenloer (or rotational Froude number).
This linear scaling challenges the notion, suggested byradedlgnamical theories, that
inertia-gravity waves generated by balanced motion withmnentially small. Furthermore,
it is estimated that the balanced flow leaks roughly 1%saofnergy each rotation period into
the inertia-gravity waves, at the peak of their generation

These findings may have important consequences for geoahfsid flows. Our laboratory
observations imply an inevitable emission of inertia-gyawiaves at Rossby numbers similar
to those of the large-scale atmospheric and oceanic flblee appreciable energy leak from
the balanced laboratory motions suggests that the geoahgsialogue of our laboratory
emission might be a significant source of inertia-gyawiaives in the atmosphere and ocean.
Furthermore, the linear Rossby number scaling suggestththanertia-gravity waves might
be far more energized than predicted by at least sazoeids.
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4. Discussion

It is worth remarking that the systematic emissafninertia-gravity waves has not been
observed in other similar laboratory experiments, etteugh they have been used for
decades to investigate baroclinic waves. We speculate thig is because our flow

visualization technique allows a much higher spatiotemporallutgsn than has been

achieved in previous studies. Also, on the rare occadmansrertia-gravity waves have been
reported previously [e.g., Read (1992), although the amplitudes aveorder of magnitude

smaller than in our study], they were measured by prob#wifluid and it was natural to

attribute their generation to an interaction betwdenftow and the probes. Unusually for
rotating laboratory experiments, the visualization temhaithat we use is non-invasive,
ruling out this possibility.

Our observation that the inertia-gravity wave amplitudenly bnearly dependent on Rosshy
number, and not exponentially dependent, might be duesiipdiive processes. In these
experiments, the inertia-gravity waves could be affectedpossibly even controlled, by
viscosity and surface tension. Thus, we are not ablelécout the possibility that the inertia-
gravity waves are fully saturated over the range of BRossimbers we have been able to
access, and that their amplitude is determined more bgiskgation than by the forcing. If
this were the case, then our estimate of the eneugyirfto the inertia-gravity waves must be
considered a lower bound. We plan future experimentsestigate this possibility, if
practicable.

Inertia-gravity wave generation may depend upon the Burgebewfor its reciprocal, the
rotational Froude number) as well as the Rossby nurblsgortunately, for two independent
reasons, it is virtually impossible to study the dependepo& the former using the present
laboratory apparatus. First, over the part of paransgace at which inertia-gravity waves
coexist with a regular baroclinic wave, the range odsgde Froude numbers at constant
Rossby number is much smaller than the range of posRib&sby numbers at constant
Froude number. Second, the interface becomes steeplgdsht high Froude numbers, and
the fluid begins to access interface heights outdiderange of the calibration curve, so that
we can no longer infer interface heights (and henesiaagravity wave amplitudes) from the
colour laboratory images.

We acknowledge that the extrapolation of our resultgdophysical flows is crude and

provisional. Although the laboratory fluid and geophysiflaids share similar Rossby

numbers, they have different Burger numbers, geomesiesifications, and aspect ratios.
Nevertheless, this is the first time the emissionneftia-gravity waves has been studied in
this way in a real fluid rather than a numerical moaleltheoretical analysis. Our study
therefore makes a vital contribution to the debate atimutrole of inertia-gravity waves in

geophysical flows.
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