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Abstract

The coastal ocean is of great importance due temtheimity of

coastal population centres, industry activity ia tkegion ranging
from fishing to tourism and the ever-growing offsho
developments of the energy industry, particularly the

Australian North West Shelf (NWS) which is a foarea in this
paper. The NWS is a particularly energetic portiéthe coastal
ocean, stirred by strong tides and aperiodic tadpigclones in
the summer months. Management of these coastah segans
requires quantitative process understanding hemck arean
forecasting capability of the coastal ocean dynamitere we
focus on the two key issues for the NWS: the oenoe and
predictability of the internal tide, and the asssmst of ocean
turbulence driven by this dominant forcing process.

Introduction

The coastal ocean regions are of immense importanteems of
both economic and environmental significance. Irstfalia, the
offshore oil and gas industry is currently conding $120
billion in projects on the NWS alone [11] and inttysis
expanding into deeper waters, including the Greastrlian
Bight. These coastal regions are also home to unigaene
environments, typified by areas such as the UN Wéitritage
site at Ningaloo Reef, Western Australia. Knowledfjithe mean
and turbulent state of the ocean is essential fagineering
design of offshore structures, for safe and refiabharine
operations, and also environmental management eofntarine
ecosystems in the coastal ocean.

The NWS region is one of the most energetic coastalan
regions in the world. It is forced by strong tidemnging up to 10
m in amplitude in the Kimberley region, and cyclsnia the

summer season. While there is little fresh watpuinthe strong
solar heating ensures strong vertical densityitaion due to
temperature throughout the year. The large-amgittides, in
combination with this stratification and sloping fstfore

bathymetry, generate some of the strongest intefidals -

internal waves at the tidal period - in the globe¢an [8, 25]. As
these waves propagate inshore they steepen ani, limeturn,

creating intense turbulent mixing and enhancedobotstresses
[22].

Offshore engineering infrastructure includes a ifadtly of

bottom pipelines, often long pipelines taking ga®ither shore-
based Liquified Natural Gas (LNG) plants, fixed sbibre
platforms or floating offshore facilities. From amngineering
point of view, there are many key questions that iemportant.
What is the time-dependency and intensity of theanrmélow

expected at any given location and hence whateidaading on
engineering structures? What is the turbulencensity over the
entire water column induced by these time-dependeean
flows? What are the properties of the near-botttmwd and, in
particular, the induced bottom stress and potefftiasediment
transport and scour? Many of these questions rétagxtreme
event prediction. From an environmental managemeirit of

view, the overall goals relate to ensuring that ellggments
operate in a safe and reliable manner with quabidi and
minimal environmental impact.

With these questions in mind, and with particulacus on the
Australian North West Shelf, in this paper we examiwo
aspects of this problem: the prediction of thermaétide and the
turbulent processes forced by the internal tide.

Internal Waves Driven by the Tide

Internal waves in the ocean can be generated lge-soale
pressure systems, by wind or by the mean flow aatérg with
topography [25, 26, 27]. In the ocean, the domirgarieration
mechanism is due to the mean flow associated wightitlally
forced movement of the free surface, in turn, gatiey an
oscillating horizontal mean flow over the entiret@racolumn at
the local forcing tidal period. Typically the lund?2 tide with
period 12.4 h is the most important [8, 25, 26]isTbscillating
tidal flow forces density-stratified water over tsleping bottom
topography, creating internal pressure gradientsl dhus
producing internal waves which radiate obliquelyagvfrom the
bottom generation site in the form of beams. Suelves are
known as internal tides [26]. Internal tides areagated, and
later dissipated, at preferential locations oriaaitpoints whose
location depends on the relative values of thellbottom slope,
tidal frequency and density stratification [16]. Alse internal
waves propagate through the ocean they can beiloedcin
terms of both beam and modal descriptions [24, Zdje
propagation is further influenced by the backgroairdulation
and stratification, which varies spatially and semdly in the
upper layers, and the combined effect of thesegas®s creates a
rich and complex internal wave field in the oced®]|

As the amplitude of the internal wave increasesjinear effects
start to become important. When the propagatirgriat tide has
moved into shallower water, it has more of a mokie-tharacter
and propagates horizontally on the seasonal thdimeocThe
overall density stratification inshore can be apprated by a
two-layer density structure. This leads to new sgasof waves,
often referred to as solitons in the literature][28it which are
best described as nonlinear internal waves of langglitude
(NLIWSs). NLIW'’s are seen throughout the global at¢&0] and,
as they propagate, they induce large vertical desphents of
constant density (isopycnal) surfaces of O (100amj strong

horizontal velocites of O (1-@™) [25]. Such large
displacements and velocities, in turn, affect munfrimixing and
biological productivity [13], sediment resuspensif2?]; the
propagation of acoustic waves, and is of particidéerest for
marine and offshore engineering operations [20].

Consider the wave in the simple two-layer densitgtdication
shown in Figure 1. The initially small amplitudediar long wave
shown can progressively steepen due to non-linffacts [2].
Eventually dispersive effects, which tend to flattthe wave,
become important and balance the steepening pracebghis



combination of effects is described by the KortewlegVries
(KdV) equation [23]
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Figure 1. Schematic of a two-layer density stregifion with an internal
wave propagating at the interface.

where (2) is the wave speed, (3) describes thesssdpening
effects, and (4) the dispersive effects.

Analytical solutions of equation (1) can be fourat & broad
range of circumstances [23], including the claddicanp-shaped

solitary wave ﬂ:asemz((x—ct)/L), where the lengthscale

L :(,[5’/12aaf)]/2 and the wave propagates at a speed dependent

upon the wave amplituda given by C:CO(1+ O.33aa). KdVv

theory and its weakly nonlinear relatives are, heverestricted
to waves with small amplitude compared to the skallayer
depth (in the ocean usuallly <<h,). However, many oceanic

internal waves have amplitudes greater than thdoshdayer
depth and when solitary waves shoal, and overtgrrand
turbulent breaking occurs (see below), a combinatiof
laboratory experiments [25], direct field obserwat [17] and
fully nonlinear and nonhydrostatic numerical sintiolas [27]
must instead be used to describe the motion.

Despite these complexities, this would neverthelasggest a
quantity as fundamental as the arrival of an irgktide at a
particular location should be quite predictableth# semidiurnal
M2 tide is the dominant tidal constituent, thenrg\i2.4 h a new
wave will arrive and it will be travelling at speagi(presumably
greater than the linear internal wave speed givgn ().
Observations from the North Rankin A gas platfornttom NWS
[25] have shown the observed wave speeds can leuels as
twice the linear wave speed given by (1). But wikaturprising
is that up tathree waves can arrive at the platform in one 12.4 h
tidal period.

To investigate this, a fully non-hydrostatic modéahulation of

the generation and propagation of NLIWSs in the aadias been
undertaken. The model is the SUNTANS model [6], anthis

set-up horizontal resolution was 50m in the horiabmwith 200

layers in the vertical and 5 s timestep, and fardsnpure M2 tide
at the offshore boundary [7]. As seen in Figurea Zyjumber of
features are evident: the internal tide is gendraftshore on the
continental slope in depths of approximately 700tme; internal
tidal beam propagates shoreward from this site;otrem bends
towards the horizontal in response to the stremitigedensity
stratification at depths less than 400 m; and iresttbere are
essentially horizontally propagating “shock-like®atures in
water of 200 m and less.
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Figure 2. Sample output from SUNTANS showing cresstion
perpendicular to the coast (colour scale is tentperan degC) from [7].

At a fixed location in shallow water at 125 m watkapth in the
domain shown in Figure 2, a time series of obseigetherm

displacements is shown in Figure 3. Clearly visinle the large
amplitude shock-like waves, with isotherms desaegdirom

about -20m to -80m in minutes, demonstrating whijy faon-

hydrostatic models are needed to describe this tgbe
phenomena. Note also there are three wave fromtngoby the
fixed location in timescales of 12 h.
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Figure 3. Times series of isotherm displacemerttsha 125m depth
location in Figure 2, from the SUNTANS simulatidiis.

The key difference between the simulation and gsumptions
underlying the use of an analytic solution like, fby example, is
the background velocity field in the simulation @@ean) is non-
zero. Specifically, the total velocity in the siratibns is always
the superposition of the induced velocity fieldaxsated with the
propagating internal tide (i.e. the baroclinic oa) and the
background velocity field associated with the (fog} barotropic
tide. The wave packets will have a velocitythat, although
varying with depth and time as the wave amplitudzeases due
to the action of the self-steepening term (3),lvgags directed
towards shallow water. On the other hand, the brackgl tidal
flow will have a depth-independent velocity giveny b

U, =U,sinat, where the tidal periodT =(277/w)=12.4h.
Clearly the quantityJ, <0 every half-cycle during the ebb phase

of the tide and is thus in in the opposite dirattio wave speed
c. As we move into shallower water and, ignoringotilent



dissipation for the moment (see below), mass ceaten

requiresU, to increase. The key parameter is the Froude numbe

Fr=c/|Ug|. When locallyFr =1, and the tidal flow is directed
offshore, then the incoming wave can be (tempgpaatrested.

When locallyFr <1, and the tidal flow is directed offshore, then

the incoming wave can actually move backwards dfghare in
an Eulerian reference frame. The scenarios are suized in
Figure 4.
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Figure 4. Schematics of a right-propagating waveving towards
shallow water in four cases with different intepsitf the background

flow U,. In case 4,Fr <1 and the wave moves backwards in an

Eulerian frameft, >t, in all cases.

Detailed calculation of the velocity components wghothe
situation in Figure 3 is one where the incoming evéixst moves
inshore, then as the tide reverses and the Ibcat 1 it is swept
back offshore (note the structure of the wave iraréd as the
tail passes the observation point first). As tlie tsubsequently
reverses and flows onshore again, the wave theapsnay for a
third and final time, at a speed equal to the stint and U, .

Note the wave is continually evolving under theeintl self-
steepening effects, and the time the wave takpage a point is
always the product of the local wavelength andttiel speed,
and both change with time. The first is changirigtieely slowly
in time, the second is rapidly changing in timed drence the
same wave can appear to be “compressed” or “exparadehe
observation site. The main point is there is omlg aave packet,
it simply passes the same observation point thneestas it goes
by in different directions!

Turbulent Processes and the Internal Tide

The internal tidal dynamics described above ararlglehighly
unsteady and thus turbulent processes forced lsg timean flows
are also highly unsteady. When the amplitude of lAWN
becomes significant with respect to the total watepth, the
leading edge of the wave steepens and the traglifyg flattens,
transforming the wave into an upslope internal bone wave
breaks, and this process is likely important ndy docally but
also to global ocean mixing [19]. To characterihés tsolitary
wave breaking process, [2] introduced the Iribarrember

S
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wheresis the bottom slopeWhile [2] only considered waves
described by KdV theory, [24] extended this to védayge

amplitude NLIWs with amplitudes larger than the eppayer

depth and, depending on the valuelrof defined the five
possible regimes shown in Figure 5. As the wavgsageh the

slope,
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Figure 5. Schematic of NLIW breaking regimes fro&5][ where the
dotted line delineates the undisturbed densityrfiate in this two-layer
approximation.

there is a drawdown of the density interface altimg bottom
from the rest position and [24] found the maximuxteat of this

interface drawdown was given by, [ v/4sal . This drawdown

depth can be up to 200 m and corresponding excuteitgths
along the bottom slope can be as much as 5 km.iGoable
portions of the coastal ocean can thus be influgrme direct
interaction with breaking NLIWs, and breaking NLIWan lead
to near bed velocities in excess of 1 28], strongly vertically
sheared currents [17] and enhanced mixing [4,14].

In engineering design the practice is to typicdlyble the factor
of safety for any bottom infrastructure in thesgioas. The
prediction of sediment mobilization is also critita the design
and operation of offshore infrastructure, and NLIV¢sn

contribute to and even dominate the resuspensidriransport of
sediment on continental slopes and shelves, anctwam shape



the continental slope and shelf on geologic tim@esc[5]. When
NLIWs shoal, numerical modeling and laboratory ekpents

have determined that global instabilities form e tturbulent
boundary layer [1]. The highly energetic contenthaf associated
coherent vortical structures (including the heightained when
they are ejected from the bed) appears to be tinangr
mechanism for sediment resuspension and entrainmedér

shoaling NLIWs [1].

The shoaling process is highly non-stationary angtrbe taken
into account when modelling re-suspension. Thisicatds

traditional steady near-bed viscous stress modeist e used
with caution, and rather approaches that are abstimate the
instantaneous bed shear stress are called for. Redé®] have

demonstrated an approach developed from the wimhetu
atmospheric boundary layer and associated DNS ladifzns can
be extended to aquatic environments. In particultre

instantaneous bottom shear stress can be estirfratadsingle

point measurements taken in the log layer. The filgta in [18]
was taken in a tidal estuary, and the next step apply this to
the ocean bottom boundary layer. The direct measeme of

bottom stress is not possible in field situationd ¢his approach
offers a unique way to quantify not only the praces sediment
re-suspension and transport but to quantify benthitrient

fluxes into the water column, estimates needed cological

models, for example [28].

Above the relatively thin and well-mixed bottom Inolary layer,
the effects of the overlying stable density strediion start to
become significant in influencing the turbulenced amixing
characteristics. Quantifying the vertical turbuldhtxes in the
density-stratified ocean water column is key toeasmg fluxes
of heat and nutrients to/from the surface and botimundary
layers. It is also important in characterising #mabient mean
flow and turbulence characteristics for engineerstguctural
design. Despite decades of measurements on the NaiBly by
the oil and gas companies, of mean flows driventibgs and
internal waves principally, until 2012 there hadeibeno
measurements of the turbulent microstructure oNWS. In the
ocean, it is extremely difficulty to measure tudntl fluxes
directly, and common practice is thus to measuee rite of
dissipation of TKE &, and then infer the flux or eddy diffusivity
[9]. Turbulence measurements can be made from aradoo
instrument [3], but in part as an attempt to obtaiformation
about the spatial variability of the ocean turbakenby far the
most common approach is to use free-falling instwni® that
continuously record turbulent velocity and temperat
fluctuations over the entire water column [9].

Figure 6 summarises measured turbulent dissipatites made
with a vertically-descending turbulence microstavet profiler,
dropped 120 times over two consecutive tidal cycsone
location in 100m water depth on the NWS, just affghfrom
Port Hedland [4]. The site is known to very actystirred by
propagating NLIWSs [25]. Despite the highly unsteadture of
the forcing associated with the shoaling and breakiternal tide
at the location, there appears to be an almost alatistribution

with a mean around = 3x10®° m’s™. Using a hydrostatic ocean
model of the internal tide, and a simple large-ecahergy
balance, [8] estimateds =5x10° m’s™, surprisingly close to
this measured mean value in Figure 6. Not surgfgithere is a
very large range of instantaneous values in thesoreaents in
Figure 6, ranging from10°to 10°m’s™® and reflecting the
unsteadiness of the ocean turbulence in responsehéo

unsteadiness of the forcing associated with theigam M2
internal tide forcing.

The challenge is to not only to makes these meamnts, and
with sufficient coverage in time and space to ctiarése the
coastal ocean, but to convert these to estimatebeofvertical
diffusion coefficient for the density-stratifyingpacies [9]. The
traditional method [21] is to infer this verticalffdsivity K,

indirectly from dissipation using the deceptivelyimple
formulation

&

K, =T 7 (6)

where the strength of the density stratificatismguantified by

N :,/—(g/p)dp/dz , and the coefficientl” characterises the

efficiency of mixing in the density stratified fhli
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Figure 6. Measured rates of TKE dissipatiénon the NWS, where each

estimate is for a 3 m vertical bin, from [4]. Rédel denotes estimate of
mean.

To illustrate, using an average from Figure 6£of 3x107° m’s™
,N =7x10°s™(typical of mid-depth), and assuminfj = 0.2
(see below), equation (6) predictK, =1x10™*m’s™ or

approximately 1C® times the molecular diffusivity of heat, the
stratifying species.

While common practice is to assume this efficiedcyas fixed
at 0.2, laboratory and DNS studies [9] and fieldamgements
[3] suggest that, with the exception of the neafsme ocean
thermocline region, this is likely an overestimdig,perhaps one
to two orders of magnitude in diffusivities, andnbe inKp.

There thus remains fundamental questions in asgpdie
turbulent mixing, and these will likely only be avexed by
future direct measurements in the ocean at mudiehigirbulent
Reynolds numbers than can be achieved in eitherdtdoy or
DNS simulations.

Conclusions

The process of steepening of the linear internelb@roclinic)
tide in the coastal ocean can be described by Yedtlwn
analytical models for small amplitude waves, andhwiully
nonlinear and nonhydrostatic models for large atmgé waves.
As seen on the NWS, for example, the connectiowdst model
and observations is challenging. As the ocean mation due to
background motion forced by the barotropic tidelfisas well as
other motions completely independent of the tidegnesuch
fundamental issues as the propagation of the tide be
challenging to quantify. The fundamental parametef
importance here is the Froude number formed frora th
comparison of the (typically) non-linear internahwe speed and



the total background velocity. When the two are parable, as
happens on the NWS, the propagation of the tidethadrrival
of internal tidal packets are not predicted by damgtatistical
methods. The turbulence driven by this forcing & a
consequence, highly time-dependent as well as digtlendent
due to the varying intensity of the density stiedifion and
uncertainties around the efficiency of internal imjx Recent
measurements in the field which link knowledge dfe t
background unsteady flow field with the observedbtilence
intensities are, however, the key towards the dgreént of
robust numerical models capable of describing amgne
forecasting these dynamic processes in the cazstah.
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