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A review is siven of laboratory experiments which have

been undertaken to examine the effects of non axisymmetriec
topography on the flows of baroclinic fluids. Txperiments
using both a two layer mechanically driven system and a
continuously stratified, thermally driven system are described.
In both systemsy in baroclinically stable flows the effects

of topozraphy sre to defleet the streamlines of the flow

and in certain parameter ran.:es closed circulations are
observed. In these stable flows the amplitude o the standingz
wave forced by the topoiraphy is well described by linear
theory but the detailed behaviour of the standinz wave

depends on the potential vorticity sradients in the fluid.

In the baroclinieally unztable flows non line=zr interactions
occur between the forced waves and ths free baroclinic waves
which inf'luence both the amplitudes and frequencies of the
drif'ting components. In the continuously stratified system
low amplitude topo:rzphy increases the stability of the flow
but larger topo.raphy may be destabilisingz. In this system
also the wavelensth of the most unstable baroclinic wave

appears to be decreased by the presence of topography.
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Introduction

ALttempts to predict the behaviour of the atmosphere over

periods of several days require an assessment of the effects of
interactions between fluid flows and topographical features.

It has been demonstrated (ses for example James, 1976) that
introducinz some representation of topozrephy into numerical
furecast models can have a substantial effect on the predicted
dynamical behaviour of the atmosphere. This effect often exceeds
those of other parametsri-ed processes when predictiom for a
few days ahead sre considered, “hen primitive equation models
are used to simulate climate dynamics similar problems arise,
although for such uses techniques which are accurate in some
statistical sense are required. However for long term climatic
studies the use of parametefised models, in which the dynamical
transports of heat an? momentum are parameterised, becomes
necessarye. In order to develop such models a detailed
understanding of tne lar:e scale dynamical interaction between

the atrmosphere and the topographic featupss will be required.

“hen primitive equation models are developed for forecasting

-t -
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purposes, terrzin followin: coordinates, such as the

6" —coordinate system, are often used and models using these
coordinates exhibit some skill in predicting flows even close
to toposgraphic featuress In pressure cocrdinate models
parameterisations bf topographic effects, such as that developed
by Hayes (1975) for use in the Meteorologicsl Cffice 10 level
model, can be used. These methods have their own advantages
and limitations but the attempts to verify the téchniques have
often besn limited to assessments of forecssts using atmospheric
datae These verifications therefore suffer frem the problems
of data analysis and from f'crecsst inacecurzcies arising from

other czusess. For the assessment of parameterisation schemes fo-

-
4
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parameterisza climate mode
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s it becomes impossible to verify
methods using current observationsl date since the schemes

may be reguired outside the range of vsriatles over which they
can be verified; an underStonding of the basic dynamicel processes

is therefore reguired toc estimate the ranze of applicability

of a paremeterisztion scheme,
r

In the sbsence of topo rephic zand other forms of foreing
the atmispheric motlon zt midile lntitudes on lensth scales of
X 1c00im it characterised by the conversiocn of ener:-y from

the aveilaLle potential energy of the mean {low to the kinetic
ener y of wavelike disturbances (sloping convection or baroclinic
instzbility)s. Tner.y is also transferved between the different
sczles of motion by non linear interacticns. It is clear
therefore that while linear theories may be used to assess the

2fl'ects of large scale topographic forcing they cannot provide

other than an approximation to the effects on a system determined
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by non linear effectss The non linear transfers of energy not
only determine heat flow variations but they also determine the
ultimate predictability of atmospheric flows (see for example
Leith, 1975). The interaction of forced motions with the non-
linear dynamics may result in significant chanses in the
estimation of atmospheric predictability so that it becomes
necsssary to investizate the non linear effects of topogzraphy.
Lanoratory e riments currently bein:s undertaken in the
Gecphysical Fluid Dynamics Laboratory have bteen designed
to improve knowledge of the mechanisms by which topo :raphy
nfluences -eophysical r'Juid flows on a large scele, from which
the efrfects on ztmospheric flows may be wstimsted, and they also
provide = bod: of fate, obtained under controlled conditions,
ajainst which the perfornance of numericsl schemes could possibly be
testad, In particular, attention will be confined hewve to
the effects of non axisymmetric topographic forcing in baroclinic
flows. The structure of the forced components of the flow and
the efi'zcts on the structure of the mean flow will be descrited.
The results of experiments to deterrine the effects of topograph¥
on the ztability of ths flows znd on the properties of the

barcclinic waves will also be descrited.

Zxperimental details

The laboratory experiments have been undertaken in two
Aifferent systems wnich exhioit barcclinic instability. In
the two layer system a shear is maintained by mechanical msthods

ecross the intertsce between Lwo immiscible liguids of sli-chtly
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different densities rotating about a vertical axis. TFor a

rznge of rotation rétes and density differences the systenm

may become baroclinically unstable and the waves observed as
chanszes in the heizht of the interface. In the second system

an annulus of liguid, rotatins abtout a vertical axis is subjected
to a raéiél temperature gradient, £ stable density stratification
anises from the variation of the liguid density with temperature
while a vertical shear results from the thermal wind which
balances the horizontzl temperature :zradient., Raroclinic

waves in this systen are indiceted by the presence of a jet

streans which meanders between the walls of the convection

chanber.s The former system is amenable to analytic investigation,
and some non-linear anslyses have been undertaken for this

system (Fedlosky, 1970, 1971,) The thermally
driven system is more anslogous to the continucusly stratified
atmosphere but is both less controllable and more difficuli. to

analyse than the two layer system (see Oeazin \A70),

Details of the laboratory systems have been desnribed by
Hart (1972) and by Hide and 'ason (1975), amon. others and
detailed descriptions wili not be given here although schematic
diarams of the twc systems are ziven in fi.ure 1. Txtensive
experiments on toposraphic effects in the two layer system
have been undertaen by ¥Kin: (1979) who used an infra red
absorption technique to detect and measure waves on the interface
and a dye release technique to obtain qualitative details of
the flows The experimental investigations on topo:xr:phic

effects 4dn the thermally driven system commenced with those

-]y
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of Kester (1965) and Fultz and Spence(1967) but a more systematic
study was undertaken by Leach (1975) whose investigations are
beins extended by Chamberlain (private communication) and by

the author. In these experiments the temperature structure

in the fluid was determined using probes and various techniques

of flow visualisation were used.

In this review it will be conveniént to describe the laboratory
observations in two parts., The first part relates to the effects
of toposgraphic forein-- on flows which are baroclinically
stable, In these flows the points of interest concern the
structure of the forced disturbances and the drag exerted by
the topo:raphy as well as the chanzes in the mean flow profile,
The possibility of destabilising the flow by the effects f
topography is also important here, The second part of the
results describes the effects of topoxraphy on the flows
which are baroclinically unstable, In these lows there
are additional questions to be answered concerning the interactions

between baroclinic waves and the topographically forced waves.

Topographic affects on baroclinically stable flows

King (1979) undertook a series of experiments with the two
layer system under conditions giving rise to baroclinically
stable flowse Three different types of smooth topography
were used, all with a dominant azimuthal wavenumber 3, which were

fixed to the lower surface of the zpparatus. This dominant

-
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azimuthal wavenumber was chosen because this was the most
frequently observed azimuthal wavenumber of the waves in unstable
flows in this apparatus. The topography had a dominant cross
channel wavenumber 1. Two different heights of topography

were used, both with a uniform radial slope in addition to the
wavenumber 3 topograrhy. The uniform slope rives rise to

potential vorticity gradients which have effects similar to
those resulting, on a sphere, to the variation of the Coriolis
paremeter with latitude. In addition the lower toporsraphy was

also used without the uniform slope.

The amplitudes of the various azimuthal Fourier comconents

of the standing wave forced by the toposraphy on the interface
were measured, These were noswalised by the amplitude of the
same componsnt in the topo:raphy, all of the mezsurements being
made at the mid radius of the apparatus. Typical regults
obtained using topo.raphy with no uniform slope are shown in
fi:ure 2. For small differential rotation {small Rossby number,e)
the amplitudes zre insensitive to the differentizl rotation but
for larger differential rotation the amplitudes rapidly increase,
the zmplitude of the higher wavenumbers increasing moét ranidly.
The increzse in the amplitude was believed to result from a
resonance between the topo raphic forcing znd interfacial gravity
waves which has the property of cccurring at lower differential

rétation for hirher wave numbers.

Tn order to understand the observations, Xing (197%) applied
a linesr quasie-strophic model to the two layer system. The
ef’ects of viscosity were neglected and steady state solutions

of the equstions were sou -ht. It was demonstrated that an

-5
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important sealing parameter for the amplitude of the disturbances
was the parameter A= h/IHE . This parameter was first
introduced by “ide (\951) when considering the conditions under
which closed circulation {Taylor columns) would form over
topographic features in hohogeneous rotatingz fluids, ¥ing
sugzests that there is az possibility of Taylor column formation
with closed streamlincs over the topography in the baroclinic
flow. The znalysis indicated that the wave amplitude would be
independent of the Rossby number of the flow (or of the differential
rotation) and the predicted amplitudes, which are also shown in firure 2,
are in ;ood agreement with the observation., Cbservations of
the displacement of streamlines in the flow as it foramed over
the topozraphy confirmed the dependence of the flow on A .
Similar resiits were aleo obtained with the other toposraphies used
in the expsriment,

Txperiments with very low differential rotation demonstrated
the presence of slowly drifting waves of large amplitude which
were believed to be baretropic in oriszin and to arise from the
pressnces of potential vortiecity -radients. These waves were
not present when the topo raphy was absent from the apparatus
and thzir behaviour dependad on the presence or absence of ).
sloping end walls. Slopin: end walls provide a contribution
to the potential vorticity sradient additional to that resulting
from the observed radial profile of the zonal flow. Althouszh
the data are not sufficiently detailed to enable tests of
theoretical idsas concerning the breakdown of the Taylor columns
to be made it is clear that the structure of the wave forced

by tapograshy is dependent on potential vorticity sradients.
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In the continuously stratified thermally driven system
Leach (1975) observad that under conditions which would zive
rise to an axisymaetric flow in the absence of topography the
streamlines were deflected by topography. Under some conditions
a closed ciprculation was observed slizhtly downstream (with
reference to the flow close to the top of the topozraphy)
of the topogrephic peaks but in other examples there was only
a deflection of the streamlines. The closed circulations
were observed when the 3urger number B (= dez,/le_z) £ .
(Here N 1is the Brunt Vaiuala freguency, [ the foriolis
parameter and d and L the depth and gap width of the convection
chamber.,) Ascuming a ratio of obstacle height to fluid depth
of 0,1 the condition implies 5% 0.3 which is consistent
with ths suggestion of Hide_(1961) and with the two layer
experiments, Ths nzture of the flow did not depend critically
on the shape of the topography for a range of smooth and

rectangular topographies,

Investigations ol the vertical structure o the stationary
componzsnt of the disturbances forcsd by topography were =
undertaken bty Leach (1975) and by Chamberlain (private communication).
The result of some of these expsriments are presented in
fisure 3 in which the amplitude has béen scaled vy the mean
vartical temperaturs di:rference over one bump heizht. The
dats shown in figure 3 were obtsilned with a smeooth sinusoidal
toposrzphy of azimuthal wavenumber 3. The most striking
feztures of the results are th:z confinement of the perturbation
below tne mid level in the rluid and the strong dependence on
the wave emplitude on the parameter h/f-t Experiments
with varying aspect ratios su--est=d that this was more relevent

than B in determining the vertical structure.) Data were



119

also obtained which suggested that the phase of the forced wave
varied with the heizht above the toposraphy and that a phase
change of 1 rad between the top and bottom of the fluid was

not uncommon but systematic variations of the total phase change
were not found. It was demonstrated that when many wavelengths
were forced by the topograshy the vertical penetration of

the shorter waves was less than the penetration of the longer

WavesSe

Leach (1975) applied a simple inviscid linear model to the
problem of toposraphic forcing of the continuously stratified
systeme A uniform vertical shear was assumed with radial and
vertical density variation. Topography was not assumed to
affect the backgfound flow but steady state perturbations of
the flow were sought which were forced by the lower boundary
condition which gave rise to a siausadel  foreing of the
vertical velocity, The predicted vertical variation of the
amplitude of the perturbation is compared with the observed
variation infigurs 4 for similar values of the relevent parameters.
The amplitude was found to depend on the height above the

base according to

% sinh ¥ (2-%) + cosh ¥ (z-%)
- 2
% sinh ¥ T - etk ¥

4

where z is the nondimensional heisht (-0.5 ¢ z € 0.5) and
A i, 2 1 2

Y = B(h+ n'7") where kK and n are the azimuthal and cross

channel wavenumbers of the perturbation. It should be noted

that as ¥ —» 2,399 the denominator tends to zero and the
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predicted wave amplitude increases. This limit is also the limit
at which the flow becomes baroclinically wunstable according

to the theory developed by Fady (1949) so that, as observed

the amplitude of the forced wave increases as the flow becomes

less stable. Since 4; can be larger than 1, implying non-
dimensional wave amélitudes greater than 0,5, compared with the
maximum value of 1 obtained usinz a similar theory but omitting
baroclinic eff'acts the baroélinic flows can amq“&%; the topograchie

perturbation,

‘“hen viscous effects were incorporated into the theory
realistic results were obtained for the variation of the phase
of’ the‘forcedrdisturbance with height., It was not possible
with the simplified theory to e¥plain the detailed’shape of
the observed éurves showing the variations of the am-:1itude
of the forced wave with heisht., It is probable that these
detailed observations require ths effects of potential vorticity
gradients in the flow to be incluied in the thzory for their
explanation, This ares reyuires further study both of an

experimental and of a theoreticzl nature.

Topographic effects on haroclinically unstable flows

“hen topo;raphy is ingu~swd  into either two layer or continuously
stratified flo#s in which free baroclinic waves are present,
two eff'ncts are apparent without detailed measurements. The
first is a substantial change in the drift rates of the free
baroclinic waves and the gecond is a change in the location
of the transitions betwe=zn different 2lows with different

-10=
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azimuthal wavenumberse The chanzes in the drift rates can

be explained by censidering the changes in the mean zonal flow.
In the two layer system in which the zonal flow direction is

the same at all levels (to a first approximation), the increased
draz due to the topo:sraphy reduces the mesan flow and the
wave drift rates. However in ths continuously stratified
s7stem with rigid end walls thz zonal flow changes siszn at

mid level ziving a small mean flow which can be increased in
masnitude by removin. vertical symmetry by increasinz the dragz
exerted by ene end wall. The drift rates are observed to be
increxsed substantially by ths presence of the topography in

thi

5]

syvishen,
The efr'ects of the topo:;raphy on the location in varamster

space of different transitions =zre more 4ifficult to explain.

ting (1979) sugzests that in the two layer system there is

little chanze in the localion of the transition from axisymmetric

(baroclinically stable) to wave flows but that the observed

chanzes in the transitions between flows of different dominant

wavenumber szre sonsistent with ths changes expected using

linear theory =llowing for changes in the zonal flow caused by

topo rzphye The oner-etics of the continuously stratified

systam are rather different from the two layer system and the

onset of baroclinic waves can be qualitatively explained as

beins necessawsy to ensure efficient heat transport across the

convection chamber (see Hide and Mason, 1975). In this system

the waves forced by topo-ravhy may transport heat and it is

to be exvacted that the flows will becoms stabilised by topography.

This is observed ani in tsuis 1 the location of the transitions

in different systems are presented. Teach's (1975%) measurements

-1 -
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of the heat flows ezcross the convection chamber tend to confirm

this interpretation but the data were not sufficiently sccurate
to mzke guantitetive estimates of the heat trasnsport due to

the forced wave components. £An improved apgparatus has been
developed tc enable such changes to be accurately measured but
xperiments have still to Te cerried outs The ooOservation
that the wavenumber of the dominsnt fres barocliric wave in

the continuously stretified system is hizher when topoerzphy

g
is present than when 1t is sbsent is also apparent from table 1,
In ths erperiments with barceliniczlly steble flows 1% was
possicle to explain the main festures of the observasticns of

the Jorced woves using linear theories but in the unstsble
rlows the situation is complicated by the possibilities of

forced waves. The obzervaticns o the forced waves will Te

In the two lgyer system, “in:s {1¢79) dzmonstrated that
non lincar interactions between the feorced wave znd the drifting
barcciinic waves could, in certain eircusstances, result in

an increase in the amplitude of the forced wave. This i

[v4]

nonstrated in fisure 5 where normalised standing wave spectra
are chown for two experiments; in one of these the dominent
oaroclinic wave was of the same azimuthal wsvenumber as the
toposrashie forein:; and in the othsr experiment the jominant
wavenuaber was different, The interaction between baroclinice

and forced wavaes is seen to enhance the amplitude of the Torced

wave, In 2z non dispersive srstes with nen zero mean flow it

vivns between the burocliniu waves and torographiczally
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is obviously not possible to obtain resonant interzctions
but in a digpersive system it may be possible to obtain resonant,
3o nearly resonant, interactions. In the experiments mentioned

above a small amount of dispersion was present due to the

hel

resence of potentiszl vorticity gradients. 7Then grzater
dispersion was introduced +thrcugh the use of sloping end walls
to the apperatus even more marked interzcticns were observed,
in particular drifting waves were forced by the topography.

Those results wil ve desceribed later, It is perhaps useful
to note that a special case of resonzat intsractiorg between +uoo

foreed componznts and & slowly driftin- free wave Jos' Lonsidend

fwg%yctﬁ7@3<ks relevint to the probles of Lloekin: in the ztrosphere.

In the continucusly stratified sz:stem stron: interactions were
founa betwesn topographicelly forced waves and baroclinic waves

(Leach, 1975). It was su nat in the beroselinically

unstable Clows the steiicnary wave penetrated through the

entire depth of ths fluild instead of bein: confinzd to the lower
levals, below the level of no motion., The ranse of Leach's
experiments =nd the verticszl resclution of the measuring systen
were not sufiicisnt to enable guentitative conclusions’tc be
drawn from these results and the implication of 2 sudden chanse
in the vazriical structure of the stationaiv wave at the transition
from stable to unstable flows is not consistent with recent
observstions by Chamberlain (private communication). Further
work needs to be urdertaken to clarify this padnt. The effects
of non lins:zr interactiomsbetween the forced and free waves were
found to result in srystematic chan es in the smplitudes of the

foreced and frec wiv:g with « freguency egusl to the freguency

oy
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of the drifting wave, The amplitude changes were out of phase
suggesting transfers of ener:y betwe=n the two components

were an important feature of the dynamics of the system.

Interactions between drifting and stationary waves will not
in .eneral only effect the two components but may zive rise
to additional wave components, In the two layer system it
was shown that when Considendde dispersion wes present the
time aversged spectrs of the drifting waves showed Sonificant
enersy in waves whose wavenumbers were combinations of the
dominznt barociinic wavenumber and of the topographic wavenumber,
Typical results are shown in fi-sure 6, In order for resonant
interactions to occur between thewewaves, the baroclinic wave

and the statisnary forced wave it is clear that they should

[¢]

have the same freguencies as the baroclinic wave, In fizure 7
the results demonstrate that non linear interactions occur not
only betwesn the . ~ dominant baroclinic wave and
the topo_raphic forcin: but alsoc between the harmonic of the
dominant wsve =nd the forcins, Data from the continuously
stratif'ied system are not so extensive but preliminary results

from experiments currently being undertaken are shown in

table ln

The results obtained from these experiments show that the
effects of toposraphy on barocliniczlly unstable flows are,
firstly, to change the meen flow profile thereby modifying

the drift rates of the driftin: waves and, secondly to result in

exchanges of eneryy between driftins; and forced waves which

-l
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result in changes in the amplitudes of these components. The
drift of some of the wave components is also influenced by

the non linsar interactions, In general, as would be exoected,
the non linear effects are more important when large amplitude
topozraphy is present. Points requiring further investigation
concern the changes in the stability of the flows and in
particular whether these can be explained using linear theory
when changes in the mean flow are taken into account and the
way in which non linearity and dispersion interact to determine
the condition under which considerable flow changes may result

from topo-raphic foicin:.

Conclusions

The laboratory experiments described in this review have
demonstrated the importance of non linear processes in determining
the detailed effects of toposraphy on baroclinic flows, It
has been shown that while some of the processes, such as the
structure of the forced stationary ccmiwneat’ Of the flow in
beroclinicslly stable flows may be explained using linear
models, in the presence of baroclinic waves non linear sffects
are important., The of’ects of topovraphy in the fhermally
driven flows o= senerally stabilising but there is sone
evidence that lar-e amplitude topography may be destabilising.
It is zlso clezr from the experiments that forecing by stationary
topo raphy may :ive rise to driftinz wave components whose

major ensr.y sources &re non linear interactions.
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Present studies are concerned with improvin:z knowledge of
the non linear processes in the continucusly stratified system
and accurate determination of the effects of toposraphy on the
radial heat transport by baroclinic waves. The predictability
of the flows in the presence of topography will alsoc be compared

with that in the absence of topography.

It would be of interest to compare some of these findings

with the‘predictions of numericel models used for weather

prediction. In particular the simulations of non linear

processes are sensitive to errors in phase speeds of the interacting

waves and it would be of interest to test these aspecls of rnfegraticns cagainsl
atmospheric observations, The effects of toposraphy in stabilising

flows for small emplitude topogrsphy and destabilising then

when the topographic amplitude is lar -e are also factors which

should be reproduczsd by the numerical models,

46—
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Rotation Dominant azimuthal wavenumber
rate £,  with no with rectangular topography
(rad s~ ') topography (a) (b) (e) (4
0.25 0 0 o 0 0
0e50 0 0 0 0 0
O0e75 0 0 0 0 0
0.80 1 0 D 2 0
0.90 2 0 0 2 0
1.0 2 1 0 3 0
Tel 2 3 0
162 3 5
145 3 3 4 3 3
2.0 3 3 Sk b L
245 3 b b L L
3.0 3 iy L 3 L
5.0 L N N I L

Table 1 (a)

Variation with rotation rate of the azimuthal wavenumber of the dominant
baroclinic wave showin: the effects of topogsraphy in the thsrmally driven
system (after Leach, 1975)s The experimental parameters were; working
fluid, water-.lycerol mixture; inner and nuter cylinder radii, 38 -~nd 8L mm;
fluid depth, 120mm; A T, 12 K,. The toporraphy consisted of rectansular
rid;rs with thz ratios of hei ht/ fluid depth and length/ m2an circumferencs

£ chamber of; (=) 0,08, 0.03; (b) 0,17, 0.03; {(e¢) 0.33, 0,03; (d) 0.08, 0,08,

)



130

Rotation Dominant azimuthal wavenumber
rateI%J with no with topozraphy
(rad s ) topo :raphy

0.2 0 0

0.3 L 0

Ouls 4 (5) 0

0.5 5 7 (6)

0,6 5 (b,7)

0.7 6 (5,7) g8 (7)

0,8 5 (5,7) 8 (9)

0.9 5 (5,7)

1.0 b (5,7) 9

1.2 b (75

1.4 5(7) 9 (8)

1.6 7 (6,8)

1.8 7 (6,8)

2.0 7 (3)

Table 1 {b)

Veriaticn witk rotation rate of the a2zimuthal wevenumher of the
dowinznt barcclinic wave showinz the effects of topo-raphy in ths thernally
Arivan srstems Jisurss in brackets indicste waves wnich have been
ohservad to dominste but with lower amplitude, The expserimentzl parameters

were; working fluid, parsf7in; inner and outer cylinder radil, 231

g’

d 334 am; fluid depth 250 mm; AT was constant for each experiment

~

range 3,02 0,3 X, The toposrephy was dominated by azimuthal

3

nd in tn

=

£

the
wavenumber 5 and wes of amplitude Ce1 of the £luid deptih.
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Azimuthal Mean Frequency
Wavenumber Amplitude x 1000

(k) {s")

1 0,008

2 0011 1.6

3 0,014 5.8

L 0,007 3.0 20,3

5 0,007 3,0 20.3

6 0,015 L2

7 0. 032 5,0

8 0. 086 5.8

9 0. 021 6.7

10 0.016 7.5

11 0.008 10.6 10,3
12 0,006 7.8 0.3

13 0.012 5.8

tip 0. 005 8.3 20.6

15 0.003 9ol =06

16 0. 005 11.0 20.6
17 0.003

Table 2

fine averaged amplitudes and freguencies of the drifting wave

components in a thermally driven flow. The dominant baroclinic

wave vas wave number 8 and the topographic foreing is at wavenumber 5.
The non linear forecinz of wavenumbers 3 and 13 is apparent,
(Sxperimental parameters; working fluid; parafi’in; radii of inner

and outer wslls, 231 and 38, mm; mean depth of fluid 250 mm;

AT =3.0°C; € =0.74 rad 5"1; topographic height, 25 mn)
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Two layer system (mecha}wically driven) \ 7_
detector
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Cbnfinuously stratified system (thermally driven)
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e(z)
cold hot
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Migure 1. Schematic vertical cross section throuzh the two laboratory
systens used for studics of topozraphic effects on
baroclinic fluids. In both cases toposraphy was sttached to the bottom
surface. ibove: the two layer system in which a shear is maintained by

mechanical forcing across the interface between the two liguids of
densities €, and @, (e,(eu). Below: the continuously stratified system
in which 2z vertical shear and temperature ygradient arise f'rom the
horizontal temperature -radient. In the two layer system, waves on the
interface are measured Ly =n infra-red absorbtion technique; in the

continuous system waves are detected usinz thermocouple probes,
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PLoure 2.
or' the stzn’in  wave observed in the two layer system

with 1id rotstion spsed. “he emplitudes are normslised with the
‘ourisr component of the toposraphic height.

smplitude of thz same 7
mplitudes ealeulated usin,: linzer theory sre shown st the lef't

of the c¢iz ram while the arrov indicates the resonance of the
wavenumber § interlacial ravity wave. The topo rzphic forcing was
of dominant wavenumber 3 and the flow was baroclinically stable.
Experimental varameters; R =3.26 rad 54, Ap/p =0.013, annular zap

width, IL=57 mm, mean layer depth, H=125 mme (after “inz, 1379).
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Fi-ure 3., Variation with hei_ht of the amplitude of the standing

wave component with szimuthal wavenumber 3 in the
continuously stratified system for different values of the parameter
Nf_1. “he amplifudes are normalised with the vertical temperature
difference over ths topo_raphic heizht. The topo.raphic forcin  was of
of dominant azimuthal wavenumber 3 and radial wavenumber 1 and
the low was Laroclinically stable.
“rperimemtal parameters; annular gap width, L=45 mm, fluid depth,

d=3.44 L, topo raphic amplitude= 0,034 d. (after Leach, 1975).
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¥iure L4, Variation with heicht of the amplitude of the stznding
wave calculated using linear fheory conpared with the

observed variation. “esults were obtainsd fof Nf_1=0.19. Cther

cxperimental parameters were similar to those of fire 3.

(efter Leach, 1975).
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Flgure 5, 2pecira of the standin : waves measured in baroclinically

unstsble flows in the Fwo layer system, The amplitudes
are normalised with the amplitude of wavenumber 3« Azimuthal
wavenumbers of the free weves are: above, L; below, 3. In both
cases the topo.raphic forein ; has doninant azimuthal wavenumber 3
“eometrical parameters are similar to those of fi:ure 2, (after
Uinz, 1979),
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Piure 6. Spectra of the drifting waves measured in a baroclinically
unstsble flow in the two layesr system, The dominant
baroclinic wave has azimuthal wavenumber L4 and the toposraphic
forcing is at wavenumber 3, The larze amplitudes in the non linearly
forced conpon:ints are evident. For zeometrical

fizure 2. (after inz, 1979).

rarametars see

Py
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“isure 7. -requenciss of the driftins waves msasured in the sanme
evperdment as thaet from which £1i -ure 6 was obtained showinz
the equal freguencies of wavenumbers 1,4 and 7 end also of wavenumbers

€ and 11, {after Tin-, 1579),





