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Linear perturbation theory is applied to the problem of orographic and diabatic
forcing with the intention of modelling the easterly flow of air over northern
Australia.

In an easterly, both orography and heating induce downstream waves whose wave-
length increases with decreasing latitude, and increases as the strength of the flow
increases. Upstream effects are evident far from the orography. The effects of
heating differ from those of orography; heating induces both a far-upstream re-
sponse and a permanent equatorwards displacement of the flow. The addition of the
orographic effect to combined heating over the land and cooling to its west results in
a two-ridge, two-trough streamline pattern over the continent which compares well
with mean summertime conditions over northern Australia.

In winter simulations with cooled land and warmed water, diabatic perturbation
quantities are considerably smaller than their summer counterparts. Orographic
effects dominate and result in the frequently observed east coast ridge and inland

trough pattern.

Introduction

During the summer, the meteorology of northern
Australia is dominated by a surface ridge near the
east coast and two major surface troughs in the
low-level easterly flow, one on the eastern side of
the continent, and the other on the western side.
These troughs have been described by Fandry and
Leslie (1984), Adams (1990, hereafter A90), and
Kepert and Smith (1992). There appear to be two
major mechanisms responsible for the formation
of the troughs: the Great Dividing Range, which
runs along the eastern flank of the Australian con-
tinent, and land/sea temperature contrast. The
ridge close to the east coast and the trough on the
eastern side of the continent are often present dur-
ing the winter when the land/sea temperature dif-
ference is small, suggesting that orography plays a
major role in their formation. However, the

trough tends to be deeper in summer than in win- .

Corresponding author address: Mr M. Adams, Bureau of Meteor-
ology Training Centre, GPO Box 1289K, Melbourne, Vic 3001,
Australia.

69

ter, and the trough in the west is a summertime
feature only. Therefore, it appears necessary to
take account of the role of heating in modelling
the troughs.

Modelling the orographic response presents
several problems. The Great Dividing Range is
relatively low, but wide enough for the Coriolis
force to be important. The mountains are not
sufficiently wide to permit the use of a quasi-
geostrophic approach. If the length scale is taken
equal to the orographic width, the Rossby number
isof order 0.5. The scale of the continental heating
is large enough for a quasi-geostrophic approach
to be appropriate, and large enough that the bet
effect should be included. :

For the sake of consistency, the full momentum
equations on a beta plane are used to study both
the orographic and heating responses. It is appro-
priate to include the beta effect when examining
the orographic problem because orography in-
duces perturbations on the flow which are much
larger in scale than the orographic width itself.
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The summertime easterlies over northern Aus-
tralia give way to westerly winds above about
3 kilometres (Watson 1980). However, there are
difficulties in modelling a sheared flow. In a ver-
tically sheared basic state flow, we have to con-
front the problem of critical levels where the wind
is zero. This is a problem both in flow over oro-
graphy (e.g. Booker and Bretherton 1967), and in
flow over a heated surface (Lin 1987). Alterna-

tively, a multi-layered formulation is possible. A -

two-layer system with easterlies below and west-
erlies above is an obvious candidate, and will be
the subject of future work. In the present study, an
unsheared flow is examined. Kepert and Smith
(1992) show that upper westerlies are not vital to
the creation of troughs in the easterlies.

In this paper, equations are developed for an
unsheared, zonal, steady-state flow on a beta
plane of an hydrostatic, Boussinesq fluid with
fixed Brunt-Viisilad frequency. The method used
is based on the Queney (1947) model. In spite of
its restrictions, the method reproduces some of
the most important and interesting features of the
summertime flow over northern Australia. The
general equations are first developed, and the
easterly base state solutions and results are dis-
cussed afterwards. The final section consists of a
summary and concluding remarks.

General model equations

The linearised perturbation equations for an un-
sheared, zonal base-state flow of a Boussinesq
fluid in a rotating reference frame, and with exter-
nal heating Q are:

du/dt + Udu/ax — fv= — gP/ox 1
v/t +Uadv/iox +fu=0 .2
o=9P/dz ...3

du/dx + aw/gz=0 4

dolot+ Uda/Ix + N2w=Q 5

where the perturbation velocity components in
the x, y and z directions are u, v and w, respect-
“ively; U is the constant zonal base-state wind vel-
ocity; the Coriolis parameter is f; t is time; ois the
perturbation buoyancy force per unit mass; N is
the (constant) Brunt-Viisilid frequency; and P is
the perturbation dynamic pressure divided by a
constant base-state density. As we shall examine
flow over a ridge which is infinite in the merid-
ional direction, and since no y-variation in Q is

included, we are able to impose the condition that -

d/dy of the perturbation velocities is zero.

To include the beta effect, differentiate Eqn 1
with respect to y and subtract from Eqn 2 differ-
entiated with respect to x. The vorticity equation
obtained is

a&lat+ Uak/ax +foulox+pv=0 ...6

where &= gv/dx and B = df/dy. Scaling arguments
show that it is consistent to introduce § in this
way, but to replace f by f,,, where f; is the value of f
at a central latitude. Equation 6 will be used in
place of Eqn 2.

We shall investigate only steady-state solutions.
However, in order to apply a radiation condition,
we need to use the time-dependent equations with
Q=0. Upon eliminating P and o, these equations
can be written as

fod/9x Bt+£d/ax 0 u 0
a/8x 0 dldz vi=]|0
—£%20/9z fu£d/0z  N2a/9x | | w 0

where £=4d/dt + Ua/dx.

The horizontal and vertical components of the
group velocity may be obtained by allowing
(u,v,w)=(0, ¥, W) exp[i(kx + mz — wt)], where k
is a zonal wavenumber, m a vertical wavenumber,
and o is the frequency. Substitution into Eqn 7
gives
m2= KZNZ[B+ k(w — Uk)]

(0 — UK)[k(w— Uk)? + (@ — Uk) — kfy?]
..8
The vertical component of the group velocity
Cg, = dw/dm, in the steady-state case where =0,
can be written
. 2kU(k? — K2 (k2 —L?)
Co = 2_ k22 21212
(£ m)[2(k? — K?)? + > K¥/U?]
where K2 = /U and L2=f,2/U2 + 8/U. The zo-

nal component of the group velocity c,, for steady-
state flow is given by

.9

o = 2f,2k3/U
¥2(k2— K2+ fKYU2
Eliminating o, P, u and v from the steady-state

equations including Q, we obtain an equation for
w. The equation is

.10

d*w 3w
2 + (o> + pU)—
dx29z22 o™+ BU) 9z2

2 2 2
+ Nza_vl_f-!m_w:ﬁg__;._a_.g_
ax? U U  9x?

Taking the Fourier transform (x— k) of Eqn 11
gives

.11

W, + m2% = m2Q/N2 .12

where a tilde denotes a Fourier transform, the sub-

- script z denotes differentiation with respect to z,

and m? is given by
2 NX(k2—K?)
Uz(kz — LZ)
which may be obtained from Eqn 8 by setting
o=0. Equation 12 is a solution of Eqn 11 only if

.13
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w, w,, W,, and w,, all tend to zero as x approaches
+ oo. The veracity of these conditions may be
checked after the solution for w has been
obtained.

The form of the solution to Eqn 12 depends
upon the sign of m2. If m?2>> 0, the solution of the
homogeneous equation is

W = A (k) exp(imz) + A,(k) exp(—imz)
..14(a)

while if m2 <0, the solution of the homogeneous
equation is

W = A (k) exp(uz) + Ay(k) exp(— pz)
..14(b)

where 2= —mZ2. In Eqn 14, A, and A, are, as yet,
unknown coefficients which must be obtained
from the boundary conditions.

If m?2=0, the solution of the homogeneous
equation degenerates to W =A;(k)z+ A,k),
while as m?— oo, the homogeneous equation has
solution W = 0.

The method of variation of parameters may be
used to determine the particular integral for the
non-homogeneous problem. When m? is positive,
the particular integral is

_ (im)
IN?

- exp(imz)fQ exp(—imz) dz] ...15(a)

[exp(— xmz)fQ exp(imz) dz

If m? is negative, the particular integral is

& =L fexp(— o) f Q exp(z) dz

- exp(yz)fQ exp(— uz) dz) ...15(b)

When m? = 0, the particular integral is zero, while
as m2— oo, the solution for the particular integral
degenerates to W = Q/N2.

As w is real,

w=(1/n)f°°v~v exp(ikx) dk .16
0 .

The upper boundary condition is that w must be
bounded as z tends to infinity. Thus, A, in Eqn
14(b) must equal zero. The linearised lower
boundary condition is w = U dh/dx at z= 0 where
h(x) is the height of the orography. In k-space,
this condition becomes w(k,0)=U hx(k) where
h, is the Fourier transform of dh/dx. Since all the
atmospherlc forcing originates at the surface of
the earth, the group velocity must have its vertical
component directed upwards. It will be shown
that this condition is sufficient to prevent
upstream wave energy propagation.

From Eqn 4, we may define a perturbation
streamfunction y in the x-z plane such that

u=29y/dz and w= —dy/dx 17

As we are examining a steady-state problem, the
flow will be along the lines of constant stream-
function. Equation 17 allows u to be determined.
The perturbation buoyancy o is given by

o=N2W7U+(1/U)dex .18

and this may be converted into a perturbation
temperature T usmg T =0T/g where T is a mean
temperature, and g is the acceleration due to grav-
ity. The perturbation pressure may be derived
from o using Eqn 3, and the meridional velocity is
given by

v =(1/fy) (Uu + P)/ox ...19

From a knowledge of u and v, we may obtain the
meridional dlsplacement y as a functlon of x at
any level using

y=fo .20
o U+ux’)

as long as v tends to zero far upstream.

In the next section, explicit solutions are de-
rived for easterly flow over orography, and for
several specified heating functions.

Solutions

Solution for the streamfunction

Equation 13 shows that m2>0if k2> L2, m?— o
ask?— 12 and m? < 0ifk?<L2 The case m2=0
does not arise in an easterly flow since k2 — /U is
never zero. Also, unless we are very close to the
equator or U] is extremely large, f,2/U2> B/|U| so
that L2>0. We shall exclude discussion of
negative L2,

Throughout this paper we shall adopt the con-
vention that a square root is a positive square root
and we shall insist that m and p are positive. Since
U <0 in easterly flow,

— N(k2 — KZ)'/z
m —_—e——
Uae— L2y .21
and
_ = N(k2 — KZ)‘/: )
u U2 — k)% ...22

This choice for the signs of m and u does not affect
the solutions obtained. Since (k? — K?) is always
positive for easterly flow, m is real when k> L and
o 1s real when L>k.

It is necessary to ensure that cgz> 0 for the
wave-like part of the solution. The wave-like sol-
ution occurs when k2> L2 and since L2> K2 and
U <O for easterly flow, we require the (—m) op-
tion in Eqn 9. Furthermore, Eqn 10 for the zonal
component of the group velocity shows that
Cgx <0 when U < 0. This means that the wave en-
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ergy flow is downstream, as required if upstream
waves are to be prevented. Therefore, we must set
A, =0 in Eqn 14(a).

We have now the complete expression for w.
When 0 <k <L,

= [ufto- £ Q sinh(yz) dz| exp(~ sz)

2N2 [exp( uz) f Q exp(yz) dz
—exp(,uz)f() exp(— uz) dz] ...23(a)
When k=1L,
% = Q/N2 ...23(b)

and when k>1L,
W= [Uﬁx(k)+% Q sin(mz) dz] exp(— imz)
N (z=0)

+ exp(—lmz)fQ exp(imz) dz

el
—exp(imz)f(‘i exp(—imz) dz] ...23(c)

In the above expressions, the (z=0) tag means
that the integral is evaluated at z equals zero.

The solution for any of the perturbation quan-
tities is the arithmetic sum of the orographic and
diabatic heating contributions. This enables us to
discuss the two effects separately.

The orographic effect
Using the inverse Fourier transform formula, we
obtain

Ul (L~ , - .
y=— —{f [h(k) exp(ikx) + h(— k) exp(— ikx)
2rlJo

exp(— pz) dk + f “iB(k)expli(kx — mz)]
L

R (=K) exp[—i(kx — mz)]} dk} 24

where fi (k) is the Fourier transform of the oro-
graphy.

We ‘shall examine results for flow over the
‘Witch of Agnesi’ or bell-shaped profile given by
h(x) =hy/(1 +x%*a?) where hy.is the maximum
height of the orography and 4a may be considered
its characteristic width.

The ‘solution for the streamfunction in flow

over bell-shaped orography is

w=—U hy a{LL exp[— (ak + uz)] cos(kx) dk

+f°°exp(—ak) cos(kx — mz) dk} .25
L

and the other perturbation quantities may be
determined from Eqn 3 and Eqns 17 to 19.

To examine the form of the solutions, the con-
stants have been assigned the same values as in
A90. These valuesare: U= —10ms~!,N=10"2
s71, hy=800m,a=100km, fp=—5X10"3s~!
and f=2.15X107!"" m~! s~! The values of
fo and B correspond to a latitude of 20°S. This
choice was made with the intention of simulating
trade-wind flow across the coastal range of north-
eastern Australia. The value of the Froude num-
ber Nhy/|U| is 0.8. According to Baines (1987),
non-linear effects become important for values of
Froude number greater than about 2. Therefore,
the values chosen for the parameters appear to be
consistent with a linear analysis.

As shown above, all the perturbation quantities
due to the orography can be expressed as the sum
of two terms: a contribution from small wave-
numbers, and one from large wavenumbers. The
demarcation wavenumber is L. Using the values
of the constants above, wavenumber L corre-
sponds to a wavelength of 1320 km.

The contributions to the perturbation quanti-
ties from the small wavenumbers are the evanes-
cent portions of the solution. They are symmetric
about the origin for symmetric orography. Since
the evanescent components of the solution con-
tain all the x-dependence in the factors cos(kx)
or sin(kx) in the integrands, they are rapidly oscil-
lating functions of k at large |x| and tend to
zero at large |x| (e.g. Smith 1979; Zehnder and
Gall 1991). Therefore, the evanescent part of
the solution is confined to the vicinity of the
orography.

The wavelike portions of the solution originate
from wavelengths less than 1320 km. This part of
the solution is asymmetric about the origin, even
for symmetric orography. The method of station-
ary phase (e.g. Queney 1973) shows that the wave-
like portion of the flow tends to zero at large |x|
except where d(kx — mz)/dk is zero. In the present
context, this deﬁnes a particular wavenumber k,
given by

2/x = U3(k,2 — L2)32(k,2 — K)V2/(Nk, fo?) .. .26

about which the contributions to the disturbance
will not cancel at large|x| forany xand z. Ask >0,
U<0, (k,2—L»¥>0, (k2—K?)"2>0, and
z>0, these waves are found only for x <0 which
is downstream.

All the perturbation quantities can be deter-
mined numerically using Simpson’s rule. Figures
1(a) and 1(b) show the perturbation and total
streamfunctions in the x-z plane. A comparison
with the solution of A90, where f is not included,
shows that the inclusion of 8 makes only minor
changes to the flow pattern inthe x—z plane. The
main difference is that the inclusion of Bdecreases
the distance upstream over which there is an oro-
graphic influence. Upstream, the orography acts
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Fig. 1(a) Perturbation streamfunctions in the x-z plane
for easterly flow over bell-shaped orography.
Values in m2s~1,
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Fig. 1(b) Same as Fig. 1(a) except total streamfunc-
tions,
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Fig. 1(c) Same as Fig. 1(a) except perturbation press-
ure. Values in hPa,
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as a low-level barrier to the flow, inducing low-
level westerly perturbation velocities and forcing
the low-level flow to rise.

The upstream air that is forced upwards by the

orography cools relative to air at the same level .

because the flow near the orography is strongly
ageostrophic, moving from high to low values of
perturbation pressure. The maximum cooling is
2.4 K at the orographic peak. This air gains poten-
tial energy which is converted to kinetic energy as
the air flows down the leeward side of the moun-
tains. Strong winds and large downwards veloci-

Fig. 1(d) Horizontal projection of a streamline atz=0
for easterly flow over a bell-shaped ridge
centred at x =0. Zonal extent of major oro-
graphy indicated by shaded region. x values
in units of 1000 km. y values in km.
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Fig. 1(e) Same as Fig. 1(d) except at z=5km.
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ties are attained on this slope. Here, the maximum
magnitude of the perturbation zonal velocity is
just over 7m s~!, comparable in size to the base-
state flow of 10 m s~ !. However, perturbation vel-
ocities of this order of magnitude are reached only
over small distances, so that we would not expect
the assumptions underlying the linear pertur-
bation analysis to be seriously breached. Maxi-
mum values of vertical velocity are of the order 6
to7 cms”L

Downstream of the mountain peak, the flow
exhibits a series of wave-like perturbations in the
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x-z plane. The waves display the upstream tilt
with height that is characteristic of orographic
flows and which arises from the propagation of
energy vertically away from the topography that
produces the waves (Smith 1979). Although the
waves are a synthesis of contributions from all
wavenumbers, they display a dominant horizon-
tal wavelength of 1320 km (27/L) at the surface
of the earth decreasing to about 800 km at a height
of 10km. This gradual decrease of dominant
horizontal wavelength with height is also evident
in Queney’s (1947) solution for westerly flow over
orography on an f-plane.

The perturbation pressure is shown in Fig. 1(c).
For simplicity in calculating the perturbation

. pressure, the base-state density is taken as I kg

m~3. An area of positive pressure anomaly with
maximum value close to 0.8 hPa is found up-
stream of the orography. Close to the highest
orography, a comparison between Figs 1(a) and
1(c) shows that the perturbation flow is aimost
orthogonal to the perturbation pressure with the
flow proceeding almost directly from high to low
pressure. Further downstream, the Coriolis force
becomes more important and the perturbation
flow aligns itself more with the perturbation press-
ure. At z= 0, there is a pressure minimum on the
leeward slope of the orography. Moving down-
stream from the lowest pressure, the pressure
increases a little, and then decreases steadily to
zero at a distance of about 2000 km downstream
of the orographic peak. At the surface, the press-
ure difference between the high pressure on the
upstream orographic slope, and the pressure mini-
mum on the leeward slope is about 0.6 hPa. This
value compares very well with the mean 2300
UTC (locally 9 a.m.) July (winter) surface chart
which shows a pressure difference between the
coast and the interior of about 0.5 hPa.

Streamlines of the flow in the x-y plane at z=0
and z=5 km are shown in Figs 1(d) and 1(¢) re-
spectively. The flow begins to move equatorwards
about 2000 km upstream from the orography. The
maximum equatorwards displacement at z=0 is
about 190 km, which is approximately half the
width. of the orography. Downstream of the
mountains there is a series of well-defined troughs
and ridges whose amplitude diminishes with in-
creasing distance from the mountains. At z=0,
the wavelength of the perturbations is 1320 km.
At a height of 5 km, the perturbations are much
smaller in amplitude, and their horizontal wave-
length has reduced to about 1000 km.

Comparison of bell-shaped results with those of
other orographic profiles shows the general form
of the solutions is very similar, especially far from
the orography. In the case of orography with a
steep leeward slope, this slope can induce pertur-
bation zonal velocities equal in magnitude to the
base-state flow. Close to the orography, the pre-
cise position of pressure or streamline troughs or

ridges can vary as much as 150 km between
different orographies with the same maximum
height.

These results can be used to explain many MSL
features of the coastal ridge and inland trough
of northeastern Australia although orographic
effects are only partially responsible for their
existence. A relatively dense observational net-
work, both from land-based synoptic stations and
automatic weather stations on offshore reefs,
shows that the surface ridge almost always lies
near the east coast. However, the position of the
inland trough varies considerably on a day-to-day
basis. Its mean summertime position is about
700 km from the coast at 20°S, decreasing to about
600 km from the coast at 30°S. Figure 2 displays
the mean sea level analysis for 0000 UTC 3 Nov-'
ember 1990. The east coast ridge is well defined
and the inland trough is a prominent feature of the
circulation.

Fig.2 Mean sea level pressure chart at 0000 UTC
3 November 1990.
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Our analysis has shown that the position of the
ridge is only weakly dependent upon the oro-
graphic profile and that the distance between
trough and ridge depends only upon the latitude
and the base-state zonal wind velocity. The dis-
tance between trough and ridge increases almost
linearly with increasing base-state zonal wind and
also increases with decreasing latitude. If we
assume the mountains begin at the east coast, a
base-state zonal wind of 6.5m s~!, the actual
mean summertime zonal wind, will produce an
inland trough close to 750 km inland at 20°S and
close to 650 km inland at 30°S. These figures are
in excellent agreement with the mean summer-
time trough position. In addition, the westwards
movement of the inland trough which occurs
when the pressure gradient along the east coast
increases (Adams 1986) may be viewed as occur-
ring due to the increase in wavelength when the
zonal wind velocity increases.
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The analysis presented here suggests also that
the summertime trough which occurs over West-
ern Australia (Fandry and Leslie 1984; Adams
1986) and is due mainly to heating of the land
surface, may have a propensity to form where the
second downstream trough occurs. In the case of a
10 m s~ ! easterly base state, the position at 20°S
would be about 2350 km west of the east coast, or
about 650 km inland of the west coast.

Using a two-layer, quasi-geostrophic model,
Fandry and Leslie (1984) investigate the effect of
orography on a low-level easterly base state. They
find the flow approaching the Australian conti-
nent begins to!deviate equatorwards about
1000 km east of the orography and a broad trough
is formed about 1000 km inland. The present
work resolves these features better, and displays
additional characteristics, such as the latitudinal
dependence of the position of the inland trough,
and the wave-like nature of the downstream
flow. .

Zehnder and Gall (1991) use a quasi-
geostrophic approach to examine the effect of the
topography of central Mexico on an easterly air-
stream. They find the topographically induced
surface ridge to be very close to the highest oro-
graphy, but they reproduce a downstream series of
troughs and ridges only when the base-state mer-
idional velocity (zero in the present work) exceeds
6m s~'. In addition, the wavelength of their
downstream perturbations is very sensitive to the
value of the meridional velocity.

The heating effect

The general formulae for the perturbation quan-
tities due to diabatic heating are rather tedious
and will not be presented here. Rather, we shall
present solutions for prescribed heating func-
tions. In order to apply the theory to flow over a
heated land mass, we shall examine diabatic
heating of the form

Q=Aexp(—az) [H(x+b)—H(x—b)] ...27

where H is the Heaviside step function and A, «
and b are constants. In the context of the flow of
air over a heated land mass, b is the half-width of
the land mass. The constant @~ ! is the decay scale
of the surface heating. Similar distributions to
that of Eqn 27 have been considered by Smith
(1955)and Weaveret al. (1988) who provide some
justification for the form of this equation in the
study of airflow over a heated land mass.
Using Eqns 27, 17 and 23,

_2A L2 sin(kx) sin(kb){exp(—az)—exp(— uz)]
LA NE {J; k(a2 — p?) dk
©m? sin(kb) [sin(kx — mz) — sin(kx) exp(— -az)]

*, (a2 +m?) dk}

..28

The first integral of Eqn 28 appears to have two
singularities: at k =0, and when u = a. However,
it is easy to show that

sin(kx) sin(kb) _ bx

R
and
lim [EXP(=@z) —exp(—p2)] _ _ z exp(— az)
joa (&2 —u?) 2a

so that these points are not singularities. There is,
however, an interesting consequence of the con-
tribution from k= 0. The term sin(kx)sin(kb) in
the integrand of the first integral of Eqn 28 can
be written as '2icos[k(x — b)] — cos[k(x + b)]}.
Therefore, as |x| becomes large in comparison
with b, the value of the integrand tends to zero.
This means that the evanescent contribution
tends to be confined to the vicinity of the forcing,
However, in Eqn 28, the contribution to the
streamfunction from k = 0 contains the factor bx
which becomes large in magnitude as |x| in-
creases. Thus, the evanescent contribution to the
streamfunction does not tend to zero far upstream
of the heating. At any particular level, the value
of the streamfunction far upstream tends to a
constant value. This means that a far-upstream
perturbation zonal velocity, pressure and tem-
perature exist which are functions of height only.
As these quantities do not vary zonally far
upstream, the meridional and vertical velocities
tend to zero far upstream, and it is possible to
determine flow in the x-y plane at any level.
Weaver et al. (1988) also obtain a constant far-
field response using a similar kind of heating
structure as the one used here. The reason for the
far-upstream effect is that the flow over the heated
area must stay in contact with the surface even
though it is buoyant. Thus, air must be drawn in to
the heated area to maintain surface contact. By
continuity, this manifests itself in a far-upstream
zonal perturbation velocity. The solutions ob-
tained do not violate the conditions under which
the Fourier transform technique works, namely
that w, w,, w,, and w,,, must all tend to zero as x
approaches + co.

The second integral of Eqn 28 contains terms
whose x-dependence is contained in the factors
sin(kx — mz) and sin(kx) sin(kb). From the argu-
ment used for orography, the term with the former
factor satisfies the radiation condition that energy
is radiated upwards, and the concomitant con-
dition that no wave energy propagates upstream.
The second term sin(kx) sin(kb) tends to zero as
|x| increases, as discussed already. '

The value of b in Eqn 27 is chosen as 1500 km,
so that heating is over a distance of 3000 km, com-
parable to the width of the Australian land mass.
The value of @ is 5X 10™4 m~!, giving an expo-
nential decay scale with height of 2 km. The value
of A is chosen to produce a maximum tempera-






