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Observations of a solitary wave train
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(Manuscript received February 1986; revised December 1986)
On the morning of 6 January 1984, a series of four roll clouds were observed
propagating across Port Phillip Bay, Melbourne. Spaced about 6km apart, the clouds
were accompanied by regular oscillations in wind speed and direction and a sharp
rise in surface pressure at the leading edge of the disturbance.

Analysis of surface and upper air data suggests the roll clouds were associated with
a family of solitary waves which had evolved from a long wave perturbation of the

nocturnal boundary layer,

in accordance with nonlinear wave theory. A

synoptic-scale trough -accelerating along the southern Victoria coastline was

probably the source of the perturbation.

Introduction

In a study of the summertime cool change of
southeastern Australia. Berson et al. (1957, 1959)
used the term ‘change’ to describe a sequence of
discontinuities occurring within a few hours of one
another. A backing of the wind, fall in temperature
and rise in pressure were associated with each
discontinuity, but the occurrence of precipitation
was quite variable, with less than half the changes
studied being associated with rainfall. More
recently, publications from the Cold Fronts
Research Programme (Wilson and Stern 1985;
Garratt et al. 1985: Ryan and Wilson 1985) have
discussed summertime cold frontal systems in terms
of a frontal transition zone (FTZ) separating warm
northerly winds from cool southwesterlies. The
sequence of discontinuities discussed by Berson et
al. lies within the FTZ, which is typically of the
order of 300km wide. Cool Southern Ocean air in
the form of steady southwesterly winds lies behind
the final discontinuity or line. which is usually
referred to as the cold front and appears as such on
weather charts. Discontinuities ahead of this line
are termed prefrontal and examples include
wind-shift lines embedded in a synoptic-scale
prefrontal trough or induced by a wave travelling on
an upper inversion (triggered perhaps by the
following cold front) (Berson et al. 1957, 1959). and
long-lasting squall outflows many kilometres from
the original storm (Garratt et al. 1985). In this
paper. a further type of prefrontal disturbance in
the form of a solitary wave train is described.

At 0900 EDST* on 6 January 1984. a cold front
was entering western Victoria. At the same time and
300km ahead of the front. a spectacular disturbance
in the form of four roll clouds (Fig. 1) passed
through the Melbourne region. The leading edge of

*EDST denotes Eastern Daylight Saving Time. which is 11
hours ahead of Greenwich Mean Time.
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this disturbance was accompanied by a sharp
pressure rise and shift in surface wind direction
from north to south of west., with smaller
oscillations in direction associated with each cloud
band. Within an hour. the wind had returned to
north.

Similar propagating roll clouds have been
observed in association with an internal undular
bore in the Gulf of Carpentaria region of northern
Australia (Clarke et al. 1981; Clarke 1983). Known
locally as the morning glory. this bore is created by
the collision of east and west coast sea-breezes over
Cape York Peninsula and propagates from the
northeast on the stably stratified nocturnal
boundary layer (Clarke 1984; Noonan and Smith
1986). Also observed in the region is a morning
glory from the south, thought to be associated with a
trough over central Australia (Smith et al. 1982).
The cloud lines are a manifestation of solitary waves
formed at the leading edge of the bore as it evolves
with time.

Solitary waves have been studied extensively in
central and northern Australia (Christie et al. 1978.
1979; Christie and Muirhead 1983) and observed in
northwestern Australia (Smith 1986). western New
South Wales (Drake 1984a) and South Australia
(Drake 1984b). It is probable that a roll cloud
observed by Robin (1978) over the waters of
Spencer Gulif. South Australia was also caused by
solitary wave activity (Christie et al. 1981) and more
recently Clarke (1986) has interpreted roll cloud in
the same region as being associated with a cold
front assuming an undular bore-like character.

In the following section of this paper. the
synoptic conditions under which the disturbance
occurred are described. Mesoscale observations in
the Melbourne region are presented next. followed
by a summary of solitary wave theory and
discussion relating to the waveguide and source of
the disturbance.
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Fig. 1  Roll clouds at Aspendale on 6 January 1984. Photo looking towards the southwest taken by R. McVay.

The synoptic situation

The roll clouds of Fig. 1, and associated wind-shift
lines, passed through the Melbourne region around
0900 EDST 6 January 1984. The MSL pressure
analysis for this time (Fig. 2) shows an anticyclone
in the Tasman Sea directing a northerly flow over
Victoria. A cold front is about to enter western
Victoria and a prefrontal trough is shown west of
Melbourne, although the observations of the next
section indicate its exact location may be further
east. Such front-trough systems occur frequently in
southern Australia during the summer months and
the origin of this system can be traced as far as
Western Australia.

Speed and orientation of the trough
Figure 3 shows the Victorian Regional Office
MSL pressure analyses for 0300 EDST, 0600
EDST and 0900 EDST 6 January 1984. The
speed (13.0 ms™!) and orientation (348°168°)
of the trough (dashed line in Fig. 3) have been
computed from the times of the wind-direction shift
at Adelaide (0000 EDST), Mt Gambier (0245) and
Mildura (0705). When Cape Otway (0625 EDST) is
used with Mt Gambier and Mildura, a speed and
orientation of 15.3 ms™! and 344%164° respectively
are obtained, indicating a greater speed for the
trough in the coastal region than inland. This is
suggested also by the 0600 EDST chart (Fig. 3(b)).

Figure 3(c) shows that the trough orientation in
the coastal region changes markedly between 0600
and 0900 EDST, and this is confirmed by the
mesoscale analysis for the Melbourne region
(following section) where an orientation of 310°/130°
is computed for travel between Point Henry (arrival
time 0800 EDST) and the Melbourne Regional
Office (0940 EDST). The trough accelerates
between Cape Otway and Point Henry to a speed
somewhere between 17.2 ms™ (assuming orient-
ation 344°164°) and 19.8 ms™' (assuming 310%
130°). Inspection of Mt Gambier wind and pressure
traces and comparison of Fig. 3(c) with Fig. 2 in-
dicates that the trough lying north from western
Victoria in Fig. 3(c) is in fact the cold front and that
the cold front indicated in Fig. 3(c) is fictitious.

Mesoscale observations

Isochrones

A sharp rise in pressure and sudden shift in wind
direction from north to southwest were associated
with the leading edge of the disturbance at
Aspendale. The corresponding discontinuities on
wind traces at other locations around Melbourne
were then used to construct isochrones for the time
of passage of the leading wind-shift line. A report of
the roll clouds over Westernport Aerodrome, Tyabb
(Mulroney 1984) at 0930 EDST was also used,
under the assumption that the leading cloud was 10
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Fig.2 Mean sea level pressure (MSLP) analysis (Australian region) for 0900 EDST 6 Janmary, 1984. Courtesy of Head

Office, Burean of Meteorology, Mebourne.
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Fig.3 Mean sea level pressure (MSLP) analyses Fig. 4 Isochrones for the leading windshift line in the
(southeastern Australia region) for: (a) 0300 EDST Melbourne region. Locations of anemometers
6 January, 1984, (b) 0600 EDST 6 January, 1984 used in the analysis are also shown.
and (c) 0900 EDST 6 January, 1984. Courtesy of
Victorian Regional Forecast Office, Bureau of
Meteorology, Melbourne.
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Fig. 5 Dines anemometer traces for: (a) Pt Henry, (b)
Avalon, (c¢) Laverton, (d) Moorabbin and (e)
Tullamarine Airport on 6 January, 1984. The wind
speed scale is in knots and time is Eastern Daylight
Saving Time.
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edge of the third band passed overhead at 0935
EDST. Thus the visible wave-like nature of the
disturbance is confined to a fifteen-minute period
(as “indicated in Fig. 6). during which 5-minute
readings of pressure were insufficient to resolve any
wave structure. Oscillations of about 0.15 hPa
amplitude do occur for a further 60 minutes, but
are too weak to have parallels in the wind field.
Upper air observations

The only observations in this category for the
Melbourne region are from the Laverton radiosonde
flights at 2100 EDST 5 January (12 hours prior to
the disturbance) and 0900 EDST 6 January (just
after the disturbance). The evening temperature
profile shows a shallow surface-based inversion
developing beneath a daytime mixed layer capped
by a subsidence inversion at 770 hPa (Fig. 7(a)). Air
at all levels is very dry, increasing from 30 per cent
relative humidity at the surface to 70 per cent at the
subsidence inversion before sharply falling off to
less than 20 per cent at higher levels. Winds beneath
the inversion are in the vicinity of 10 ms™! from
north-northeast while above, slightly weaker
north-northwesterlies prevail (Fig. 7(b)).

The 0900 EDST ascent (Fig. 7(a)) indicates a
lowering of the subsidence inversion during the
night to 815 hPa and a cooling below this level. The
amount of cooling is greater than that due to
radiational cooling alone, with the sustained
pressure rise (Fig. 6) indicating cooler air was
associated with the roll cloud disturbance (see
‘Discussion’). Cold air advection throughout the
night may also have contributed to the extra
cooling. The dew-point trace indicates that the
neutrally stable layer between 840 hPa and 820 hPa
is cloud. According to the Laverton observers

Fig. 6 Station level pressure trace at Aspendale 6

January, 1984.
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report, altocumulus and altostratus clouds with
bases at 4000m and 6000 m respectively were also in
the vicinity, and this is consistent with the profiles of
Fig. 7(a). However, these middle-level clouds had
been reported since 0600 EDST and were not
associated with the disturbance, which appears to
have been confined below the subsidence inversion.
Above the inversion. cooler moister air was
advected into the region during the night.

Winds at all levels up to 400 hPa increased and
backed with the approach of the cold frontal system.
The strongest winds of 20 ms™' were reported near
the base level of the roll cloud (850 hPa) although
the next reading was not until 750 hPa, well above
the cloud top. The direction of the strong winds
between 900 hPa and 750 hPa is parallel to the
orientation of the disturbance at Laverton. The
normal wind component at all levels is less than the
propagation speed of the disturbance, illustrating its
wave-like, rather than advective, nature.

Solitary waves in deep fluids

The observations indicate that the disturbance has
the form of a wave train propagating on a low-level
stably stratified layer, underlying a deeper less stable
layer. This section briefly reviews the relevant
theoretical and experimental studies relating to such
internal wave motion in deep fluids.

A solitary wave can be defined as a single wave of
elevation which propagates at uniform velocity and
without changing form, this latter property arising
from the competing effects of frequency and
amplitude dispersion. Early theoretical studies
considered the problem of internal solitary waves in
fluids of finite depth, where the analyses were based
on the assumption that the horizontal length scale of
motion is long compared with the fluid depth (see
for example Keulegan 1953; Peters and Stoker 1960;
Benjamin 1966). Theoretical investigations into a
new type of solitary internal wave able to propagate
in a fluid of infinite depth were presented by
Benjamin (1967) and Davis and Acrivos (1967). The
latter authors also were able to produce experi-
mentally solitary waves travelling on a stratified
region of limited depth h between two ‘infinitely’
deep homogeneous fluids. The waves have a
characteristic wavelength much greater than h, so
are long waves relative to h, not total depth.

More recent theoretical developments include the
provision for vertical shear in the stratified layer
(Maslowe and Redekopp 1980) and the extension of
the first order theory to second order, making it
more relevant to some of the large-amplitude
disturbances observed in the atmosphere (Grimshaw
1981).

In)the laboratory, Maxworthy (1980) was able to
produce solitary waves by allowing a gravity current
to move into a region of stratified fluid. The waves
separated as they evolved from the leading edge of
the gravity current and were ordered by amplitude,






