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Abstract

The frequency of occurrence and formation mechanisms of wave-cloud lines off the northwest coast
of Australia are investigated. Prior to the present study, little was known about these wave-cloud
lines. Apart from being spectacular atmospheric phenomenon in their own right, these wave-clouds
can have a role in the secondary initiation of convection and can be a hazard to low-flying aircraft.
A climatology of wave-clouds, produced from visible satellite imagery, suggests two main types of
cloud lines form over northwest Australia. The first are bore-like waves, similar in structure to the
“morning glory” of northeast Australia, and occur at least 2-3 times per month throughout the entire
year. The second type are convectively-generated cloud lines, which are more circular in shape,
appear to originate from convective storms and occur at least 0.5-1.5 times per month during the
wet season. High resolution, nested simulations are performed with the Met Office Unified Model
for case studies of each type of wave. The bore-like waves occurred in the presence of synoptic-
scale, low-level southeasterly flow and a heat low along the northwest coast of Australia. At night,
the offshore southeasterlies accelerate into the heat low and collide with the onshore sea breeze. The
southeasterlies override the sea breeze and the wave-cloud lines form at the leading edge of this
front. The convectively-generated waves radiate outwards from convective storms and produce
compensating subsidence for the updrafts in them. These waves take the form of n=2 mode wave-
fronts, which propagate throughout the entire depth of the troposphere and are similar in structure to

waves produced by deep convection that are described in previous studies.
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1 Introduction

Large-amplitude internal waves, such as solitary waves and internal bores, commonly occur in the
lower atmosphere. They play a role in the initiation and organisation of convection (Koch et al.,
2008) and the wind squalls that they produce can be a serious hazard to low-flying aircraft (Christie
and Muirhead, 1983). Large-amplitude waves are known to be produced by convection and can
propagate along the surface nocturnal inversion layer (Haase and Smith 1984; Koch et al., 2008).
Perhaps the most regular and best documented family of large-amplitude waves is the “morning
glory” phenomenon, which frequently occurs over the Gulf of Carpentaria in northeast Australia
(Clark, 1972; Christie, 1992; Reeder and Smith, 1998). The morning glory is an internal bore,
which is often undular and takes the form of a low-level roll cloud, which can extend for more than
100 km. It most commonly develops over the Cape York Peninsula between the months of
September and October and propagates from the northeast during the early morning, although it can
also form over the land to the south of the Gulf of Carpentaria and propagate from the south (a map

of Australia is shown in Figure 1).

The northeasterly morning glory forms through the interaction of two sea breezes, which develop
on the west and east side of the Cape York Peninsula (Clarke et al., 1981). The sea breezes develop
during the day and penetrate inland until they converge. The easterly geostrophic wind limits the
strength of the west-coast sea breeze and, therefore, at the point of collision the west-coast sea
breeze is shallower and more stable than the east-coast breeze. The east-coast sea breeze overrides
the west-coast breeze, which causes a disturbance that can produce waves that propagate along the
surface-based stable layer formed by the west-coast sea breeze (Goler and Reeder, 2003).
Depending on the stability and depth of the stable layer, the waves can amplify and propagate along
the stable layer at speeds that are much greater than the propagation speed of the east-coast sea

breeze (Thomsen et al., 2009; Reeder et al., 2012).

The southerly morning glory develops over the land to the south of the Gulf of Carpentaria and
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propagates northwards. It forms when cold fronts propagate northwards over central Australia and
merge with the heat trough that is present over northern Australia during the warmer months (Smith
et al., 1995). The fronts are relatively weak during the day due to strong turbulent mixing but after
sunset the mixing subsides and the ageostrophic wind component increases, which intensifies the
front (Deslandes et al., 1995). In the early morning bore-like waves can form at the leading edge of
the front, which propagate ahead of the frontal zone on a pre-existing low-level nocturnal inversion
layer. Schmidt and Goler (2010) also describe the formation of nonlinear waves and cloud-lines
ahead of cold fronts over the ocean. They show that when cold fronts in the Great Australian Bight
(to the south of the Australian continent) advance into a marine inversion, wave clouds can form at

the leading edge of the cold air mass.

Wave-cloud lines over northwest Australia have not been studied in detail (Christie, 1992). Neal and
Butterworth (1973) and Clarke (1981) present satellite imagery of cloud lines over northwest
Australia, which are many 100's km long, similar in structure to the morning glory and propagate
northwestwards, far out over the Indian Ocean. Kingwell (1984) also identified a cloud-line off the
northwest coast, which appeared to originate near Broome, to the north of an intense thunderstorm.
The wave expanded radially over the sea, in a quasi-circular arc and appeared to have been

triggered by a density current associated with the region of deep convection.

Smith (1986) presents the only detailed study of wave-cloud lines over northwest Australia. Two
spectacular low-level cloud lines, similar to the morning glory, were observed and photographed
from a ship to the northwest of Port Hedland at 2000 and 2030 Western Australian Time (WST),
10™ November 1983. The cloud lines were orientated approximately west-east and propagated
towards the north for at least 18 hours, at speeds of approximately 10 m s'. A region of
thunderstorms were present over the land to the south of Port Hedland during the afternoon of 10"
November. Smith (1986) suggests that the cloud lines were bore-like disturbances, generated by the

interaction between the onshore sea breeze and a northward-propagating gust front that was
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produced by the convective storms. Radiosonde observations from Port Hedland at 0700 WST, 10®
November 1986 show a stable layer adjacent to the surface, which was formed by the previous day's
sea breeze and diurnally-driven surface radiative cooling, and a near-neutral layer above, which was
formed by strong diurnal heating on the previous day. Smith (1986) suggests that the stable layer,
capped by the near-neutral layer could have acted as an effective waveguide for the propagation of

disturbances produced by the collision of the two flows.

Bretherton and Smolarkiewicz (1989) show that convective clouds can produce tropospheric gravity
waves that propagate radially away from the system, providing compensating subsidence and
adiabatic warming outside the convective cloud. Mapes (1993) applied this idea to mesoscale
convective systems in the tropics; he suggested that large convective systems can generate
horizontally propagating bores, which have vertical wavelengths that are harmonics of the depth of
troposphere. The n=1 wave mode has a vertical wavelength equal to twice the depth of the
troposphere; it travels fast and induces deep subsidence. The »=2 mode has a vertical wavelength
equal to the depth of the troposphere; it travels slower than the »=1 mode and can either induce
ascent in the lower troposphere and descent in the upper troposphere (Mapes, 1993), or descent in
the lower troposphere and ascent in the upper troposphere (Marsham and Parker, 2006). If the n=2
wave mode causes air to be displaced upwards, above its lifting condensation level, wave clouds
will form. Wave-induced upward displacement of air in the lower troposphere can also initiate new
convective cells if air close to the surface is lifted above its level of free convection (e.g. Lane and

Reeder, 2001; Lac et al., 2002; Birch et al., 2012).

This paper studies the occurrence and formation mechanisms of wave-cloud lines that are generated
near the northwest coast of Australia. Section 2 introduces examples of the types of waves that
occur over the region and presents a satellite-derived monthly climatology of wave-cloud
occurrence. Section 3 describes the model set-up and the simulations that were performed. Section 4

presents the results from the first (bore-like wave) model case study and describes the mechanisms
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for the development and propagation of the waves. Section 5 presents the results from the second
(convectively-generated wave) model case study, and the discussion and conclusions are presented

in section 6.

2 Observed wave types and frequency of occurrence

Figure 2 shows visible satellite imagery from the Multi-Functional Transport Satellite (MTSAT) at
(a) 1100 Western Australian Time (WST), 22™ November 2011, (b) 0800 WST, 23 November
2011 and (c) 1100 WST, 31* January 2011. Figure 2a shows a series of linear cloud lines over the
sea, approximately 500 km off the northwest coast of Australia (W1) and a second cloud line that is
much closer to the coast (W2). It is known that these cloud lines were relatively low because they
are not apparent in the infra-red satellite imagery. Similar cloud lines were observed on the
following day (Figure 2b); the main cloud lines span almost 1000 km from Exmouth in the
southwest corner of the image, to north of Broome (W3 and W4, see Figure 1 for locations of places
mentioned in the text). An additional cloud line is also visible in this image, approximately 400 km
to the west of Darwin. The waves on both days propagate towards the northwest and since there is
little or no convection to the southeast of these cloud lines, it seems unlikely that they were
produced by convective storms. These clouds appear to be bore-like waves, similar to the morning

glory, which occurs regularly in northeast Australia between September and mid-November.

Figure 2c shows two additional low-level wave clouds in northwestern Australia. In contrast to the
examples described above, these clouds are more concentric in shape and appear to be emitted from
the two convective storms over the coast. The cloud line associated with the first region of
convection (C1) propagates towards the north and the cloud line associated with the second region

of convection (C2) propagates towards the west.

All visible satellite images available from MTSAT between 2006-2011 were examined to generate a

climatology of wave-cloud lines over northwestern Australia. Wave clouds, such as those illustrated
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in Figure 2, were identified and the date and wave-cloud type were recorded (bore-like or
convectively generated). Differentiation between the types of cloud lines was subjective; convective
wave clouds appeared more concentric in shape, originated from regions of deep convection and
propagated in any direction, whereas bore-like wave clouds appeared more linear and always
propagated away from the coast. The monthly average number of wave-cloud lines identified per
year during the six year period is shown in Figure 3. Bore-like wave clouds were identified during
all months of the year, although fewer were identified between January and March. The wet season
occurs during these months (Drosdowsky, 1996), which suggests that either the increased number of
convective systems prevent these clouds from forming, or that the deep convective cloud masks the
wave-cloud lines in the satellite imagery. Most of the waves were identified in the 0800 and 1100
WST satellite images, although many persisted until 1400 or 1700 WST. Wave clouds that appeared
to originate from convective storms were only identified during the wet season (December-April),
because most convective systems that develop over northwestern Australia occur during these

months (Pope et al., 2008).

Outside of the wet season, 2-3 bore-like wave clouds were identified on average per month in a
given year and 0.3-1.5 convectively-generated wave clouds were identified on average per month in
a given year during the wet season. This is likely to be fewer than actually occurred because: (a) the
satellite spatial and temporal resolution may not have been high enough to identify all the cloud
lines, (b) only clouds that occurred during daylight hours could be identified because the clouds do
not appear in the infra-red satellite imagery, (c) high cloud may mask the low-level cloud lines in
the satellite imagery and (d) waves may have been generated that did not produce cloud and thus

would not appear in the satellite imagery.

The wave clouds illustrated in Figure 2 are good examples of the bore-like and convectively-
generated waves that were identified during the generation of the cloud-line climatology. Model

simulations of the two cases are now used to investigate the initiation mechanisms, the wave
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structure and the synoptic-scale weather situations associated with the development of these waves.

3 Model simulations

The two case studies were simulated using version 7.3 (Parallel Suite 22) of the Met Office Unified
Model (MetUM). The MetUM has a semi-Lagrangian, semi-implicit and non-hydrostatic
formulation and a terrain-following co-ordinate system (Davies et al., 2005). Many types of process
are parameterised, such as the surface (Essery et al., 2001), the boundary layer (Lock et al., 2000)
and mixed-phase cloud microphysics (Wilson and Ballard, 1999). Convection is parameterised in
the global and 12-km nest using the Gregory and Rowntree (1990) scheme. For the 4-km
simulations with explicit convection, the convection parameterisation scheme is effectively

switched off.

The first case study includes the overnight development of wave-cloud lines on both 21%-22" and
2223 November 2011. To capture both these events the model was initialised at 0000 UTC
(0800 WST), 21* November 2011 and run for 60 hours. The focus of the second case study is
convectively-generated wave-cloud lines, which occurred around 1100 WST, 31% January 2011. For
this case the model was initialised 0000 UTC (0800 WST), 30™ January 2011 and run for 48 hours.
For both case studies the global model was initialised using an operational MetUM analysis and
was used to create lateral boundary conditions for the 12-km resolution nest. The 12-km nest then
created lateral boundary conditions and initial conditions for the 4-km resolution nest. The limits of

the 12 and 4-km model domains are illustrated in Figure 1.

4 Case study one: Bore-like waves

4.1 Synoptic situation and wave overview

Figure 4 shows 925 hPa virtual potential temperature, 6, 925 hPa wind vectors and mean sea level

pressure (MSLP) at three times during the model simulation that was performed for the first case
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study. Throughout the period a region of high pressure persists over southern Australia and heat low
centres exist over northern Australia; at 1500 WST, 21% November 2011 there are two main heat
low centres at 128°E, 19°S and 143°E, 25°S (Figure 4a) . The heat low to the west extends along the
northwest coast towards Exmouth. There is cyclonic (i.e. clockwise in the southern hemisphere)
circulation around the heat low and southeasterly flow to the south of it, which is forced by the high
pressure centre over southern Australia. This southeasterly flow produces a strong offshore breeze
between Exmouth and Broome, which converges with an onshore flow during the afternoon of the
21% November. This onshore flow is a sea breeze circulation, formed due to the daytime
temperature difference between the land and sea (e.g. Davis et al., 1889; Atkinson, 1981) and
appears to be reinforced by the northwesterly and westerly winds associated with the northern part

of the cyclonic circulation around the heat low.

The two heat low centres weaken overnight and by 0100 WST, 22™ November the westward
extension of the heat low has formed a separate heat low centre at 115°E, 21°S (Figure 4Db).
Cyclonic circulation around all three heat low centres is apparent at this time and due to the
decreased effects of turbulence overnight, the offshore southeasterly winds are stronger than during
the day. This is shown more clearly in plots of the ageostrophic wind component. During the
evening and overnight the 925 hPa ageostrophic wind speeds are high and the flow is directed into
the heat low and off the northwest coast (Figure 5a). During the morning and early afternoon the
heat low is less developed and the impact of turbulence higher, and thus the ageostrophic wind
component is much weaker (Figure 5b). This diurnal variation in the ageostrophic wind is examined

in detail by Arnup and Reeder (2007).

The synoptic-scale situation and diurnal variations during the second part of the case study are
similar to that in the first. The high pressure persists to the south and the heat low to the south of
Darwin (see Figure 1 for location) deepens during the day (not shown). By 0100 WST, 23™

November there is strong southeasterly offshore flow along the northwest coast (Figure 4c). The
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main difference between 0100 WST on the 22™ and 23™ November is that the secondary heat low
to the west has moved southwards, down the west coast from 115°E, 21°S to 114°E, 25°S. The result
of this is that the onshore sea breeze during the second half of the case study is weaker than during

the first.

The propagation of the bore-like waves is best illustrated using plots of 925 hPa vertical velocity
(Figure 6). On the afternoon of the 21* November the extent of the onshore sea breeze is marked by
the red band of upward vertical velocity that extends from Exmouth to 123°E, 20°S (Figure 6a). The
wind vectors show that this is where the southeasterly winds associated with the high pressure
system to the south converge with the southwesterly or westerly onshore winds associated with the
sea breeze and the cyclonic circulation round the heat low. Over the course of the afternoon, as the
sea breeze intensifies, this convergence line moves inland from the coast (Figure 6b). There is
another west-east band of upward vertical velocity immediately to the south of the first, which
extends from 121.5°E, 21.5°S and 123.5°E, 21.5°S. This band propagates northwards during the
afternoon and reaches the first convergence line at approximately 1700 WST. Following this, a band
of upward vertical velocity begins to move northwestwards, crossing the coast between 2100 and
2200 WST (Figures 6¢ and d). The band marks the leading edge of the southeasterly flow, which
advances towards the northwest overnight and produces the cloud that is associated with the first
wave (W1). At approximately 0600 WST a second wave forms off the coast and also propagates

towards the northwest (W2, Figure 6f).

A similar mechanism appears to generate the waves that occur on the second day of the case study.
The convergence zone develops along the northwest coast (Figure 6g), although this time it does not
propagate as far inland because the onshore winds are weaker. At 2000 WST, 22" November the
band of upwards vertical velocity moves out, over the coast and forms two waves (W3 and W4),

with similar structures to those on the previous day (Figure 6h).

4.2 Wave formation and propagation
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Figure 7 shows 6, and wind vectors along the diagonal transect marked by the black line in Figures
4 to 6. The convergence zone formed by the confluence of the southeasterly offshore winds with the
onshore sea breeze is marked by the region of higher temperatures at 20.5°S in Figure 7a. This zone
also coincides with a region of large, positive sensible heat fluxes, low humidity and high
temperatures, caused by a region of very dry soil close to the coast (20-21°S, Figure 8). Inland of
the convergence zone the boundary layer is reasonably warm and extends to approximately 1700 m
above mean sea level. In contrast, to the northwest over the sea the boundary layer is only 350-700
m deep and is much cooler. Both boundary layers are capped by a temperature inversion, which is
approximately 400 m deep over land but more than 1 km deep over the sea. Qian et al. (2012) show
through an idealised modelling study that the presence of a moderately-steep plateau, inland of the
coast, can block the inland propagation of the sea-breeze and strengthen the off-shore flow. It is
possible that the relatively gradual increase in orography height, from zero at the coast to 280 m 150

km inland of the coast (Figure 8a), has a similar effect here.

By 1800 WST the offshore southeasterly winds have intensified and undulations in the inversion
above the marine boundary layer start to develop at 19.2°S (Figure 7b). W1 becomes visible in the
6, section at 2300 WST (Figure 7c); it occurs at the leading edge of the front formed by the
southeasterly winds, which begin to override the sea breeze. The overriding of the sea breeze is
shown clearly in contour plots of horizontal (along transect) winds (Figure 9). Figure 9a shows the
collision of the offshore southeasterly flow with the onshore sea breeze at low levels (blue and red
shading below 1.5 km). By 2200 WST the southeasterly flow has intensified and begins to override
the low-level sea breeze (Figure 9b). The wave forms at the leading edge of the southeasterly flow,
which is at approximately 18.6 and 17.5°S at 0200 and 0700 WST respectively (W1, Figure 9¢ and

d).

The second wave on the first day (W2) forms in the early hours of the 22" November. At this time

the sea breeze is very weak and the offshore southeasterlies are at a maximum (Figure 9d). The
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offshore winds push the sea breeze backwards, over the sea to 18.7°S at 1000 WST, 22" November.
The collision and convergence of the two flows causes upward motion, which is illustrated by the 6,
contours between 1 and 2.5 km at 18.7°S in Figure 7e. This wave also propagates towards the

northwest.

The mechanism for the formation of the first wave on the second day (W3) is similar to that for the
first wave on the first day (W1). The convergence zone develops during the day at 20°S (Figure 7f),
except it is closer to the coast than on the first day because the onshore sea breeze is weaker and the
offshore flow stronger (compare Figure 9f with 9a). During the evening the southeasterly offshore
wind intensifies and beings to override the sea breeze (Figure 9f and g). The leading edge of the
overriding southeasterly air forms the wave, which propagates towards the northwest (Figure 7g and
h). The southeasterly winds push further out over the coast on the second day because the

counteracting onshore sea breeze is weaker on this day (compare Figure 9h and c).

The second wave on the second day (W4) forms in the same way as W2, although the details are
slightly different. The convergence of low-level onshore and offshore flows creates a wave-like
structure, with a region of ascent leading a region of descent (marked W4 in Figures 7h and 9h).
The offshore southeasterlies are stronger and the sea breeze is weaker on the second day, which
means the low-level southeasterly surge occurs earlier in the evening and thus, compared with W1

and W2, W3 and W4 are closer together in space and time.

An overview of the propagation of the waves is best illustrated using a Hovmdller plot of the
vertical velocity at 2000 m above mean sea level (Figure 10). The black dashed line marks the
location of the coastline in the diagonal section. The regions of intense upward vertical velocity at
20.5°S on the 21* November and 19.7°S on the 22" November clearly show that the convergence
zone was further inland on the first day. The solid black lines in Figure 10 mark the propagation of
the four waves. The upward motion associated with the two main waves (W1 and W3) are very

distinct in the vertical velocity plots at this altitude, whereas it is less so for W2 and W4.
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Hovmoller plots of along-transect wind speed at 200 m and 2000 m above ground level give a good
overview of the formation mechanisms and propagation of all four waves (Figure 11). During the
first day of the case study (21* November) the onshore sea breeze develops during the daytime
(blue colours) and converges with the offshore southeasterly flow (red colours) at 20.5°S. After
sunset, at approximately 1900 WST, the sea breeze weakens and the offshore southeasterly flow
intensifies and pushes outwards over the sea. The leading edge of the southeasterly flow overrides
the sea breeze and forms the first wave (W1). The overriding of the sea breeze is illustrated in
Figure 11 by the fact that the winds immediately behind the front (W1) are stronger at 1000 m
compared to at 200 m (20-17°S, 1800 WST 21* November to 0600 WST 2om November). W2 has a
larger effect on the near-surface winds than W1 (Figure 11a). W2 occurs later in the evening when,
due to reduced turbulent mixing, the southeasterly offshore flow is at its maximum. At this time the
offshore flow is able to completely overcome the onshore sea breeze at low levels, which produces

a second surge in the southeasterly offshore flow close to the surface.

On the second day of the case study (22" November) the sea breeze is weaker and the
southeasterlies are stronger (Figure 11a). Similar to the first day/night, the sea breeze weakens in
the evening and the offshore southeasterly winds intensify, which causes the offshore flow to
override the sea breeze (W3). The second surge is not as intense in this case because the strong
southeasterly winds were able to push back the weak onshore sea breeze in the first surge.
Propagation speeds of the waves can be computed from the Hovméller plots: W1 propagates with a
speed of 11.1 m s™, W2 with a speed of 5.7 m s™, W3 with a speed of 12.2 m s™ and W4 with a

speed of 9.3 ms™.

Figure 12 shows vertical velocity, 6, and total cloud water content along the diagonal line transect.
The times chosen best illustrate the cloud associated with each of the four waves. On the first
day/night of the case study (21%-22" November) a region of cloud forms over the land between 24

and 21°S (Figure 12a). W1 and W2 are visible in the 8, contours and there is cloud associated with
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both of them between 750 and 1200 m. It is this cloud that is visible in the satellite imagery in
Figure 2a. Cloud is also associated with the waves on the second day of the case study (Figure 12b);
in the model most of the cloud is associated with the second wave (W4) in this case, whereas in the

satellite imagery (Figure 1b) both waves appear to produce cloud.

The formation mechanisms of the waves are summarised in Figure 13. During the day the offshore
flow is deep and warm but the wind speeds are relatively weak. The onshore sea breeze is cool,
shallow, capped by an inversion and the wind speeds are relatively strong. The two opposing flows
converge just inland of the coast (Figure 13a). After sunset the offshore winds accelerate and the sea
breeze weakens. The offshore flow advances forward and begins to override the onshore sea breeze.
The first wave forms at the leading edge of the advancing offshore flow and disturbances begin to
form on the inversion layer that caps the sea breeze (Figure 13b). By the next morning the onshore
sea breeze has almost completely subsided but the offshore flow is still strong. At this point the low-
level offshore flow is able to overcome the sea breeze and push it backwards. The second wave

forms at the leading edge of this (Figure 13c).

Zhang and Koch (2000), Koch et al. (2001), Thomsen et al. (2009), Schmidt and Goler (2010) and
Reeder et al. (2012) describe cases in which wave disturbances are formed by the collision of a
density current (i.e. a cold front or sea breeze) and a surface-based inversion layer. After the
collision, the density current begins to override the inversion layer and waves can form at its
leading edge. The speed of the fastest mode of bore-like waves that is able to propagate along the

inversion, ¢y, was be computed following Haase and Smith (1984):

co=u-+c (D

where c is the theoretical wave phase speed in the inversion layer and u is the horizontal wind speed
in the inversion layer. ¢, is the propagation speed of the leading edge of the density current or front

(Figure 13b illustrates u and ¢)). If ¢, < ¢y the flow is said to be subcritical; i.e. the inversion layer is
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sufficiently deep and stable to support waves that propagate faster than the propagation speed of the
front. When these conditions occur the wave disturbance propagates ahead of the front and can
evolve into large-amplitude solitary waves. If ¢, > ¢, the flow is said to be supercritical; i.e. the
inversion layer is not sufficiently deep or stable to support waves that can propagate ahead of the
front. In this case the leading edge of the front becomes wave-like but the waves remain attached to

the front.

The cases presented in this study are different to those described previously; here the inversion is
elevated above a well-mixed marine boundary layer, as opposed to adjacent to the surface as in the
previous cases. The derivation presented in the Appendix is an extension of that by Scorer (1997)
and shows that for cases with an elevated inversion layer, the solution is different. Equation A2 can
be solved numerically for ¢ if N, (Brunt-Viiséla frequency of the inversion layer ahead of the
density current), N; (Brunt-Viisdla frequency of the near-neutral layer above the inversion), H
(depth of well-mixed marine boundary layer) and % (depth of the elevated inversion layer) are
known (see Figure 13b). The values of u, N>, N3, H and /& and the likely errors associated with their
graphical estimation are determined from Figures 7 and 9 and plots of the Brunt-Viiséla frequency

(not shown) for both days of the case study.

On the first day of the simulation (W1), u = -1.0£1.0 m s, N, = 0.0175+0.001 s, N; =
0.0100+0.001 s, H = 600£100 m and 4 = 400+100 m, and therefore ¢ = 6.5+1.2 m s and ¢) =
55422 ms’, ¢ris determined from the Hovmoller plot in Figure 10 and is equal to 11.1£0.5 m s
Even when the large uncertainty associated with graphical estimation is taken into account, ¢; > ¢y
and the flow is, therefore, supercritical. The leading edge of the offshore flow can become wave-
like, but waves cannot propagate ahead of the advancing front in the elevated inversion layer. On
the second day of the simulation (W3), ¢;=12.2ms™, u=2.01.0 m s™, N, = 0.0145+0.001 s, N;
= 0.007+0.001 s™', H = 750+100 m and 4 = 700+100 m, and therefore ¢ = 8.9+1.4 m s and ¢) =

10.9£2.4 m s™. In this case ¢;> ¢, but the difference is smaller than on the first day, which means
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that although the flow is supercritical, it is near the supercritical-subcritical transition point.

4.3 Favourable conditions for wave formation

The wave formation mechanism described above has been demonstrated using model simulations of
wave occurrences on two consecutive days. Favourable synoptic conditions appear to include a high
pressure region over southern Australia that causes low-level southeasterly offshore winds along the
northwest coast, an onshore sea breeze during the day and early evening and a perhaps of secondary
importance, a heat low along the northwest Australian coast. During the evening and overnight the
winds accelerate into the heat low and collide with the onshore sea breeze, which forms the cloud

lines that propagate towards the northwest.

MSLP and 950 hPa horizontal winds from ERA-Interim (Dee et al., 2011) can be used to compare
the synoptic-scale circulation on days when bore-like wave clouds were identified in the satellite
imagery with climatology. Figure 13a shows MSLP and 950 hPa wind vectors at 1800 UTC (0200
WST), averaged over 2006-2011. On average there is a region of high pressure over southern
Australia and along the northwest coast of Australia the winds are northerly or northwesterly. Figure
13b shows the same ERA-Interim diagnostics but averaged only over days when a bore-like wave-
cloud was identified. On these days the high pressure region over southern Australia is stronger than
in the climatology and thus the pressure gradient between southern Australia and the northwest
coast is greater. For this reason the 950 hPa winds are stronger and are southeasterly, as opposed to

the northerly or northwesterly winds in the climatology.

5 Case study two: Waves from convective storms

The second type of wave identified from the satellite imagery appeared to be convectively
generated. One of the best examples of this type of wave was identified from the satellite imagery at
0800 WST, 31* January 2011 (Figure 2c). This day forms the second case study, in which model

simulations are used to document the origin and structure of the waves.
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Figure 2c shows three main regions of convection, two near the coast (labelled C1 and C2) and one
farther inland (labelled C3). Figure 14 shows model vertical velocity at 0800 and 0930 WST, 31*
January 2011. The model reproduces the region of convection that spans the coast from 120 to
130°E (C1) and the region of inland convection (C3), but the convection to the south of Darwin
(C2) is not apparent in the model diagnostics. Waves, identified by bands of upward and downward
vertical velocity, are emitted from the model convective clouds during the morning of 31* January
2011. This structure is illustrated most clearly in the northeast part of C1 (at 128°E, 15.5°S) in the
model, where the circular bands of up and downward vertical velocity propagate away from the
centre of the convective cell. The waves associated with this cell are analysed in the remainder of

this section.

Cross sections of vertical velocity, wind speed and 6, along a 128°E transect are shown in Figure
15. The centre of the storm is immediately inland of the coast (14.8°S) and is marked by a region of
strong downward vertical velocity that extends to more than 8 km above mean sea level. In the
lowest 2 km there is offshore flow over the land (18-14.5°S) and onshore flow over the sea (14.5-
12°S), which is likely related to a sea breeze circulation. Above 2 km the winds are southeasterly
along the whole diagonal transect. This wind structure is also illustrated by the 850 and 600 hPa
wind vectors in Figure 14a and b respectively. A pool of cold air, produced by evaporation, is
adjacent to the surface between 15.8 and 14.8°S. Hovméller plots at 200 m above ground level (not
shown) suggest that the pool of cold air does not propagate horizontally and does not generate the

waves.

The waves that are illustrated by concentric bands of 850 hPa vertical velocity in Figure 14 can be
identified in the vertical sections by the regions of strong upward and downward vertical velocity
below 4 km. The locations of the waves to the north and south of the storm are labelled (convective
storm wave) CSW1la and CSW1b respectively. CSW 1a causes downward displacement of air below

4 km and upward displacement of air between 4.5 and 6 km (Figure 15). Conversely, CSW1b
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causes upward displacement of air below 4 km and downward displacement of air between 5 and 7
km. Both waves appear to be mode n=2 (i.e. one vertical wavelength) wave-front type waves, that
propagate throughout the depth of the troposphere, rather than an undular bore or advecting front as
discussed in section 4. Previous studies (e.g. Mapes, 1993; Lane and Reeder, 2001; Marsham and
Parker, 2006; Lane and Zhang, 2011; Birch et al., 2012;) have shown that the »=2 wave mode can
produce either upward or downward displacement of air in the lower atmosphere, which is related

to the shape of the vertical profile of diabatic heating (Mapes, 1993).

Neither of the convectively-generated waves produce any cloud in the model. This could be because
the n=2 model wave, that propagated over the sea, towards the northwest (CSW1a), produced
downward rather than upward displacement of air in the lowest 4 km. Without lifting air above its
condensation level, cloud will not form. It could be that if the model had produced upward
displacement of air in the CSW1a wave, cloud would have been produced in the model. Upward
displacement of air does however, occur in the lower atmosphere in CSW1b; cloud is probably not
formed in this wave because it is propagating inland, through warmer, less humid air, which is not

displaced above its condensation level by the wave.

The propagation of the two convectively-generated waves is illustrated in the Hovmoller plot of 850
hPa vertical velocity along 128°E (Figure 16). The convective cloud fraction model diagnostic is
also illustrated by the thick white contour. The convective storm is reasonably stationary between
0600 and 1400 WST, 31% January and is located just inland of the coast, between 14.5 and 15.7°S.
Between 0700 and 0800 WST, during a period of significant updrafts in the convective storm,
CSWla and CSWI1b are emitted from the convective system during the updrafts and propagate
towards the north and the south at speeds of 15.1 and 9.8 m s respectively (thick black lines in
Figure 16). The wave that propagates to the south is slower because it is propagating into the large-

scale flow. Note that the n=1 and n=3 wave modes are not apparent in the Hovmoller plot.

6 Discussion and conclusions
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Prior to this study, the frequency of wave-cloud occurrences over northwest Australia, their
structure and their formation mechanisms were unknown. This study has shown that two main types
of wave-cloud lines occur: (a) bore-like wave clouds, similar to the morning glory, which were
identified in the 2006-2011 satellite imagery at least 2-3 times per month and (b) convectively-
generated wave clouds, which were identified 0.3-1.5 times per month, but only during the wet

season (December-April).

Good examples of both types of wave were identified from the satellite imagery and nested high-
resolution simulations were performed for each case with the Met Office Unified Model (MetUM).
Bore-like wave clouds occurred on two consecutive days during the first case study. During this
period a ridge of high pressure was present over South Australia, there were southeasterly low-level
winds over northwest Australia and a heat low spanned the northwest coast. An onshore sea breeze
was present on both days of the case studies, which formed due to the difference in daytime surface
temperature between the land and sea. On the first day of the case study, the onshore sea breeze was
reinforced by the cyclonic (clockwise) circulation around the heat low. As turbulent mixing
decreased in the evening and overnight, the winds accelerated into the heat low, which increased the
speed of the offshore southeasterly flow. The offshore flow collided with shallower onshore sea

breeze and began to override it.

Computations following Haase and Smith (1989) and Scorer (1997) suggest that the collision was
supercritical, i.e. that the elevated stable layer associated with the sea breeze was not deep or stable
enough to allow waves to propagate along the inversion at speeds greater than the advancing
southeasterly flow. For this reason the waves were not strictly bores but were formed in the leading
edge of the offshore southeasterly flow. A second wave also formed several hours later on both days
of the case study. This was caused by a later surge in the near-surface southeasterly flow, which

pushed the sea breeze back over the sea.

The formation mechanism for the first wave on both days of the case study appears to be similar to
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the formation mechanism of the nonlinear waves that form ahead of cold fronts in the Great
Australian Bight (Schmidt and Goler, 2010). In both cases a propagating air mass collides
supercritically with an inversion layer, overrides it and forms waves at its leading edge. An
important distinction between the cases described in this study and the wave disturbances that form
in both the Great Australian Bight and northeast Australia is that the latter involve a surface-based

inversion, whereas in the former case the inversion is elevated.

A comparison was made between an ERA-Interim climatology of 950 hPa winds and MSLP at 0200
WST with the same diagnostics but averaged only over days when a bore-like wave was identified
in the satellite imagery. The comparison shows that on days when a bore-like wave formed, higher
than average pressure occurs over South Australia and the synoptic-scale low-level winds are
southeasterly over northwest Australia, compared to northwesterly in the climatology. This is
further evidence to support the results from the case study, which suggests that the bore-like waves

form under low-level southeasterly synoptic-scale flow.

Prior to this study, Smith (1986) provided the only well-documented study of wave-cloud lines over
northwest Australia. The Smith (1986) study had a similar structure to the cloud lines in the first
case study of this paper. Smith (1986) suggested that the disturbance was caused by the collision of
the onshore sea breeze with a southeasterly offshore flow. The main difference between this case
and the case in the present study is that a region of thunderstorms were present inland of the coast
during the Smith (1986) case. It appeared that the southeasterly offshore flow was produced by a
gust front associated with the region of convection, rather than by the synoptic-scale flow. This was
not the case for most of the bore-like wave-clouds that were identified from the satellite imagery;
almost all the identified occurrences of bore-like clouds occurred on days when significant
convection was absent from northwest Australia. It could be that the gust front simply acted to
reinforce the synoptic-scale flow in the Smith (1986) case, i.e. the wave-cloud would have formed

even if the storm was not present.
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The second case study focused on convectively-generated waves. The satellite imagery associated
with this case shows two cloud lines, which are much more circular in shape than the bore-like
wave clouds in the first case study. The waves are seen to propagate away from two convective
regions that are present close to the northwest coast of Australia. The model simulation of this case
successfully reproduces regions of deep convection adjacent to the coast and waves that propagate
outwards from the convection centre. The waves appear to be n=2 wave-front type waves, which
propagate along the entire depth of the troposphere and appear to be produced during a period of
significant updrafts in the convective system. These waves are very different in structure to the
bore-like waves discussed in the first part of this study; they propagate along the entire depth of the
troposphere, as opposed to a specific layer and they are much more circular in shape compared to

the more linear cloud lines associated with the bore-like waves.

Unlike the observations, cloud is not associated with the convectively-generated waves in the model
simulations. This could be because the amplitude of the waves is not large enough in the model to
lift air above its condensation level. The location of the waves in the model simulations also does
not agree exactly with the locations of the waves in the satellite imagery. It is perhaps not surprising
that the bore-like waves, produced by a sea breeze mechanism, are better resolved by the model

than waves that are produced by convective processes.
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Appendix

Consider an atmosphere in which the wind is constant with height and choose a coordinate frame
moving with the wind. Assume also that the atmosphere comprises three layers; the lowest layer,
Layer 1, is neutrally stratified, meaning the Brunt-Vaisala frequency, N;, is zero. It is bounded
above by the interface with the middle layer at z = H and bounded below by a rigid surface at z = 0.
The middle layer, Layer 2, has depth 4 and a Brunt-Vaisala frequency, N,, which is positive and
constant. The top layer, Layer 3, is also stratified; it begins at z = H + h, the interface between
Layers 2 and 3, and is unbounded above. The variables discussed above are illustrated in Figure

13b.

The Taylor-Goldstein equation describes the vertical structure y,(z) of small amplitude two-

dimensional plane waves of the form y =y, (z)eik(x_“t):

'y,

J

dz*

+miy, =0 (A1)

where j is the layer (1,2 or 3), m]2 = Nf / ¢* —k* is the vertical wavenumber, & is the horizontal

wavenumber and c¢ is the phase speed.

Equation A1 is solved in each layer with 7, bounded as z— . These solutions are matched at
the two interfaces using the kinematic and dynamic conditions that lf/j and dy ;/ dz are continuous

at z= H and z = H + h. Whereupon, the solution is:
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1 z>H+h

y(z)=Ae ™" COS[mz (Z—H—h)]—%sin[m2 (Z—H—h):l H>z>H+h
N 2

(l— ms(z—H))cos(mzh)—(&+ mz(z—H)} sin(mzh) 0>z>H

m,

O©CoO~NOUTA,WNPE

12 where A is an arbitrary constant. To satisfy the lower boundary condition, =0 at z=0,
(1+m H)cos(m h)—(ﬂ—m H\sin(m h)—O (A2)
17 3 2 LWZQ 2 J )=

21 Equation (A2) is solved numerically for ¢ given H, h, N> and N;.
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Figure 3 Number of bore-like cloud structures (red) and wave clouds from convective storms (green)
identified per year by visible satellite images (MTSAT), 2006-2011. The bars mark plus/minus the standard

deviation of the monthly totals for each year.
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47 Figure 4 925h Pa 6, (shading), 925 hPa winds (vectors) and MSLP pressure (white contours) from the 12-km
model nest. The solid, diagonal black line marks the diagonal transect used in Figures 7-11.
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Figure 5 925 hPa ageostrophic wind component (shading and vectors) and MSLP (white contours) from the
12-km model nest. The solid, diagonal black line marks the diagonal transect used in Figures 7-11.
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(b) 1800 WST, 215t Nov 201

Latitude ()

Figure 7 Cross section of 6, (shading and white contours) and along-transect and vertical wind vectors along
the diagonal section from the 4-km nest. The thick black contour in (a) and (f) shows the model boundary-
layer depth diagnostic.
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32 Figure 8 Surface variables from the 4-km model nest along the diagonal cross section at 1100 WST, 21
33 November 2011. (a) Orography height, (b) soil moisture, (c) surface temperature, Ts, 2 m air temperature,
34 T2m, and 20 m air temperature, T>om, (d) 2 m specific humidity, (e) albedo and (f) sensible, H and latent, E
35 heat fluxes.
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Figure 9 Along-transect wind speed (shading and contours) and along-transect and vertical wind vectors
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27 Figure 10 Hovmoller plot of vertical velocity at 2000 m above mean sea level from the 4-km nest. The
28 vertical dashed line marks the location of the coast.
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Figure 11 Hovmodller plots of (a) along-transect wind speed and (b) 8, at 200 m above ground level from the

4-km nest. The vertical dashed lines mark the location of the coast.
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Figure 12 Cross section of vertical velocity (shading), 6, (white contours) and frozen and liquid cloud water
46 (black contours) from the 4-km model nest.
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Figure 13 Schematic illustrating the wave formation mechanisms
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21 Figure 14 MSLP and 950 hPa wind vectors at 1800 UTC (0200 WST), (a) averaged over 2006-2011 and (b)
22 averaged over days when a bore-like wave was observed in the satellite imagery.
77x30mm (300 x 300 DPI)



©CoO~NOUTA,WNPE

Quarterly Journal of the Royal Meteorological Society Page 42 of 44

) ST — R
.h- ;f‘?‘f’»""'*”—*"'wr-/ﬂ’""'“u.
_.13 . ',V"';-i:-;r/,y.:ro-——-,v(‘{ /l‘/¢lll: |
¢ f«,,;’/,,,,-, :44,{{{!\11&3#“""
_14"’"”-'.(/,1/'/’“/‘ .7,“ ‘JJ.WJ‘,‘{“*““’:’- 0.15
Y iV v < -M’r,.:“‘ V\'./-V RR A
— /J// , Ul uﬁ’ i
&/ _-15-’(.’/'f¢/‘1’( L P " \t J 'JQQJJ\’(///U L
B "//JAU-'/ i -;'”"\ —..\xlt'f‘f\”‘”‘”‘//‘
S 16 e NS O AR 0.1
® L JRr AP
S 7 e
s /s 4 ‘
v ",.l AL 7 f/’fﬁ
_18-1‘;‘: - f/,;l’g? .zT%T fff‘i.i’ i _005
4 = ff y TTTT g
_19-, :4‘4““7 .\.\ql‘ ’:'/ o
(a) 0800 WST, 31st Jan 2011|_J:
_20 L T T T T | _O
-12 1
-13 §
-14 - -0.05
151
-0.1

Latitude (°)
|
>

1
~

Ul \\v
< \&%\ AR
' ’\\\\\\\\\

/ AR NARAR
—19 s k? n;hNN%QNQ&k

(b) 0930 WST 31st Jan 2011

o
®

'l\'\'\'\\ \wr ‘-;

s L%

,\‘\ ]
AT

\'\\\‘

T
j i 5
Ix AR S

118 120 122 124 126 128 130 132 134 136

Longitude (°)

Figure 15 (a) 850 hPa vertical velocity (shading) and 850 hPa horizontal wind vectors and (b) 850 hPa
vertical velocity (shading) and 600 hPa horizontal wind vectors at 0800 and 0930 WST from the 4-km nest.
The vertical black line is the section used in Figures 14 and 15.
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32 Figure 16 Vertical velocity (shading) and 6, (white contours) along 128E at 0930 WST from the 4-km nest.
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Figure 17 Hovmoller of 850 hPa vertical velocity (shading) and 70% medium cloud fraction (white contours)
along 128E from the 4-km nest. The solid black lines mark the propagation of the CSW1 and CSW2 waves.
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