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The results of a field investigation of the nocturnal boundary-layer flow across a low
(~250 m) east-west ridge in central Australia during September to December 1988
are presented. At this location, the most common geostrophic wind directions are
easterly and south-southeasterly. We found that easterly geostrophic flow tends to
be associated with northerly downslope winds peaking about sunrise, while the
south-southeasterly geostrophic flow tends to be associated with southerly down-

slope winds peaking about midnight.

Hydraulic jumps associated with these downslope winds are evident from sudden
changes in wind and temperature at the leeward sites. Other interesting features
found during the field investigation were quasi-stationary lee rotors and nocturnal
leeward wind surges associated with cold frontal passages.

Introduction

A field investigation of nocturnal boundary-layer
flow across the low, narrow MacDonnell Ranges
in central Australia was undertaken during the
period September to December 1988. The ranges
in the Alice Springs area are oriented east-west
and form a 100 kilometre long, one kilometre
wide ridge rising only 200-300 m above the sur-
rounding semi-desert of Emily Plain. The town-
ship and the airport of Alice Springs are situated
north and south of the ridge respectively (Figs 1(a)
and (b)).

The purpose of the investigation was to record
and document phenomena associated with the
flow of statically stable air flow over low relief.
Such phenomena are often regarded as problems
for local forecasting and low-level aircraft oper-
ations. The Alice Springs location was chosen as it
has simple topography (a quasi-infinitely long and
straight ridge upon a flat plain with homogeneous
surface of arid-land vegetation), and is suffi-
ciently inland and equatorward that diurnal
effects tend to outweigh synoptic disturbances.
Some of the features observed include large tem-
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perature differences across short distances,
hydraulicjump events, wind surges caused by
frontal passages, fast-travelling vortex clouds and
larger scale quasi-stationary lee side rotors of
helical nature. Examples of the first two at Aus-
tralian sites have been documented by Holton and
Grace (1989a,b), Pitts and Lyons (1989), Grace
and Holton (1988, 1990) and Grace (1992).

Alice Springs lies north of the subtropical ridge
all year round. For the study period, the two pre-
dominant directions of geostrophic flow were
easterly and south-southeasterly and these
occurred almost every day and night. The study is
therefore confined to these two geostrophic air-
stream directions.

Since the features investigated in this study are
mainly diurnal, the times referred to are Central
Standard Time (CST, where CST = UTC + 9%
hours). Altitudes will be referred to the airport site
and termed above plains level (apl), unless noted
otherwise. The plains themselves are about 550 m
above sea level.

The low-level jet

The nocturnal low-level jet is a common feature of
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Fig. 1(a) Topographical map of the Alice Springs area
showing location of sites. Contours at 100 m
intervals.
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Fig. 1(b) South-north cross-section of MacDonnell
Ranges showing location of sites.
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the boundary layer in central and northern Aus-
tralian inland areas (Clarke and Brook 1979;
Allen 1980; Riley 1989). In the Alice Springs area,
the jet tends to dominate nocturnal boundary-
layer flow in all seasons.

Data for the autumn months of 1985 (Bourne
1989) clearly show the development of the low-
level jet (Fig. 2). Comparable records from
Wyoming, USA (Blackadar 1957), the African
Plateau (Jury and Tosen 1989), and northern
Australia (Clarke and Brook 1979; May 1994) are
very similar. A typical low-level jet occurred on
12/13 April 1985 and is well shown in Fig. 3(a) by
the time-section of high-resolution winds as
measured by a Doppler acoustic radar at Alice
Springs Airport (Bourne 1989). Also plotted in
Fig. 3(a) is the surface temperature. This example
shows most of the characteristics of such low-level
jets: nocturnal wind maximum; cessation soon
after sunrise as the surface temperature rises; a

tendency for backing; and a location of the core at -

several hundred metres altitude.
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Fig. 2 Averaged March/April 1985 acoustic sounder
wind data, recorded at the Alice Springs
Meteorological Office (Bourne 1989), showing
low-level jet evolution. Altitude of crest site, C, is
marked.
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Fig.3(a) Typical low-level jet evolution. Wind data from
Doppler acoustic radar at Alice Springs Air-
port 12/13 April 1985. Vertical arrows indi-
cate sunset and sunrise. (Adapted from Bourne
1989.)
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Fig. 3(b) Radar-derived winds for northerly downslope
wind event of 18/19 October 1988. Radar and
surface winds from site F. Wind readings from
site C shown by filled circles.
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Both the nocturnal increase in speed and the
backing are caused by the establishment overnight
of a strong radiation inversion. The inversion
induces a decoupling of the airstream above the
friction layer. As the effect of surface friction
becomes negligible, the airstream aloft is effec-
tively accelerated which .in turn causes super-
geostrophic wind, and hence an inertial deflection
of the flow against the pressure gradient (Black-
adar 1957; Parish et al. 1987). At Alice Springs the
period of inertial oscillation is close to 24 hours,
and therefore wind speed maxima are generally
attained at dawn, before convectional heating
interrupts the process (Riley 1989).

Observations

Preliminary observations and analysis
Previous experience indicated that at night the
faster winds at either the township or airport were
usually directed orthogonally away from the ridge
line. Since the ridge is aligned almost east to west,
it was expected that any easterly geostrophic air-
stream would evolve overnight to produce local
northerly cross-ridge flow. For a south-southeast-
erly geostrophic stream, backing of the stream was
expected to produce flow parallel to the ridge.

Easterly geostrophic airstreams were noted to
cause northerly downslope winds to the south of
the ridge, and are termed northerly downslope
events in this study: south-southeasterly geo-
strophic airstreams were noted to cause southerly
downslope winds to the north of the ridge, and are
termed southerly downslope events. The two
types of event have a distinctly different overnight
evolution. The northerly downslope event tends
to strengthen overnight to a sunrise peak as an
initially easterly airstream backs to become
approximately perpendicular to the ridge axis;
while the southerly downslope event tends to peak
about midnight and weaken towards sunrise as an
initially south-southeasterly airstream backs to
become approximately parallel to the ridge axis.
Of course, an evening geostrophic wind com-
mencing from an east-southeasterly direction
would therefore be expected to cause a weakening
southerly event before midnight and a strengthen-
ing northerly downslope event after midnight.
This type of situation did, in fact, occur a few
times.

The field observations

A series of sites to record surface wind, tempera-
ture and relative humidity was set up in a line
approximately normal to the ridge (Figs 1(a) and
(b)). Radar-derived winds with - temperature,
humidity and pressure data from radiosondes
were obtained from the Alice Springs Meteoro-
logical Office (located at the airport). Occasional
radiosonde ascents from the crest site at C (235 m

apl) were carried out using the receiving equip-
ment at the Meteorological Office.

Other than at this office, wind data were
recorded by Woelfle anemographs at well-
exposed 3 m sites. Temperature and humidity
data were obtained from sensors in Stevenson

_screens sited at one metre above ground level.

Almost all data were satisfactory apart from two
problems: at C, where some malfunction of a
hygrograph resulted in the rejection of much the
humidity data for that site; and at B, where van-
dalism prompted a minor relocation on 15 Nov-
ember 1988.

Less conventional observations were provided
by hot-air balloonists who occasionally conducted
flights near and over the ridge in the early morn-
ings and early evenings before and during the
study period.

Example of northerly downslope flow:

18 to 19 October 1988

Winds recorded at site F, the Alice Springs
Meteorological Office, show the expected noctur-
nal backing and strengthening particularly at
600 m apl. Low-level winds at the crest site C also
show marked backing and a low-level jet maxi-
mum at the height of 600 m apl (Fig. 3(b)). Unfor-
tunately, these winds do not have the high resol-
ution of the Doppler acoustic radar winds shown
in Fig. 3(a), but the same overall pattern is evident
in both cases. A temperature profile (Fig. 4) from
site C in the early evening shows a small inversion
forming at ground level with dry adiabatic con-
ditions above. A profile at 0400 CST (Fig. 4),
when the downslope flow at E was well developed,
shows a shallow surface inversion overlaid by a
shallow stable layer, in turn topped by adiabatic
or even super-adiabatic conditions aloft, thereby
forming a characteristic ‘nose’ on askew T - Log p
diagram. The formation of the nose feature and
the super-adiabatic lapse rate may be explained as
follows. Air flowing over a ridge: ascends in the
lower levels and descends in the higher levels. The
effect of this upward decrease in vertical velocity
will be to increase the stability of the layer con-
cerned. However, assuming that further aloft the
flow is relatively undisturbed, that is, has zero ver-
tical velocity, then above the stabilising layer, the
downmotion will be reducing with height. The
effect will be to destabilise the layer. (A similar
nose occurs over the Mount Lofty Ranges of
South Australia during downslope winds (Grace
1992, 1995).) This feature in the temperature pro-
file is reflected at site F (Fig. 4), particularly at
0554 CST. As pointed out by a reviewer, it may be
considered as an indicator of the depth of the flow
being influenced by the topography.
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Fig. 4 Temperature soundings during 18/19 October
1988 from crest, site C (upper) and plains, site F
(lower). Arrow shows adiabatic lapse rate.
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The area over which the downslope flow occurs
is shown on the analyses in Fig. 5. These analyses
are derived from an interpretation of the wind

- and temperature data from all sites, and also from
the diary notes of the second author who traversed
the general area by car several times on these, and
other, nights. Windward of the ridge at sites A and
B, the surface wind soon becomes light and vari-
able after sunset. At crest site C the wind changes
steadily from an easterly of 5m s~ to a northerly
of 14 m s~ by dawn as the effect of the nocturnal
jet is felt at ridge-top level. Leeward, at site D, the
wind mimics site C in directional trends but pro-
duces a much lower maximum wind speed of
7ms~! near dawn. (A time section of surface
wind at site D is provided in Fig. 8 for comparison
with the situation of a southerly downslope wind
event.) Further leeward the wind becomes light
and variable. However, a northerly ‘jump’
advances spasmodically leeward during the night
then moves rapidly out from the ridge-line over
the plains before sunrise.

- At windward sites B and A, temperatures fall
rapidly after sunset. At the crest site C, however,
temperatures fall much more slowly, presumably
due to mixing maintained by the developing low-

" level jet. By 0500 CST, potential temperatures at

both windward sites are around 10°C lower than
at the crest. Within the zone of downslope flow,
the potential temperature is fairly constant. As the
downslope flow zone extends from the ridge, the
cold surface air is displaced and prevented from
reforming. However, the extension is not a steady
progression. Thus, at site E, there are strong
temperature fluctuations after midnight (an 8.0°C
rise) and at 0600 CST (a 10.5°C rise) as the zone of
the northerly surface flow extends erratically lee-
ward.

Fig. 5(a) Northerly downslope flow analysis at 0001
CST 19 October 1988 showing wind and
potential temperature. Shaded area indicates
generally calm or light wind conditions:

~ arrows with unfilled shafts show direction of
downslope flow.
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Fig. 5(b) As for Fig. 5(a) but at 0200 CST. Tempera-
tures at E fluctuated from 18.5° to 26.5° to
16.0°C between 0200 and 0240 CST.
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Fig. 5(c) As for Fig. 5(a) but at 0600 CST. A further
jump of 15.5° to 26.0°C occurred at E at 0630
CST.
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Fig. 5(d) As for Fig. 5(a) but at 0710 CST.
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Example of southerly downslope flow:

12 to 13 December 1988

The time section of the radar-derived winds at site
F (Fig. 6) shows the wind backing from a south-
southeasterly in the afternoon and the jet devel-
oping, particularly at 600 and 900 m apl, although
the degree of backing is less than for the case of the
northerly downslope flow. A sounding at 0005
CST from site C (Fig. 7) is similar to the northerly
downslope event in that a surface inversion and a
temperature nose are evident. Soundings from
site F, the windward plains site (Meteorological
Office), also show characteristics similar to those
in the northerly event (compare Figs 7 and 4).

Fig. 6 Radar-derived winds and surface winds from site
F for southerly event of 12/13 December 1988.
Winds with filled circles are from site C.
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The wind on the southern side of the ridge
behaves in much the same manner as the wind on
the northern side during the northerly event; that
is, the wind speed becomes light and variable.
However, a comparison of wind records (Fig. 8) at
respective lee sites shows a contrast after mid-
night. Thus, site D wind (northerly event) con-
tinues to increase to peak at about sunrise, while
site B wind (southerly event) weakens to a mini-
mum at sunrise. The analyses shown in Fig. 9
illustrate the onset and decay of the southerly
event. Downslope flow develops, but becomes
unsteady and pulsing before midnight, and then
decays and contracts after midnight (Figs 8 and 9).
The contraction of the downslope flow zone is also
shown by the temperature drop at site A. Potential
temperature variations are similar to those in the
northerly event in as much as the temperatures at
the crest and the first lee site fall slowly, and tem-
peratures at the windward stations fall rapidly
early. Wind speeds at lee site B closely correspond
to those at site C (not shown in detail). The second
author notes that when travelling downwind
from the ridge in downslope flow, during either
southerly or northerly events, the wind usually
turns cyclonically as one passes through the
hydraulic jump. This seems to be characteristic of
wind direction changes across hydraulic jumps
(e.g. Streten 1963; Atkinson 1981; Grace and
Holton 1990).

During a southerly downslope event that
occurred after the field study, a series of small
rotor clouds was observed travelling rapidly
within the downslope flow and up into the
hydraulic jump. It is intended to publish photo-
graphs of these clouds.

Fig.8 Comparison of winds at lee sites during northerly
and southerly downslope events. Northerly event
at site D on 18/19 October 1988 - wind tends to
increase through the night and then decrease
after sunrise: southerly event at site B on 12/13
December 1988 - wind increases but then drops
after midnight to restrengthen after sunrise.
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Fig. 9(a) Southerly downslope flow sequence at 2100
CST 12 December 1988. Symbols as in Fig. 5.
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Fig. 9(d) As for Fig. 9(a) but at 0600 CST 13 December
1988.
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Example of the passage of a cold front:

23 to 24 September 1988

Several cold fronts passed over the observational
area during the study period. The particular
example presented here allows for a clear-cut
interpretation. Cold fronts moving across the cen-
tral Australian regions tend to ‘vanish’ overnight
on synoptic charts, although often still evident on
weather watch radar, and ‘reappear’ during the
morning. This occurs when surface cooling cre-
ates a strong surface inversion, and the cold front
tends to slide over the top of the surface inversion,
barely disturbing the near-surface air below. This
feature is evident from the potential temperature
record at F in this example (Fig. 10). Here the
frontal passage causes little, if any, effect on the
normal nocturnal temperature trend. Neverthe-
less, we tentatively identify a minor interruption
at around 2100 CST. This implies an average
frontal speed of a few kilometres per hour on the
windward side. At the crest, the cold front appears
as an approximate 5°C fall at 2330 CST, yet at the
leeward sites the cold front appears as a sharp 9°C
rise at 2400 CST at site B and as a 6°C rise a few
minutes later at site A, as the colder near-surface
layer is suddenly displaced by the negatively
buoyant air mass accelerating down from the
crest. The wind records shown in Fig. 11 show
only a minor perturbation to the near-calm sur-
face winds at the windward sites, a slow increase
in wind speed at crest level, but large and rapid
change from calm to speeds of 10 m s~ at B with
the surging of the cold front down the leeslope.
Further leeward, at site A, a lesser effect is dis-
cernible, as would be anticipated due to frictional
effects. In effect, this cold-frontal passage pro-
duced a bora on the crest site and on the upper
leeslope, but a chinook on the lower lee slopes and

Fig. 10 Time series of potential temperature showing
cold frontal passage 23/24 September 1988.
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Fig.11 Time series of wind speed during the cold frontal
passage 23/24 September 1988.
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lee plains. (Downslope winds at different locales
are often characterised by their cooling or warm-
ing effects. Commonly used terminology is that a
bora is a cold downslope wind: a chinook or foehn
is a warm downslope wind.)

The effects of a cold front surging down the
lee slopes can be remarkable. On the morning of
15 August 1990, during a similar event but with a
more vigorous cold front, several pilots reported
extreme downdrafts in the lee of the MacDonnell
Ranges. One -of these official reports carried the
graphic comment of ‘Down drafts of 500 to
1000 ft per minute. . . I feel like I am being sucked
down a hole’. '

Example of large lee rotor:

14 to 15 November 1988

Another phenomenon observed during the study
period vvas a large quasi-stationary lee eddy of a
helical nature. This lee eddy is such a common






