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Phenomena analogous to hydraulic jumps have been observed in association with
downslope winds in many parts of the world. Evidence for the occurrence of such
phenomena during downslope wind events in Adelaide, South Australia is pre-
sented. It is shown that a characteristic signature in the wind speed and direction is
often observed at affected sites with the passage of the phenomena.

Introduction

Downslope winds have been observed in the lee of
mountain ranges in all parts of the world. In the
Adelaide region these downslope winds are locally
enhanced easterly winds occurring predomi-
nantly on summer nights and are usually strongest
about the foothill suburbs of the city (Holton
1985; Marsh 1987; Grace and Holton 1988).
Typically, they occur if the synoptic stream is a
stable and vigorous east to southeasterly. These
upstream conditions correspond well with the
preconditions generally accepted for forecasting
large-amplitude mountain waves. Durran (1986a)
notes these as stability at lower levels, wind speed
of at least 7m/s (for mountains of 1 km), and
asymmetric mountains with gentle windward and
steep leeward slopes. This last condition applies
to the ranges east of Adelaide. For the Adelaide
region a common observation is of moderate
easterly winds at the mountain top with strong
gusty easterly winds about the lee foothills, while a
few kilometres further downstream the wind is
light and may even be weakly reversed. One expla-
nation (of several) for this anomalous behaviour
invokes the existence of a hydraulic jump. Cur-
rent theories of downslope wind formation are
discussed in Atkinson (1981) and Durran
(1986a,b).

Much of the data and discussion that follows
may be set within one of two contexts: that is,
either regarding amplified lee waves as the cause
of downslope winds and of lee wave rotors, or
regarding hydraulic flow as the cause of the
downslope winds and of hydraulic jumps. We
choose the hydraulic context because at least some
of the observed features are indicative of
hydraulic flow. The Adelaide region downslope

43

winds are more pronounced over locally steeper
lee slopes and in gully sites. The local term is in
fact ‘gully wind’. On occasion, despite apparently
favourable preconditions, downslope winds in the
vicinity of the highest part of the ranges around
Mount Lofty are weak or nonexistent, yet 10 to 50
km north or south, where the ranges are about
200m lower, strong downslope winds are ob-
served.

Regardless of context, it is the buoyancy forces
in conjunction with topography that ultimately
cause the downslope winds. If the buoyancy forces
are not significant then the maximum wind speed
occurs at the crest of the ranges rather than on
the lee slopes. The hydraulic jump model of
downslope winds is based on the premise of a
transition from subcritical windward flow to
supercritical leeward flow which then dissipates
its energy within a hydraulic jump. On both wind-
ward and leeward sides the flow accelerates (prior
to the jump). For such transitional flow it is to be
expected that the lee-slope wind is greater than the
range-top wind. This condition is implicit in the
following definition: Adelaide downslope wind
events are considered to occur in synoptic easterly
flow if the mean winds at two or more lee foothill
sites are greater than the mean wind at the summit
of Mount Lofty (the highest peak in the ranges).
With one possible exception, all the local exam-
ples to be presented comply with this definition.
The possible exception is the acoustic sounder
case study since this was carried out prior to
instrumentation of Mount Lofty. However, this
case study event does not appear to be unduly
atypical. All the examples appear to conform with
Durran’s large-amplitude wave forecasting rules.
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In regard to the stability, there is no upstream
sonde station within reasonable distance but the
very marked preference for the Adelaide down-
slope wind to occur at night indicates that the
low-level stability criterion is fulfilled.

The aims of this paper are to show that atmos-
pheric analogues to hydraulic jumps occur in asso-
ciation with the Adelaide downslope winds, to
note their manifestations and to document any
identifying characteristic, that is, a signature. A
case study compares results expected from
hydraulic jump theory against observations.
Locations mentioned in relation to Adelaide
downslope winds are shown at Fig. 1. Since the
Adelaide downslope winds have a pronounced
seasonal and diurnal nature, references to time are
local time (Central Standard Summer Time
(CSST) = UTC+10.5 h).

Fig.1 Location map relevant to Adelaide downslope
winds. AA = Adelaide Airport, EA = Edinburgh
Airport, MH = Menglers Hill, ML = Mount
Lofty, PA = Parafield Airport, PS = Port Stan-
vac, S = Salisbury, Sf = Seppeltsfield, VP =
Victoria Park, WP = Wattle Park, WT = West
Terrace.
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ST

Hydraulic jump theory

Kiittner (1939) and Tepper (1950) applied
hydraulic theory to the atmosphere; Long (1953,
1954) extended this work using comprehensive
laboratory simulations. Many researchers (e.g.
Ball 1956; Kiittner 1958; Houghton and Kasahara
1968; Arakawa 1968; and Smith 1985) have con-
tributed further. For an excellent overview, see
Lighthill (1978).

To briefly cover the essential results of
hydraulic jump theory we initially confine the dis-
cussion to the flow of a single layer of fluid,
namely, water. The celerity of small amplitude
shallow water waves in a layer of depth, h, is (gh)*.
In such a layer with velocity, U, the Froude num-
ber of the layer may be defined as

F = U/(gh)* o

This is probably the most common definition of
the Froude number in a layer but note that there
are several other definitions in the literature
(Baines 1987). For F=1, small amplitude gravity
waves are stationary and the flow is termed criti-
cal. Subcritical flow (also known as tranquil flow)
has F<1 and the waves can travel upstream.
Supercritical flow (also known as rapid or shoot-
ing flow) has F>1 and the waves are unable to
travel upstream.

A hydraulic jump is an abrupt increase in fluid
level characterised by larger velocities and shal-
lower depths upstream compared to those
downstream. The jump may be regarded asa grav-
ity wave travelling against the current. Neglecting
second order terms, the jump velocity, Cy, is
(from Linsley et al. (1949); also Stoker (195’;))

C,=l[gh; (h,+h,)/(2h))]*—U, )
with U}, h, and h, defined as in Fig. 2.

Fig.2 Defining sketch for an idealised hydraulic jump.
h, is depth immediately upstream and h, is the
depth immediately downstream of the jump.
Strength, B, of the jump is defined as
(h;—hy)/h.
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Using Lighthill’'s (1978) definition for the
strength of a jump B as

B=(h,—h;)/h, ... 3
then Eqn 2 becomes
C,=I[gh; (1+B) (1+p/2)]%5—U, ...4

Equation 4 indicates that stronger jumps tend to
travel faster upstream (i.e. to the right in Fig. 2)
than weaker jumps, and that therefore upstream
travelling jumps are likely to be stronger than
those travelling downstream.

Energy considerations imply that energy is lost
at the jump. The manner in which this loss is
accomplished leads to the further classification of
jumps as turbulent, also known as breaking, or
undular (Fig. 3). Breaking jumps are effective
energy dissipators with most of the dissipation
being due to turbulence on the jump face.
Although not as effective, undular jumps also dis-
sipate energy; dissipation being mainly through
energy dispersion of the short waves set up imme-
diately downstream. There appears to be an inter-

mediate form and Clarke (1983) cites results from -

Binnie and Orkney (1955) and others to the effect
that: if $<<0.35 the jump is undular; if >0.75 the
jump is turbulent; otherwise the jump is undular
with some wave breaking (the intermediate
form).

Fig. 3 Turbulent jump (lower), and undular jump (up-
per). Sketched from Long’s (1954) photographic
record of laboratory experiments.

/\——/’\ﬁ\/ﬂ——

_m
TIIITIIIIITTTTTITII
SRR = - e

Jumps typically form just downstream of an
obstacle (Fig. 3). The fluid layer is assumed sub-
critical as it approaches the obstacle. It can be
shown that the layer will accelerate up the hill and
its depth will decrease; that is, F will increase. If
the layer becomes critical at the crest of the ob-

stacle then it will continue accelerating downslope
in supercritical mode and F will continue to in-
crease. Just how the fluid becomes critical at the
crest is a complex matter and is related to the con-
cept of blocking (Houghton and Kasahara 1968;
Baines 1987). The jump provides a means for the
return to subcritical flow.

In the simplest application of hydraulic jump
theory to the atmosphere, a shallow lower layer of
constant potential temperature (8;) is assumed
overlain by a much deeper layer of constant
potential temperature (8y) and vertical mixing
between the layers is assumed negligible. This
allows the preceding equations to be used with a
modified gravity (g’) where

g’—_‘g (GU—GL)/GU .5
so that, for example, Eqn 2 becomes
Cp=[g,h2 (h2+hl)/(2hl)]05_Ul ...6

In summary the hydraulic jump is the abrupt
change in level of the fluid layer. Upstream of the
jump the layer is fast movmg and shallow, where-
as downstream it is slow movmg and deeper. If the

" jump is strong enough then it is turbulent (Fig. 3),

otherwise it will be undular or possibly interme-
diate. The ‘role’ of the jump is to dissipate energy
and to allow the layer to switch from supercritical
to subcritical mode. The upstream side of a jump
is always supercritical. The jump may be quasi-
stationary, but it may also move up or down-
stream as conditions change. Mobile hydraulic
jumps are more commonly termed bores. Smith
(1985) and Smith and Sun (1987) have extended
hydraulic theory to include continuously strati-
fied fluid.

Jumps associated with downslope

winds

Many authors have documented qualitative
features of downslope winds that are consistent
with hydraulic jump theory. Assuming that atmo-
spheric analogues of turbulent, undular, and in-
termediate jumps do occur, these qualitative
features are summarised below.

Turbulence and upmotion

Brinkmann (1974, p.593) notes that °.. . a single
prominent smooth downdraft regime and an
abrupt turbulent updraft’ downstream are typical
of severe downslope winds (chinooks) from the
Rockies. Vergeiner (1971) states that any clouds
during a chinook resemble a single hydraulic
jump rather than periodic waves. Moreover, on
the days of Vergeiner’s study when strong lee
waves were observed the surface wind was never
strong. Ball (1956) ascribes the stationary revolv-
ing and apparently turbulent cloud on the lee
coastline during gale force Antarctic ‘katabatics’
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to the presence of a hydraulic jump. Obviously if
the air is too dry the turbulent region will be
unmarked by cloud.

Pressure jump ,

Pressure jumps due to hydraulic jumps are usually
too smali to be easily observed although one re-
markable Boulder windstorm produced changes
of the order of 5-7 hPa (Lilly and Zipser 1972).
Using hydraulic jump theory, Ball (1956)
predicted the pressure jump associated with a
stronger than normal Antarctic ‘katabatic’ to be of
the order of 3 hPa and this was in fact observed.
As discussed previously the effect of an upstream
moving jump is likely to be greater and Ball cites
observational evidence for this. In the light of the
above it is reasonable to expect pressure jumps for
Adelaide downslope winds to be no more than
about 1 hPa.

Wind speed variation

The sometimes violent onset and sudden cess-
ation of downslope winds are consistent with the
downstream or upstream passage of the jump.
Upstream of the jump the wind speed is strong
while immediately downstream it is much weaker
and perhaps even weakly reversed. If this weak
reverse surface flow is present, it implies an in-
duced reverse rotor just behind the jump, as in
Fig. 4. Further downstream of the jump the wind
speed often returns to moderate strength (e.g. the
downslope wind observations of Manley 1945;
Suzuki and Yabuki 1956; Brinkmann 1974),

Fig. 4 Reverse surface flow in an idealised undular jump
in a single-layer fluid. Dotted and dashed lines
show streamlines for selected fluid parcels.
Transitions between the different flow states are
shown by A, B and C. Prior to the jump the flow is
rapid; between A and B the surface flow is weakly
reversed, between B and C it is moderate, while
downstream of C the flow is generally weak.
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Wind direction signature
We postulate that there is also a marked change in
wind direction with the passage of a jump. Similar
* wind shifts associated with a family of solitary
waves (Physick 1986) have been documented. A
possible mechanism for a direction change is that
of vertical stretching in the jump zone causing
_ vorticity changes. Propagation with the jump of a
reverse rotor might produce similar effects. As in

Fig. 4 an upstream moving jump with a reverse
rotor would show transitions from fast down-
stream flow to weak reverse flow, thence to light
or moderate downstream flow: with no reverse
rotor there would be one transition only — from
fast downstream flow to a weak or moderate
downstream flow. Downstream moving jumps
would have the effects chronologically reversed.

Adelaide downslope winds and jumps

Observational evidence of jumps associated with
Adelaide downslope winds is detailed below.

Turbulence and upmotion

During Adelaide downslope wind events, strati-
form cloud commonly caps the ranges, with a
cloud-free zone being evident downstream, fol-
lowed further downstream by turbulent cloud at
approximately the same altitude as the capping
cloud. Also, during such events, either with or
without cloud, severe turbulence is typically en-
countered by aircraft near Victoria Park at an
altitude of 500 m while westward of West Terrace
there is nil turbulence. :

Wind speed variation

Simultaneous observations of strong downslope
winds and weak reverse flow downstream are
common. For example, during a downslope wind
event on 6/7 November 1987, Parafield experi-
enced a steady easterly for several hours while a
few kilometres downstream at Edinburgh, the
wind was light and variable (Fig. 5). This is con-
sistent with the presence of a quasi-stationary or
slow moving jump between the stations. For sev-
eral hours on the night of 2 February 1988 a site at
Menglers Hill north of Adelaide had consistent
15 m/s (10-minute-mean) easterly winds while
several kilometres downstream at Seppeltsfield
the hourly winds (10-minute means in m/s)
were 330°/02, 270°/01, 220°/02, 180°/03 (Fig. 6).
Although the Menglers Hill/Seppeltsfield contrast
is one of the more striking in terms of strength and
constancy, other sites exhibit similar differ-
ences.

Wind direction signature

In practice, the signature of most upstream mov-
ing jumps appears to be a rapid directional shift
(sometimes to reverse flow) associated with an
abrupt change to winds of light strength (Figs 7, 8
and 9). On occasion the speed decrease is not
abrupt. However, the directional shift almost
always is abrupt and is thérefore quite an effective
signature. The transition to light winds may be
followed by another transition to moderate
downstream flow (Fig. 10). These sequences are
characteristic of most sites’in the lee of the Mount
Lofty Ranges during a downslope wind event.
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For downstream moving jumps the signature is
typically a single transition from weak variable
flow (possibly reversed) to rapid downstream flow
(Figs 11 and 12).

Fig.5 Wind traces for downslope wind event of 6/7
November 1987 from Edinburgh and Parafield.
In contrast to the steady 8 m/s at Parafield is
Edinburgh’s regime of light, variable winds.

Fig. 6 Strikingly different wind traces from Menglers
Hill and Seppeltsfield for downslope wind event
of 2/3 February 1988.
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Fig.7 Wind trace from Wattle Park on 10 February
1988 illustrating upstream passage of jump at
about 0220 when fast downslope flow switches
rapidly to light variable flow. This is equivalent to
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Fig.8 Wind trace from Port Stanvac on S March 1987
illustrating upstream passage of jump (transition

Fig. 11 Passage of downstream moving jump evident on
wind trace of 28 January 1988 at Menglers Hill

A) at about 0340. as flow switches from light winds to fast
downslope flow at 2130.
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Fig. 10 Wind trace from Port Stanvac of 5 January 1988
illustrating upstream passage of jump as the
flow shifts to weak and variable (temporarily
reversed) at 0500. At about 0630 a second tran-
sition to moderate downslope flow occurs (equi-
valent to B in Fig. 4).
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Fig. 12 Passage of downstream moving jump evident on
wind trace of 30/31 January 1988 at Menglers
Hill as flow switches from weak and variable
(albeit with a westerly tendency) to fast down-
slope flow at 0100.
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Pressure jump

Examination of a year’s barograph traces at Para-
field Airport revealed only one well-defined press-
ure jump (between half and one hectopascal) asso-
ciated with wind changes similar to those above.
Because the data were from recording barographs
with an estimated accuracy of 0.5 hPa, in this
regard it is possible that any associated pressure
jumps are of the order of 0-0.5 hPa and therefore
go undetected.

Other possible mechanisms

Two other explanations for the surface wind
features presented above are local siting problems
and cold air ponding. All anemometers were well
exposed and sited 10 m above the surface except
Mount Lofty (28 m) and Menglers Hill (3 m). Pre-
liminary data from a later field study using an
ESE-WNW line of five anemometers through
Menglers Hill — Seppeltsfield and a similar line
of three at Sellicks Hill, 50 km south of Adelaide,
show effects similar to those detailed in Figs 6 to
12 but only in downslope wind events.

Cold air ponding over one anemometer but not
another could also offer a plausible explanation.
However, it is noted that when these wind effects
which we ascribe to hydraulic jump movement
occur, it is always the downwind site with the light
winds; similar effects have not been noticed in
other streams. Site peculiarities and cold air
ponding are therefore regarded as unlikely to be of
significance.

Case study

During the development of acoustic sounding
techniques at Salisbury in South Australia,
Mahoney et al. (1973) observed the nature of the
Adelaide downslope wind flow in some detail.
The observations have much in common with
those of Holets and Swanson (1988) in California.
Some of the Salisbury data for the four hours from
2200 on 6 February 1972 are presented at Fig. 13
and pertain to the height of the turbulent layer, the
vertical velocity at 100 m, and the 100 m layer
mean wind speed. A measure of consistency is
provided by the balloon-derived mean wind to
300 m (the lowest available) at 2100 h at Adelaide
Airport which was 127°/12 m/s. From the aero-
logical profile at 2100 at Adelaide Airport (Fig.
14) it is seen that the height of the base of the
inversion (210 m) is consistent with the Salisbury
acoustic sounder data relating to the height of the
turbulent layer (about 200 m); and that the model
assumption of a shallow isentropic layer overlain
by a warmer, but much deeper, isentropic layer is
realistic. The data in Figs 13 and 14 allow the cal-
culation of the theoretical speed of the hydraulic
jump using Eqn 6.

Fig. 13 Acoustic sounder data from Salisbury on night
of 6/7 February 1972 showing height of turbu-
lent layer, the mean wind in the layer to 100 m,
and the vertical wind at 100 m.
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Fig. 14 Temperature profile at Adelaide Airport 2100
6 February 1972. Height of the mixed surface
layer (210 m) is consistent with turbulent layer
height in Fig. 13. B, is potential temperature in
mixed layer and Oy is temperature at the top of
the inversion.
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The term h, is clearly about 200 m; the value of
h, is less clear cut but a reasonable value would be
350 m. To determine g’, By —6, is estimated
as 6°C from Fig. 14; this gives g'=0.2 m/s2,
U, =7 m/s, taken as an average of the 100 m layer
mean wind for the one-hour period 2320-0020.
Substituting the above estimates into Eqn 6 deter-
mines the theoretical jump speed as 2.7 m/s, that
is, a slow upstream movement.

Viewed within the framework of an undular
Jjump aligned normal to the surface flow and gen-
erally parallel to ranges, the traces of Fig. 15 can
be analysed to provide an independent estimate of






