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The Koorin experiment data of 1974 have been re-examined in detail. Synoptic-
scale conditions, although they tend to remain rather steady, show at least two major
departures from the norm during the 29-day period of the experiment. Examination
of the surface fluxes indicates daytime maxima occurring, more or less as expected,
but the heat flux was by no means excessive, compared with that measured in higher
latitudes, and the stress showed a strong maximum in the forenoon.

Detailed examination of the wind below about 2000 m reveals a strong element of
inertial oscillation, which is relatively undamped at 1600 m. The lower levels, below
500-700 m, are dominated by nocturnal sea-breezes which usually arrive before
0100 h and blow for the rest of the night. Only one of 29 nights lacked a sea-breeze,
the exception being a day of strong east-southeast wind with marked cold advection.
Two kinds of sea-breeze are identified, evidently traceable to the curved coast line,
depending on the pre-existing low-level wind before the sea-breeze. If it is from
north of east, the sea-breeze is a simpler event than when it is from south of east. In
the latter case the low-level jet develops strongly before the sea-breeze arrives, and
appears to be lifted to allow the sea-breeze entry beneath it. In this case, the raised
jet rather than the sea-breeze appears to dominate the wind field in the lowest
kilometre of atmosphere. The inertial oscillation is quite inadequate to explain the
pre sea-breeze jet, acting much too slowly and through too great a depth. This leaves
only the nocturnal cooling plus orography to explain the often very rapid low-level jet
development after sunset when the low-level wind is from south of east.

A relatively small difference is observed in the temperature sequences over Daly
Waters between the two kinds of sea-breeze, but the data do reveal a tendency for the
sea-breeze of the second kind to be weaker, in terms of temperature effects, and to be
accompanied by more cold advection above the sea-breeze than those of the first
kind. There is also evidence that the second kind of sea-breeze arrives later, after a
greater lifting by convection of the capping inversion.

Introduction

The Koorin experiment at Daly Waters, Northern
Territory, in 1974 (Clarke and Brook (eds) 1979)
was intended as an extension to the tropics of the
Wangara (lat. 34.5°S) experiment of 1967 (Clarke
et al. 1971). It was intended to study boundary-
layer processes over what was thought to be a very
rough uniform surface at latitude 16°16”S, and it
was hoped that the pronounced low-level jet
known to be found there could be better under-
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stood in terms of boundary-layer processes. Much
valuable work has already been done based on this
data body; for example Garratt (1978a, 1978b,
1980, 1983, 1985), Garratt and Francey (1978)
Allen (1980), Garratt et al. (1982), Brook (1985)
and Garratt and Physick (1985). |

There is still room, however, for a more thor-
ough examination of all the data with a view to
explaining the peculiarities observed in a latitude
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and over a terrain where good mesoscale data are
very rare. Part I of this work describes the result of
a close scrutiny of the aerological and mast data,
and Part II will attempt to explain the features
noticed.

The orography of the Daly Waters
area

Since the low-level jet may be very sensitive to the
orography, it is well to be aware of the most
detailed information currently available about it.
Figure 1 shows the contours at 20 m interval ac-
cording to the most recent (1974) 1:105 survey.
The local fall line at the airstrip is towards the
north and the slope has a value of little more than
1:1000.

Fig.1 Land heights at intervals of 20 m around Daly
Waters.

Synoptic sequences during the
experiment

The experiment was carried out on the 29 days
from 1400 h 15 Julyto 1300 h 13 August 1974; the
days were numbered, from midnight to midnight,
1 to 30. For the present purpose the days are
assumed to begin at 1400 h, and are numbered
from Day 1 to Day 29.

Savanna land at latitude 16°in the dry season is
generally thought to present little in the nature of
synoptic-scale events, but this is not entirely true.
It is not intended to reproduce synoptic charts for
the period, but in retrospect these should have
been included in the 1979 report. The MSL chart
sequences may be summarised as follows: a series
of anticyclones passing from west to east, centred
mainly about latitude 30°S, with isobars indicat-
ing roughly easterly winds over the site. However,

there is a suggestion of a southern cold front on
Day 5, extending from a depression in the south
Tasman Sea through Brisbane and possibly affect-
ing the Daly Waters area; and a major disturb-
ance, represented by a col over the experimental
arcaon Days 17 and 18. (See Streten and Downey
(1977) and Clarke (1986), appendix.) One
consequence of this synoptic-scale disturbance
was a ‘southerly morning glory’ passing Daly
Waters at 0830 h (all times are expressed in
CST=UTC+ 9%h=LMT + 37 min) on Day 18.
Figure 2 shows the sequence of daily mean wind
and potential temperature at Daly Waters at
1000 m, together with the 0300 h surface pressure
for the 29 days. Remarkable features of this figure
are the change in mean wind direction to north—
northwest at Day 17, accompanied by cooling, fol-
lowing the pressure minimum; and the strong cold
winds on Days 27 and 28, corresponding with a
strong anticyclone centred near 30°S, 1 38°E. Signs
of the relatively minor frontal disturbance on Day
5 may also be seen in Fig. 2.

Fig.2 Showing surface pressure p(0) at 0300 h, daily
mean westerly wind component U(1000), south-
erly component V(1000) at 1000 m, and daily
mean potential temperature 6(1000) for 29 ex-
pedition days.
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The diurnal heating sequence

It is obvious from a casual inspection of the data
that by far the most important factor influencing
wind and temperature variation in the lowest
2 km during the Koorin experiment was the daily
heating cycle, and its well-known effect on vertical
heat and momentum flux. The values and stan-
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dard deviations of H, the heat flux, and 1, the
stress, measured at site M2*, averaged by time of
day over the 29 days, are shown in Fig. 3. There
was little interference with solar radiation by
cloud, since almost the only cloud reported at
noon was at the cirrus level, with a mean of a little
over 1 okta. Low-level cloud at noon (1 okta) was
observed on only one day. In the 1979 Koorin
report, H and t were sometimes omitted, mainly
at night, and at other times given as 0. The latter
were included in the averaging.

Fig. 3 Mean over 29 days of surface heat flux, H(t), and
surface stress, t(t), as measured at the mast site
M2. t is time of day. The bars represent inter-
diurnal variability (standard deviation) of the
measurements, each determined over half an
hour.
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The geostrophic wind

Great care was taken to measure the geostrophic
wind as accurately as possible by means of an
array of five recording barometers. It is a difficult
exercise, and in hindsight there are some mis-
givings about the absolute accuracy of one of the
barometers, and also about the determination of
the altitude of the instruments. The measured
mean value of surface geostrophic wind V. over
all days and times was (—7.49, —4.57) ms~!
(Clarke and Brook (eds) 1979). It should be noted
that the five-point barometer array used during
the Wangara experiment (Clarke et al. 1971) to
measure geostrophic wind gave results which cor-
related less well with observed winds than did
those also based on the network of the Bureau of
Meteorology. In the case of Koorin, the Bureau’s
network of pressure sta .ons was also used, but the
results did not correlate well with wind obser-
vations. However, the Bureau’s monthly mean
pressures for July and August 1974 (based on
0900 and 1500 h observations) give some check
on the expedition value of Vg, The mean calcu-
lated in this way was (—6.96, —4.05), which

*When data from M2 were missing, those from MI were
used.

agrees well with the expedition mean, almost .per-
fectly in regard to direction, and only eight per
cent less in magnitude. ‘

With regard to upper levels, such as 3000 m, it
is thought that the overall mean wind at that level,
(—3.53,0.93), can be regarded as in ¢lose approxi-
mation to the geostrophic wind, Vg (3000). Lower
level winds cannot be used to estimate geo-
strophic wind with any confidence, but an exam-
ination of the mean nocturnal hodograph at the
height of 1600 m suggests that the mean velocity
circle of inertia could be estimated with some
accuracy. The 18-hourly 29-day meéan wind com-
ponents from 1600 h to 0900 h for this level (see
Fig. 4) have been fitted by a non-linear least-
squares fitting procedure to find (a) the radius r of
the velocity circle of inertia, (b) the coordinate x,
and (c) y, of its centre, (d) the angular coordinate
ao of the 1600 h fitted observation, and (e) the
angular mean distance &, between the fitted
observations. The best fit results yielded
r=14ms7!; xo=—=54m s7!; yo=—0.5m
s™ 110 =49.4% and 6a = 5.78° per hour. Hence we
have an estimate of the mean geostrophic wind
(X0, Yo) at 1600 m, and the mean ageostrophic
component, assumed to remain constant at 1.4
m s~ ! while an undamped inertial velocity circle
is described. Unfortunately, the mean turning rate
is.only 69 per cent of that expected at a latitude of
16°16’S. The deficit can be ascribed to damping,
ortothe liberties taken with the data by averaging,
over 29 days. The domination of irertial oscilla-
tions above the sea-breeze disturbed level is at
least supported.

Fig. 4 Time change hodograph of the vector mean wind
at 1600 m, from 1600 to 0900 h, showing the fit-
ting by a circle of radius 1.4 m s~! (representing
the ageostrophic wind) and centre (—5.4,—0.5)
m s~ ! (representing the mean geostrophic wind).
This shows that at 1600 h the observed wind is 84
per cent of the geostrophic, and veered 12° from it,
while at 0900 h it is 109 per cent and veered 6°.
The observed wind was fitted with a standard
error of 0.14 m s—! radially, and 0.17 m s—! tan-
gentially.

V(ms-1)

If the mean acceleration (du/dt, dv/dt) at
1600 m is small enough to be neglected, as seems
likely, we can infer from the balance of forces
(pressure, Coriolis and friction) that the mean
value of the acceleration due to friction at 1600 h
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and 1600 m was 0.19 m s~ ! h—! from a direction
19° veered from the reversed wind direction. This
magnitude compares with 0.76 m s~! h~! for the
pressure term and 0.68 for the Coriolis term.
We can now, by subtraction, assess the mean
thermal winds during the Koorin period as about
0.0024 s~ ! from 205° from the surface to 1600 m,
and 0.0017s~! from 231° between 1600 and
3000 m. These results concur reasonably with the
estimates of Garratt and Physick (1985) (0.0016
s~ ! from 231°) and Brook (1985) (approximately
0.0015 s~! from the south-southwest (~205°)).

Mean wind speed and direction

By averaging the components U (eastward) and
V (northward) one can easily draw a mean
hodograph for each level. Figure 5 shows 13 such
hodographs at a variety of levels, each point rep-
resenting an average over three hours and 29 days.
The hodographs showing variation of mean vel-
ocity with time almost all rotate in an anticlock-
wise sense (‘cum sole’), even as high as 2700 m, as
one would expect of an inertial oscillation during
the night. Changes during the hours of strongest
heating are generally small. The greatest ampli-
tudes are at the levels of the low-level jet (200-
350 m). Sharp changes in the averages up to

" 500 m between 2100 and 2400 h are evidently lar-
gely the product of the sea-breeze.

Fig. 5 Hodographs with time of day of the mean wind U

and V) averaged over three hours and 29 days.

The height of the observed wind is shown in

. metres in each case, and also the location of the
velocity point (—5,0) m s—1.
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It is also instructive to look at the mean vari-
ation with hour of day of the total wind (Fig. 6).
Up to 2000 m the mean winds exhibit quite a
strong diurnal character, being greatest by night
and least by day. Of interest is the minimum at
0900 h in low levels (0800 h in the anemometer-
measured winds), which is displaced to 1000 h at
150 and 200 m. Also noteworthy is the 1100 h

maximum in low levels, a well-known feature of
dry-season wind in the area south of Darwin.
These maxima and minima do not occur on all
days, but are featured in a majority of them. The
mechanisms involved are explored in Part II. No
reason is advanced for the time lag between the
anemometer wind at 48.6 m and the balloon-
measured wind at 50 m. :

Fig. 6 Variation with time of day of mean wind speed for
a variety of altitudes. The broken line is the mean
wind measured by a cup anemometer at the site
M1 at a height of 48.6 m, plotted with the same
origin as the 50 m balloon wind. The rest were
measured by following balloons released from the
airstrip.
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Other remarkable features about Fig. 6 are the
existence of two maxima in the mean total wind
field. The first, up to 500-700 m and at about
2300 h, evidently marking the arrival time of the
sea-breeze; the other, predominantly at greater
heights and at 0800-0900 h, evidently due to iner-
tial oscillation. This maximum wind is progress-
ively destroyed from the ground up by the advent
of convectional heating after sunrise. There are
remnants of the inertial oscillation as high as
2000 m, and it appears to have some effect even at
levels where the sea-breeze is dominant, such as
250 m. The breakdown of the low-level jet, due to
vertical mixing after daybreak, is illustrated in the
isotachs of Fig. 7.

One interesting aspect of the mean Wangara
winds was the neat diurnal oscillation, shown in
the ageostrophic components averaged along
(Ugg) and across (V,g): the former showing a
maximum (nocturnal jet) of 2.4 m s—! at 400 m
at midnight, and a minimum about noon; and the
latter a minimum (maximum flow down the
pressure gradient) of about —3 ms—! at 2200 h,
and a maximum of 1.7ms~! at 700 m and
0600 h. These maxima and minima reflect the
inertial period of 21.1 h at the Wangara site, and
were very well simulated by the author’s one-
dimensional numerical boundary-layer model
(Clarke (1974), Figs 1 and 2).
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Fig.7 (a) 29-day mean westerly component U(t,z) and (b) southerly component V(t, z) during the hours 0700-1500,
showing the erosion by vertical mixing after sunrise of the mean low-level jet centred about 750 m.
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The corresponding figures for Koorin (Fig. 8)
for Uyg (t, z) and Vg (1, z) show little similarity to
the averaged Wangara observations. The daytime
minimum in U, is certainly present, as is the noc-
turnal maximum, but in an unexpected form. The
inertial period of 42.7 h at the Koorin site does
not allow the full development of the nocturnal jet
before daytime heating intervenes to suppress the
low-level jet by about 1000 h. At low levels (200~
300 m) the jet maximum develops early in the
evening and is displaced by the sea-breeze on
nearly all nights by about midnight. At middle lev-
els (c. 1000 m) the jet maximum appears at the
expected time of about 0900 h. The cross-isobar
flow V4 has a strong minimum (maximum flow
down the gradient) at 2200 h and a weak maxi-
mum later in the night, topped by a minimum at c.
1000 m. Although the inertial oscillation is clearly
playing a part, an overriding role is being played
by another factor. As has already been noted by
Garratt and Physick (1985), this other factor is
undoubtedly the nocturnal sea-breeze (the Gulf of
Carpentaria coast is 2§~ km away to the north-
east) which dominates the mean patterns of wind
and temperature in low levels from about 2300 h
until destroyed by solar heating at about 0900 h,
replacing the developing low-level jet by its own
structure of inland flow and return flow aloft, It
will be observed that almost the whole field of U,
is negative. This suggests that the magnitude of
the geostrophic wind, despite all the care lavished
on it, has been generally overestimated.

A close examination of all the data (with the
exception of the daily barograms which, unfortu-
nately, were not published in the report and are
now lost) has convinced the writer that a sea-
breeze occurred at Daly Waters on 28 of the 29
days of Koorin, the exception being Day 28. As
most sea-breezes bring northeast winds, we pre-
sent Fig. 9 to show that in the mean the most sig-
nificant disturbance to the flow by the sea-breeze
comes from about 050° in the other direction
there is little mean effect attributable to it at low
levels. What are probably return flows appear at
about 1500 m in both U’ and V’.

Figure 10 represents the interdiurnal variability
oy(t,z). Evidently minimum variability occurs
during the day, when the winds are light, and max-
ima about the onset and, more surprisingly, the
cessation of the sea-breeze. It also increases above
the daytime capping inversion level at about
2000 m. ‘

Diagrams showing U (t, z) and V (t, z) (compon-
ents from west and south) were plotted for each of
the 29 days. They exhibited two qualitatively dif-
ferent structures for the sea-bréeze and low-level
Jet, according to whether the wind preceding the
sea-breeze was from north of east (16 days, Group
A), or south of east (12 days, Group B). The mean
arrival times were estimated to be 2216 + 56 min
and 0021 £ 61 min respectively, although there is
considerable doubt about the former figure since
with preceding northeast wind the existing data
are insufficient to clearly identify the arrival time
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Fig.8 Mean over 29 days of the ageostrophic components measured (a) along the direction of the geostrophic wind,
U (t, z) and (b) across this direction, V (t, z). The geostrophic wind is assumed to vary with height with a thermal
wind of 0.0024 s—! from 205° up to 1600 m and 0.0017 s—! from 231° above. Negative V,,g indicates flow down the
pressure gradient, z is altitude above Daly Waters airstrip. Isotachs in m s—!,
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Fig.9 Mean wind components for 28 sea-breeze days (a) U'(t, z) from 050° and (b) V'(t, z) from 320°.
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Fig. 10 Vector standard deviation Oy (interdiurnal vari- of the sea-breeze. The first (2-D) modelling of the
ability) of wind in m s~! over 29 days, as a Daly Waters sea-breeze was done by the writer

function of time of day and height. (Clarke (1984), Fig. 2) for an onshore geostrophic

wind of 12.5 ms™!, and it yielded an arrival time
of 1945 h; the work of Garratt and Physick (1985)
with a 2-D Pielke model yielded arrival times
varying between 1900 and 0600 h for the same
magnitude (12.5 ms—!) and varying directions.
There is little doubt that the direction of ¥, hasa
strong bearing on the structure and behaviour of
sea-breezes arriving at Daly Waters. The critical
direction appears to be easterly, approximately, as
deduced by Garratt and Physick (1985).
To highlight the contrast between Groups A
6 and B we present Figs 11 and 12, the mean wind
@ 7 components for each group in geographical coor-
=] dinates. At the 200-300 m levels they both show a
TIME CST freshening of the easterlies after nightfall, con-
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Fig. 11 Mean (a) west wind component, Ul(t, z), and (b) south wind component, V(t, z), for Group A (16 days when the
wind prior to the sea-breeze was from north of east). Isotachs are in m s—1,
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Fig. 12 As for Fig. 10, except for Group B (12 days when the wind prior to the sea-breeze was from south of east).
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siderably more in the case of prior southeast wind
(Group B), which also shows a marked freshening
of the southerly component after nightfall. With
Group A, a freshening of the northerly component
is observed after nightfall, but this is probably to
be explained by a few early sea-breeze arrivals.
The more dramatic case is Group B, where the
sea-breeze arrival is marked by what appears to be
a lifting of the pre-existing southeasterly jet, by
some 400 m, while the small northerly component
marking the sea-breeze pushes under the lifted jet
in the lowest 500 m. The maximum southerly
component above this northerly appears to com-
bine the effects of both lifting and return flow.
These features are repeated with variations in the
individual daily diagrams. Thus, although there is
no evidence of lifting of prior northeasterly winds
(Group A) by the sea-breeze, which is itself from
the northeast, there is strong evidence of it with

TIME CST

prior southeasterlies. The field of total wind (not
shown) associated with Fig. 12 is qualitatively
similar to Allen’s (1980, Fig. 4) diagram for Day
27, which is a member of Group B.

There is evidence both of return flow and iner-
tial oscillation in Figs 11 and 12. In Group A the
northeast wind, persisting all night at 200-300 m,
appears to be a sea-breeze; in Group B the east-
southeast wind, persisting all night at 600-700 m
after sea-breeze arrival, appears to be the lifted
pre sea-breeze low-level jet, rétaining its mean
strength of 10.5 m s—! from a direction south of
east.

Mean temperatures

Figure 13 displays the 29-day mean diurnal vari-
ation of temperature at a variety of heights. The
variation nearly vanishes at. 1700 m, but, at
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Fig. 13 Daily mean variation of potential temperature,
B(t), at a variety of levels from 50 to 2800 m.
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greater heights, even 2800 m, a minimum is seen
at 1800 h, probably due to turbulent mixing
across the capping inversion on some days. Figure
14 exhibits the 29-day mean 6(t, z), the potential
temperature, as derived from the observational
program of eight radiosonde flights per day. Also
on this figure are og, marking the interdiurnal
variability of 8. A maximum variability of over
2K occurs in the sea-breeze affected layers up to
about 300 m, and in a slab of the atmosphere of
the order of a kilometre deep near the mean pos-
ition of the capping inversion, lowering somewhat
overnight. A minimum variability is at nightfall,
below the inversion. The nocturnal isentropes,
sloping upward to meet the capping inversion,
give a probably false impression that the average
cooling effect of the sea-breeze is felt as high as
1500 m. At least some of this nocturnal cooling
must be attributed to radiation divergence, but
some of it may be the result of synoptic-scale cold
advection. Neither of these factors was meas-
ured.

It is well known that the surface inversion at
sunrise begins to rise during the day, in the present
circumstances to a height of about 2 km. The base

Fig. 14 Mean potential temperature 8(t, z) for 29 days
(heavy lines) and standard deviation og(t, z)
(thin lines).
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of this inversion is designated h(t). On 16 days of
the expedition, sondes were released at hourly
intervals from 0800 to 1200 h; the value of h for
ecach flight is readily determined by plotting
potential temperature 0 against height z, and
noting the height at which almost uniform 0 gives
way to rapidly rising 0. The average and standard
deviation of h(t) on these 16 days is shown in Fig.
15. In Part 1l we shall attempt to explore further
the rising inversion.

Fig. 15 Mean height and standard deviation of the cap-
ping inversion for the 16 days when sondes were
released hourly between 0800 and 1200 h.
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