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The lower atmosphere over a dry season
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Part II: modelling and deductions
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Barotropic results of modelling the Koorin Experiment are presented. The effects of
the inertial oscillation on the acceleration of the low-level wind are unable to account
for the concentrated low-level jets frequently seen before the sea-breeze arrival when
the wind is from south of east. Assuming that the effects of baroclinity are negligible,
one is left to conclude that, despite the small scope of the land at Daly Waters, the
katabatic effect is probably responsible for these jets.

Sea-breezes almost always occur in the dry season, and the model certainly predicts
this; but there are two classes of sea-breezes at Daly Waters, determined by the
shape of the adjacent coast (280 km distant). The first type occurs when the pre-
existing wind is from north of east, which the model simulates rather well, except
that the modelled sea-breeze is too strong. The second type occurs when the pre-
existing wind is from south of east. In this case the model fails to adequately predict
the strong pre sea-breeze development of the low-level jet, and thus fails to simulate
what may be regarded as a somewhat unexpected phenomenon, which was observed
on 12 nights: the apparent lifting of the low-level jet by the relatively weak sea-

breeze forcing its way beneath the jet.

Introduction

In Part I of this paper (Clarke 1990), the obser-
vational evidence describing the behaviour of the
lower atmosphere over a dry season savannah site
was presented. The data were gathered during the
Koorin Experiment (Clarke and Brook 1979)
which was conducted in July-August 1974 at Daly
Waters, Northern Territory (16°16”S, 133°23” E).
In addition to the low latitude, this experiment
differed from an earlier planetary boundary-layer
experiment, the Wangara Experiment (Clarke et
al. 1971) by having a rough tree-covered surface
(zo =~ 0.5 m).

*In addition to the results discussed in this paper, Dr Clarke had
also intended to present results for the thermal wind effects.
Unfortunately, the version of the University of Virginia meso-
scale model that he used (which is an early version of the model)
did not correctly incorporate these effects. Dr Clarke died before
finishing further calculations on thermal wind influences.

This paper and a companion (Modelling mixed-layer growth
in the Koorin Experiment, Aust. Met. Mag., 38, 227-34) derive
from a single manuscript submitted shortly before Dr Clarke’s
death. Publication of both papers owes very much to the efforts
of Dr G.D. Hess of the Bureau of Meteorology Research Centre
who made the revisions, with the assistance of Prof. R.K. Smith
of the University of Munich.

235

There have been relatively few modelling
studies utilising the Koorin data (Brook 1985;
Garratt 1985; Garratt and Physick 1985; Garratt
et al. 1982). The present study was undertaken to
re-examine the diurnal variation of wind and tem-
perature and the dynamics of the low-level jet and
sea-breeze at this location. It is hoped that it will
stimulate more interest in exploring the wealth
contained in the Koorin data.

Diurnal variation of wind and

temperature over a uniform plain

The University of Virginia mesoscale modelt
(McCumber et al. 1978) was used in a one-dimen-
sional mode to simulate the wind components
U(t,2), V(t,z) and potential temperature 8(t,z) for
July-August at Daly Waters. The model was ini-
tialised with the observed mean temperature pro-

tProf. Pielke, who originally developed this model, has since
moved to the Colorado State University. An updated version of
the model has been completed and is known as the Colorado
State University Mesoscale Model (CSUMM).
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Fig. 1 Isotachs of computed (a) U(t,z), (b) V(t,z), the westerly and southerly wind components, as determined for Daly
Water§. The r'esults are based on a one-dimensional version of the University of Virginia mesoscale model
assuming a uniform plain with a roughness of 0.5 m and conditions for July-August. The geostrophic wind is
6 m s~ ! from the east. The low-level jet occupies the whole of the mixed layer of the previous day.
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file at 0300 h. Values of the various constants were
set as follows: uniform land height 208 m; albedo
0.15; roughness length 0.5 m; geostrophic wind
6 m s~ ! with no thermal wind; soil wetness factor
0.05; and soil conductivity 0.00021 kcal m~!s~1
deg~!. No clouds were permitted. The highest
grid-point was at 6250 m, with 18 vertical grid-
points, including 13 up to 2400.m; the lowest grid-
point was at 10 m. A second experiment was
carried out with the geostrophic wind Vg equal to
17m s~ L

The results for Vgo= 6 m s~! are shown in Figs
1 and 2. The model predicts the development of a
nocturnal jet throughout the erstwhile daytime
mixed layer, i.e. it is not confined to 300-400 m.
The greatest wind speed, 8.4 m s~!, occurs at 300
m and 0700 h, but at 2000 m it is almost as large
(7.9 m s—1). The jet, which is associated with an
inertial oscillation, is rapidly eroded after sunrise.
The potential temperature field (Fig. 2) is very
uniform, except near the ground, where at night a
large gradient is generated between 10 and 100 m,
the second grid level. No attempt is made to show
isentropes below 100 m; suffice it to say that at
0600 h, 0 increases by 19.5 K between these
levels.

When Vg=17 m s~! (results not shown) the
inertial oscillation produces a jet maximum at
0700 h of 22.4 m s~ ! from 095° at 350 m, and this
reaches up to 2750 m where it still hasa maximum
of 21.1 m s—! at 0800 h. The strong temperature
-difference between 10 and 100 m has now been
reduced to only 7.2 K.

The low-level jet

In this section and those that follow the results of
three-dimensional modelling are presented using
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Fig. 2 Isentropes 0(t,z) for the same experiment as Fig.
1. The lowest computed 6 is 280 K at 0600 h and

10 m.
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the foregoing calculations as a reference. The
Koorin data, described in Part I, were divided
into two groups (A and B) based on whether the
pre-existing wind was from north of east or south
of east, respectively. We seek an explanation of
the observed rapid low-level jet formation during
the hours roughly from 1700 to 2200 h, prior to
sea-breeze onset for the twelve Group B days (see
Fig. 3) and for Day 28, which lacked a sea-breeze.
It is unlikely that the inertial oscillation could
account for such large accelerations concentrated
at such low levels. For the Group B mean, the
easterly component of wind at 200 m increased by
4.4 m s~ and the southerly by 5.9 m s~ ! during
these five hours. For Day 28 the increases were
greatest at 400 m, viz. 12.6 and 6.4 m s~!. An
inertial oscillation of these magnitudes would be
possible only with initial ageostrophic wind com-
ponents of 10 and 19 m s—!, respectively; i.e.
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Fig.3 (a) Mean west wind component, U(t,z), and (b) mean south wind component, V(1,2), for Group B (12 days when the
wind prior to the sea-breeze was from south of east). Isotach are in ms—1.
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about the same magnitude as the geostrophic
wind itself. This is considered to be doubtful in
the circumstances.

Possible factors responsible for producing low-
level jets are: (a) strong low-level ageostrophic
wind components near sunset; (b) pronounced
low-level cooling rates after sunset; (c) strong
geostrophic accelerations; (d) large-scale baroctin-
ity; (e) sloping terrain; and (f) strong low-level
horizontal advection. The first numerical exper-
iment, described above, shows that (a) is
inadequate in magnitude and produces a jet over
much too deep a layer in the Koorin context. The
serial measurements of V,, at Koorin show that
(c) is unimportant. Strong low-level horizontal
advection, (f), may well have been responsible for
the strong jets on Day 28, but is unlikely to have
been predominant in the cases comprising Group
B. The remaining factors can be summarised as
‘katabatic wind’ and ‘thermal wind’ effects; the
former are considered below, while the latter re-
main to be addressed.

To investigate katabatic wind effects we carried
out model experiments using the orography
shown in Fig. 4, grid-points being placed at 5 km
intervals on the 1:105 contour maps. The inner
boundaries of the area for which the mesoscale
model was run enclose a rectangle extending to 65
km to the east, 40 km to the west, 28 km to the
north and 27 km to the south, respectively, from
Daly Waters. Experiments were run for
Vg0 =6.0/090°, 6.0/120°, 17.0/090° all with no
thermal wind. Initial simulations used vertical
grid-points at 10, 100, 200, 350, 500, . . . m; these
experiments were repeated with grid-points at 5,
40, 90, 140, 200, 270, 350, 440, 540, ... m.
Neither this configuration nor the coarser one
produced marked katabatic effects above 40 m,
the inertial oscillation strongly predominating up
to about 2000 m.

The model was then tested to find how sensitive
these results are to the slope of the land. The first

Fig. 4 Land heights at intervals of 20 m around Daly
Waters.
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experiment, with Y0 = 6.0/090°, was re-run keep-
ing all parameters the same, except the slope of the
land surface which was doubled. The results (not
shown) predicted an increase in the 40 m south-
erly katabatic acceleration between 1700 and
2200 hfrom 3.3to0 5.7 ms—!, but a slight decrease
in the easterly acceleration. Above 40 m the south-
erly acceleration was in the reverse direction,
opposite to that observed. Thus, although the
barotropic model produces a low-level katabatic
flow varying with the slope of the land, this flow is
far shallower than the observed wind changes.

Figure 5 shows the computed fields of U(t,z)
(westerly component) and V(t,z) (southerly com-
ponent), and Fig. 6 the potential temperature
6(t,z) for the high resolution experiment with
Vo =06.0/090°. As expected the katabatic effect
was less pronounced when the geostrophic wind
direction was from 120° and even smaller when
Veo0=17.0/090% in the latter case the jet maxi-
mum was located above 3000 m at 1000 h.

To compare the observed (Group B) 1700-
2200 h local wind acceleration with those pro-
duced by the model, we show Fig. 7. Also shown in
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Fig. 5 Isotachs of U(t,z) and V(t,z) computed with a three-dimensional version of the University of Virginia mesoscale
model with the orography of Daly Waters and high resolution in the vertical. The low-level jet is now displaced

towards lower levels but is little enhanced.
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(a) Changes —38U(z) and 3V (2) in the observed
(Group B) mean Daly Waters east and south wind
components between 1700 and 2200 h, compared
with modelled changes —35U2(z) and 3V »(z) com-
puted with Daly Waters orography, Vgo=6m
s~ ! from the east and no thermal wind; (b) same
as part (a), except for observed and modelled
changes in potential temperature, 30,(z) and
56,(z), respectively.
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maximum acceleration over the twelve individual
days, ranging from 50 to 600 m for easterly com-
ponents, and 50 to 300 m for southerly. The
greatest acceleration measured was 17.4 ms~!in
the southerly component at 150 m during the five
hours on Day 19.

The three-dimensional model with the oro-
graphy of the Daly Waters region yields what is
evidently a southerly katabatic acceleration of 3 m
s~ ! in five hours at 40 m. At higher levels an iner-
tial oscillation occurs which bears little resem-
blance to the observed acceleration components.
There is little to indicate whether the wind max-
ima appearing at 200-300 m in the data by 2200 h
are caused by katabatic, or thermal wind plus iner-
tial effects, although the height suggests a kata-
batic origin (see Garratt (1982) who demon-
strated strong katabatic effects on the nocturnal
boundary layer at Daly Waters). If this is the case,
the computed katabatic flow is far too shallow, as
isthe predicted amount of cooling which is mainly
confined to the lowest 100 m. The observations
show substantial cooling over twice this depth.

Modelling the surface fluxes

Since the diurnal variations are essentially the
product of varying surface fluxes, it is necessary to
examine the model’s performance in simulating
these. The daytime heat flux, H, is largely deter-
mined by insolation, the surface albedo and the
soil moisture. At night, H is small and negative, as
shown in Fig. 8, but it is still significant for cooling



Clarke: Lower atmospherc modelling over the savanna

239

Fig.8 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 lower levels of the atmosphere. The surface
stress, T, is strongly dependent on wind speed and
hence, in the model, on the prescribed value of Vg
as well as on thermal stability. It is noteworthy
that the observations show that the sea-breeze,
arriving at roughly 2200 h, significantly affects the
mean surface stress. A feature of the observed day-
time stress is the asymmetrical maximum at 1100
h, a reflection of the wind maximum at this
time.

Figure 9 displays the computed heat flux and
stress at Daly Waters in a three-dimensional ex-
periment which produced an evening sea-breeze.
The geostrophic wind Vg was 9.0/110° and the
sea-breeze was weak, with only a change of wind
direction and not of speed. A similar experi-
ment (described in the next section), with

Fig. 9 Computed surface heat flux H(t) and stress 7 (1)
at Daly Waters in Experiment 7; H(t) and 1 (t) in
the evening for Experiment 1 are shown as
broken lines. These results may be compared
with Fig. 8.
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Vg0 =16.5/026°, produced a very active sea-breeze
and its effects on the surface fluxes are shown by a
broken line in Fig. 9. Note that the daytime heat
flux is well simulated by the model but the evening
flux is considerably stronger than that observed.
The computed stress is certainly asymmetric, but
the maximum is at 0930 h rather than 1100 h, and
the minimum stress is also earlier than the ob-
served wind minimum between 0800-0900 h.

The Daly Waters sea-breeze

In the dry season the sea-breeze at Daly Waters
occurs with great regularity. The only day during
the Koorin Experiment without a sea-breeze was
characterised by a strong anticyclone to the south,
with an easterly geostrophic wind at Daly Waters
of 17 m s~ ! (calculated from the Bureau of Me-
teorology surface isobaric analysis at 0000 UTC).
The expedition barometer array gave a geostrop-
hic wind increasing from 12 m s—! in the early
morning to 20 m s~! about midday; it continued
to increase to 21 m s~! at 1800 h, and then
decreased to 18 m s~ ! by midnight. Its direction
was always from north of east. As shown in Fig.
10, strong cold advection was taking place, the
wind being mainly from the southeast sector (ex-
cept near midnight at 1500 m). Around the time a
sea-breeze might have been expected at Daly Wat-
ers (2200-0100 h), the wind there had a strong
southerly component (over 10 ms—!) at 300 m,
and we may presume that this prevented the ar-
rival of the sea-breeze.

The surface geostrophic wind, Vg, was ob-
served to be from south of east for only eight hours
(on Days 18 and 29) out of 696 hours of obser-
vation. The most veered direction was from 092°.
Thus, in using the three-dimensional model to try

Fig. 10 Potential temperature 6(t,z) for the single day
(Day 28) when no sea-breeze occurred. The field
of total wind for this day is in Allen (1980, Fig.
6). )
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to simulate observed sea-breezes, it is not realistic
to postulate a Vg0 veered further than about 110°
(allowing for possible errors in the estimation of

Ve0). A variety of speeds were considered with .

directions between 026° and 110°. A 20 km
horizontal grid spacing was used, together with an
18-point vertical grid, of which 12 grid-points
were in the lowest 2 km. The inner region of the
model contained uniform horizontal grid spacing.
It covered an area stretching between longitudes
132°and 142° E and from latitudes 13.5°t0 18° S,
i.e. it covered most of the Gulf of Carpentaria and
extended westward beyond Daly Waters. Land
heights were interpolated from a map showing
150 m contours. ‘

Since the strength of the modelled sea-breezes
was usually considerably greater than observed,
two experiments were carried out with soil moist-
ure 0.15 and surface albedo 0.2, instead of 0.05
and 0.15, respectively. Increasing the values of
these parameters reduced the surface heat flux
from about 300 W m—2t0 200 W m~2 in the mid-

dle of the day, and muted the corresponding pre-
dicted velocities. However, none of the combi-
nations tried failed to produce a definite sea-
breeze at Daly Waters near the expected time. The
parameters used in the experiments, the times of
arrival of the sea-breeze at Daly Waters, and other
predicted quantities are given in Table 1.

In Experiment 2, the area simulated was ex-
panded to include the region near Tennant Creek
where Christie et al. (1978)-frequently observed
low-level atmospheric waves coming from a
northeasterly direction. The model produced a
distinct sea-breeze which passed Tennant Creek a
little after 0200 h. At this stage the sea-breeze was
still a gravity current (and not an unsteady wave
— see Clarke (1989, Fig. 3)). The maximum wind
behind the sea-breeze front was 16.6/015° at
350 m.

The characteristic fields of wind and tempera-
ture accompanying the Daly Waters sea-breeze
are shown in Fig. 11 for Experiment 3 and in Fig.
12 for Experiment 7. Similar maps have been con-

Table 1. List of model sea-breeze experiments with parameters and some results.
Maximum
Veo : Local G recti i
Exp. no. Speed Direction wftizlc{ss Albdeo time scipber;;cl-e Dl(r;;gt{l)on H(""f;m
(ms~1) (deg) (h) Puge)

1 6.5 026 0.05 0.15 2200 17.4 057 200
2 6.0 . 068 0.05 0.15 2100 16.8 054 200
3 6.5 073 0.15 0.20 2230 11.2 035 200
4 5.4 084 0.05 0.15 2220 15.1 048 200
5 4.5 090 0.05 0.15 0030 15.2 048 200
6 7.0 110 0.15 0.20 0020 4.5 054 200
7 9.0 110 0.05 0.15 0015 7.3 073 200
8 14.0 110 0.05 0.15 2120 14.9 053 200
Fig.11 (a) The field of potential temperature 6 in °C at 100 m above the surface for Experiment 3 at 2100 h; (b) wind speed

(thick lines, m s—1!) and direction (broken lines, degrees) at 100 m for Experiment 3 at 2100 h.
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Fig. 12 The same as for Fig. 11, except for Experiment 7 at 2300 h.

(a)

structed for the other experiments. Figure 11 is
typical of horizontal sea-breeze structure when
the wind is north of east, and Fig. 12 when it is
from south of east. With the latter, a wind speed
minimum tends to accompany the arrival of the
sea-breeze, evidently linked to the direction of the

Fig. 13 Vector standard deviation Oy (interdiurnal vari-

ability) of wind in m s—! over 29 days, as a
function of time of day and height.
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ambient wind relative to the curved coastline.
This wind minimum in low levels is seen in all of
the observed Group B isotachs. At higher ele-
vations there is a wind maximum which has been
interpreted as the lifted pre-existing low-level jet.

The interdiurnal variability of the wind (Fig.
13) may be largely explained by the different prop-
erties of Group A and Group B sea-breezes. The
latter tend to arrive later, to be weaker, and to
cease earlier, producing maximum variability at
low levels about 2300 h and 0800 h.

Isotachs and isentropes produced by the model
at Daly Waters can be compared with the ob-
served values shown in Figs 14, 3 and 15. The
modelled results are depicted in Figs 16 to 18, for
Experiments 3 and 6. Figure 16 has points of
resemblance with Fig. 14; the low-level minimum
at about 200 m is too strong, as is also the inertial
oscillation minimum at 1200 m, despite the mut-
ing of the heat flux in this experiment. The north-
erly component of the jet in Fig. 14(b) is well
captured, as is also the maximum (return flow) at
1400 m. The isentropes (Fig. 18(a)) are acceptable

Fig. 14 (a) Mean west wind component, U(t,2), and (b) mean 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 ms—1.
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Fig. 15 Mean potential temperature §(t,z) for (a) 16 days when the wind prior to the sea-breeze was from north of east
(Group A), and (b) when it was from south of east (Group B).
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Fig. 16 (a) Westerly component U(t,z) and (b) southerly component V(t,z) at Daly Waters, as produced by the model
in Experiment 3.
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Fig. 17 The same as Fig. 16, except for Experiment 6.
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