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Kinematic estimates of horizontal divergence and vertical pressure-velocity were
made from routine upper wind measurements over northern Australia for January
and July 1979. The mean vertical profiles for each month at the 2300 UTC obser-
vation time are consistent with previous climatological studies but a strong and
systematic diurnal variation is evident in the January results, with a weaker var-
iation in July. These variations are also evident in operational numerical tropical
analyses. Day-to-day fluctuations in the diagnosed vertical velocity agree with
expectations from synoptic patterns.

The variance of the daily vertical velocity in July greatly exceeds the subsidence rate
required to merely compensate the atmospheric radiative cooling, indicating that the
downward branch of the Hadley cell in this region is not in local radiative balance.’
The mean vertical velocity profiles for January show deep upward motion in the
evening (1100 UTC) in contrast to reported profiles over other heat low areas such as
Saudi Arabia (Blake et al. 1983).

The results for both January and July suggest that the biogeophysical feedback of
increases in surface albedo to atmospheric subsidence, as proposed by Otterman
(1974) and Charney (1975), could only be a minor effect in the northern Australian

region.

Introduction

By measuring the mean wind flow around the
coastline, Troup (1974) showed that the Aus-
tralian continent imposes a measurable perturba-
tion on the wind flow pattern in the region. The
effect is strong enough to have been originally
detected by Arakawa et al. (1952) in climatologi-
cal surface wind charts averaged over 5-degree
squares. The impact of the continent varies in the
sense expected from the observed mean sea level
pressure perturbation. There is, on average, low-
level inflow and a cyclonic circulation in summer
and low-level outflow and anticylonic circulation
in winter.

This study presents kinematically-derived esti-
mates of divergence from upper wind obser-
vations, similar to those of Troup (1974), for
northern Australia. The measurements are for
two months only, one summer and one winter, but
are extended further in the vertical to allow com-

107

putation of vertical velocity. Calculations are also
presented for several observation times to exam-
ine the diurnal variation. The July measurements
represent a sample of the downward branch of the
Hadley cell and allow an assessment of the signif-
icance of atmospheric radiative cooling in the
associated subsidence over the region. For Jan-
uary the study region includes the area in the
north affected by the Australian monsoon, and
the areas in the west and south in which ‘heat
troughs’ or more well-defined ‘heat lows’ are typi-
cal synoptic features.

The original impetus for these measurements
came from the suggestion of Charney (1975) that
in subtropical areas the atmospheric circulation
regime may be dominated by local radiative equil-
ibrium, and that human-induced surface albedo
changes in arid areas may induce a biogeophysical
feedback loop that would exacerbate or perpetu-
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ate drought conditions. The proposed mechanism
is relevant to Australian conditions given the
large-scale vegetation changes, from scrubland
and forest to grassland, that were initially a result
of repeated burning by Aborigines (Blainey 1976)
and later of extensive clearing by European sett-
lers. The application of this suggestion to northern
Australia is discussed in light of these measure-
ments of vertical motion over the study area.

Method

Routine upper wind observations from northern
Australia were extracted from the Bureau of
Meteorology archive for January and July 1979.
The stations selected cover a fairly homogeneous
area of northern Australia and exclude the moun-
tain chain and moist tropical region on the east
coast. The locations of the stations are shown
in Fig. 1. The area bounded by the outermost
stations is 2.17 X 105 km?2. Four upper wind
observations per day were routinely available ai-
though some stations had many missing obser-
vations at some observation times. Analyses were
only undertaken for 1100 and 2300 UTC in the
July case and at 0500, 1100 and 2300 UTC for
January 1979. Missing observations were in-
terpolated using prior and subsequent obser-
vations at the same station and the standard
Bureau of Meteorology upper air analyses. Less
than 5 per cent of observations required such
interpolation. Most, although not all, of the miss-
ing values were at the upper levels.

Fig.1 Location of the upper wind stations used and the
boundaries of the study region and the western
(A) and eastern (B) sub-areas as for the July con-
figuration. (For January, Mt Isa was replaced by
Tennant Creek and Carnarvon data were not

available.
T o PG ) T O
—100 120 5 1‘30 Area B140 150 o
arwin 104
Broome®” Tennant
o AN Creek o
20" ~*Port Hedland o0
| Learmonth
30 30
F110°  120° 130° 140°  150°  4°

Estimates of wind divergence were made by
evaluating line integrals of the station data and
vertical velocities were estimated from the com-
puted divergences using the continuity equation.
The 100 hPa level was taken as the upper limit of
integration due to the rapid increase in the
frequency of missing observations above this
level. It was assumed that the areally-averaged
vertical velocity was zero at this level. The
monthly mean surface pressure was taken as the
lower limit of integration for each wind flight and
a linear interpolation assumed between stations.
The mass flux integrated from the surface to 100
hPa using raw data is often unrealistic due to
errors in the wind observations and the coarse
spatial sampling. Corrections were made to the
measured divergence by adjusting the winds at
each station such that any imbalance in the verti-
cally integrated value was distributed uniformly
in the vertical. The technique, described in some
detail by Gruber and O’Brien (1968) and O’Brien
(1970), preserves the shape of the vertical profile
while imposing a constraint of overall mass bal-
ance. Similar procedures, including the mass bal-
ance correction, have been used in a range of
budget studies of tropical systems (e.g. Yanai et al.
1973; Song and Frank 1983; McBride et al. 1989).
Because of the large distances between stations,
spherical geometry was used in computing dis-
tances and bearings. The latter, in particular, were
quite sensitive and average values along the lines
joining the stations were used. The formulae ob-
tained were checked by applying them to the test
cases of uniform northerly and westerly winds for
which the required divergences are known.

Results were computed for the polygon joining
the outermost stations and for two sub-areas de-
fined in Table 1. The combinations of stations
used differed slightly in January and July due to
the unavailability or incompleteness of obser-
vations. In the results discussed, the same set of

_observing stations was used for all observation

times to ensure consistency, even though data
from additional stations may have been available

- at one of the observation times.

Table 1. Details of observation stations used for each

sub-area.
Station Sub-area Comments
Darwin B
Broome AB
Port Hedland A
Learmonth A
Carnarvon A July only
Meekatharra A
Giles AB
Alice Springs B
Mt Isa B July only
Tennant Creek B January only
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Since September 1983, objective analyses for
the Australian tropical region have been per-
formed operationally in the Bureau of Meteor-
ology using the univariate statistical interpolation
scheme described by Davidson and McAvaney
(1981). Some analyses are also available for the
2300 UTC observation time in January 1979.
Examples of vertical motion fields computed
from these analyses are presented for comparison
in the Appendix.

Results

July 1979

Figure 2 shows vertical profiles of the July 1979
monthly mean of the instantaneous divergence
and vertical pressure-velocity computed for the
total region and the two sub-regions A and B. The
standard error of estimate for the 500 hPa vertical
“velocity is also shown in Fig. 2 to indicate the level
of uncertainty in the mean value, arising from
both daily variability and errors in the compu-
tional method. The standard deviation was great-
est at around the 500 hPa level. The standard

error of estimate for the divergence measure-

ments was generally less than 1 X 10=¢s™!. The
exceptions were in the upper levels due to a com-
bination of strong winds and a high proportion of
missing observations, with values up to 2 X 10=¢
s~! over sub-area A above the 250 hPa level.
Values in the lower troposphere were typically 0.5
X 10~6 s~! or less. The three profiles show the
general pattern of low-level divergence, upper-
level convergence and corresponding downward
vertical motion to be expected from the winter-
time location of the study area under the subtro-
pical ridge, although the divergence profile of the
eastern region B is more complex. July is part of
the ‘dry season’ in this region and indeed there
was no rainfall at all for July 1979 over most of the
study area. Synoptic charts showed a dominance
of ridging patterns in the mean sea level pressure,
and satellite images showed little or no cloud for
most of the month with the exception of several
weak northwest cloud bands.

Daily time-series of 500 hPa vertical pressure-
velocity (w) for both 1100 and 2300 UTC are
shown in Fig. 3. While there is some scatter the
variations through the month are generally con-
sistent at both observation times. The western
sub-region has considerably larger amplitude
variations than the total study area. The vari-
ations throughout the month are consistent with
those expected from synoptic considerations and
some examples are discussed briefly below.

The major subsidence episode on 3-5 July was
associated with the passage of a sharpening upper
trough with subsequent strong ridging at all levels
including the surface, where a high pressure centre
of 1030 hPa developed over central Australia. The
sharp upper trough was centred at about 130°E

Fig. 2 July 1979 monthly mean vertical profiles of
horizontal divergence (10~6 s—!) and vertical
pressure-velocity (10~3hPa s—1) at 2300 UTC
(solid lines) and 1100 UTC (dashed lines) for (a)
total study area, (b) western sub-area (A) and (c)
eastern sub-area (B). The horizontal bars at
500 hPa indicate the standard errors of estimate
in the mean values.
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at 2300 UTC on 4 July, with a pre-trough cloud
mass over eastern Queensland indicating upward
motion ahead of the trough. The estimates of © for
2300 UTC seem erroneous, possibly because the
presence of the sharp trough violates the assump-
tion of linear variation along the boundaries
required in the kinematic method. The subsi-
dence over the western region leads that over the
east by 12-24 hours. Analyses of mean sea level

pressure and 200 hPa geopotential are shown for

this period in Fig. 4.

Fig.3 Time-series for July 1979 of the S00 hPa vertical
pressure-velocity (10~3 hPa s~1) at 2300 UTC
(solid lines) and 1100 UTC (dashed lines) for
(a) total study area, (b) western sub-area (A) and
(c) eastern sub-area (B).
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The most significant episode of upward motion
occurred in the last two days of the month. In this
event a trough moved into Western Australia with
the 200 hPa jet entrance region located over re-
gion A. A weak surface low pressure centre and
associated cloud mass developed near North West
Cape during 31 July, while the eastern part B had
clear skies with a ridge of high pressure. The ver-
tical velocity measurements are consistent with
this pattern. Similar comments apply to 7-8 July
where an episode of significant upward motion is
indicated over A and only a weaker event slightly
later over B (see Fig. 4). Conversely, upward
motion is indicated over B on 25 July but not over
A. In this case a cut-off low, apparent at both the
surface and upper levels, developed over Queens-
land. The associated cloud mass first appeared
over the Northern Territory.

Despite some apparent noise there is qualita-
tive agreement with the sense of variation ex-
pected from synoptic considerations, although

~ values for any single observation time should not

be treated as quantltatlve

The results in Fig. 2 show a consistent differ-
ence in vertical velocity at the two observation
times. The subsidence rate in the upper tropo-
sphere is greater at 1100 UTC than at 2300 UTC
for the total study area AB and for the two sub-
regions. For the total area and sub-area B there is
also a marked decrease in the subsidence rate at
low levels, aithough this is not evident for sub-
area A. Although the standard error of estimate in
the divergence measurements is high for indi-
vidual upper levels, especially for the sub-areas,
there seem to be some differences in the diver-
gence profiles at the two observation times which
are consistent through several levels. From 2300
UTC to 1100 UTC there is an increase in upper
tropospheric convergence (100-500 hPa), in-
creased lower-level divergence (500-900 hPa) and
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Fig. 4(a) Analyses at 2300 UTC for 3-9 July 1979 for mean sea level pressure (hPa).
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Fig. 4(b) Analyses at 2300 UTC for 3-9 July 1979 for 200 hPa geopotential (m).
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reduced divergence in the 1000-900 hPa layer,
particularly for area B where there is a change
from strong divergence at 2300 UTC to weak con-
vergence at 1100 UTC. Although this last effect is
not so marked in area A, a similar 950 hPa max-
imum in divergence at 2300 UTC is eroded at
1100 UTC with enhanced divergence above. The
time-series of 500 hPa vertical velocities (Fig. 3)
shows that the effect depicted in the mean charts
is a consistent feature with the strongest sub-
sidence peaks occurring at 1100 UTC. A diurnal
variation was evident in the wind measurements
at all the stations, not merely those near the
coast.

January 1979

Monthly mean vertical profiles of divergence and
vertical velocity are shown in Fig. 5. The highest
standard error of estimate for the divergence
measurements was 1.5 X 10~6s~1 at 150 hPa for
the western sub-area. Values in the lower tropos-
phere were less than 0.5 X 1076 s~!. The most
striking feature of the profiles is the strong diurnal
variation, particularly in the computed vertical
velocity. As in July, the changes are not due solely
to local changes near the coast. The wind changes
also occur inland and the divergence profiles are
perturbed through most of the troposphere. The
pattern of low-level convergence and upper diver-
gence at 1100 UTC is almost the converse to that
of July. Divergence profiles for 2300 UTC (Fig. 5)
and 0500 UTC (not shown) have a similar struc-
ture except for weak upper-level convergence
above 400 hPa. The diurnal variation is also evi-
dent in the vertical velocity fields derived from
the operational tropical analyses (see Appendix)
for January 1986 and 1987.

The study region as a whole and the two sub-
areas show a systematic diurnal pattern from
2300 UTC (0800-0900 local time depending on
location) to 1100 UTC (2000-2100 local time).
The western sub-area A shows some difference in
that the descending motion is stronger than in the
other areas at 2300 and 0500 UTC and persists at
1100 UTC. There may be some effect due to the
lag in local time of the observations. Most obser-
vations are nominally taken at the same universal
time, but there is a variation of one and a half
hours in local time across the study region.

Time-series of the 500 hPa vertical velocity
(Fig. 6) show that the diurnal variation is a per-
sistent feature on individual days, although its
amplitude seemed to wane in the second half of
the month, especially in area B. This appeared to
be the more synoptically active period as dis-
cussed below. The daily measurements of vertical
velocity again show fluctuations through the
month that are consistent both within and be-
tween regions. Vertical motion fields for two dates
derived from the operational tropical analyses are
included in the Appendix for comparison with the
line integral values.

Fig. 5
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January 1979 monthly mean vertical profiles of
horizontal divergence (10~ s~!) and vertical
pressure-velocity (103 hPa s=!) at 2300 UTC
(solid lines) and 1100 UTC (dashed lines) for
(a) total study area, (b) western sub-area (A) and
(c) eastern sub-area (B). The profiles of pressure-
velocity at 0500 UTC are also included (dotted
lines). The horizontal bars at 500 hPa indicate
the standard errors of estimate in the mean
values.
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