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A ground truth station has been established at Darwin to provide data required for
the Tropical Rainfall Measuring Mission (TRMM) of the National Aeronautics
and Space Administration (NASA) and the Tropical Oceans and Global
Atmosphere (TOGA) project of the World Climate Research Programme (WCRP).
Darwin is situated in northern Australia in a monsoon environment typical of that
experienced throughout the maritime continent of SE Asia. It will provide a
monsoon data set to complement those data obtained already during the Global
Atmospheric Research Programme Atlantic Tropical Experiment (GATE), Winter
Monsoon Experiment (WMONEX), Australian Monsoon Experiment (AMEX)/
Equatorial Mesoscale Experiment (EMEX), and the continuing TRMM data being
collected at Kwajalein and Florida.

The Darwin station consists of a National Oceanic and Atmospheric Adminis-
tration (NOAA)/TOGA Doppler radar, full upper tropospheric soundings every 12
hours and wind soundings every 6 hours, a mesoscale raingauge and surface
observing network operating in a continuous monitoring mode for the 1987/88 and
1988/89 summer monsoon seasons. Shorter special observing periods, which are
the primary focus for the observation program, are providing rainfall and radar data
sets comparable to those obtained during GATE.

The climatological features of the Darwin site are described, together with
examples of the large variety of oceanic and continental weather systems which
occur. Spatial and temporal characteristics of rainfall occurring within the area are
characterised using radar data obtained during AMEX. Specific research objectives

of the Bureau of Meteorology Research Centre (BMRC) are outlined.

Introduction

Approximately two-thirds of the total global
precipitation falls in the latitude band from 30°N
to 30°S. This precipitation is important because
the latent heat release associated with it is the
source of energy for equatorial circulations and
mid-latitude systems, as well as acting as the
balance for global radiative heat losses. Under-
standing climate anomalies (Horel and Wallace
1981) and improvement in numerical weather
prediction also require knowledge of the interac-
tions involved in equatorial latent heat release.
Yet, knowledge of the tropical rainfall is limited.
Observations of rainfall are extremely difficult to
obtain over the data sparse tropical oceans and
land areas. Remote sensing through satellite
based visible and infrared measurement and
using passive microwave techniques has been
applied. Such approaches typically encounter
problems with the present technology.
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The purpose of TRMM (Simpson et al. 1988),
which is a US and Japanese program, is to obtain
a minimum three-year data set of 500 X 500 km
scale, monthly-averaged, estimated rainfall rate
probabilities in tropical regions using satellite
based instrumentation to be launched in the
mid-1990s. The program involves development
of new rainfall measuring techniques using both
satellite (Simpson et al. 1988) and ground-based
approaches and gathering of data sets suitable for
diabatic installation of weather forecast models.
A comprehensive ground truth program is also
being conducted in collaboration with TOGA.

The TRMM ground truth mission (Simpson et
al. 1988) includes the objective of determining the
time dependent three-dimensional structure of
tropical precipitation and rainfall amounts from
spatial scales less than 1 km up toa 100 000 km sq
area for a one month time period. To date, ground
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truth data on tropical rainfall has been limited to
short period field experiments, e.g. GATE and
AMEX/EMEX. In addition, these data have not
been collected at locations representative of the
entire global regime. To this end, NASA, NOAA
and BMRC have established a TRMM ground
truth station at Darwin, Australia to obtain a
climatology of convection and total rainfall
indicative of the monsoon climate and the
maritime continent. This will provide a unique
opportunity to collect data on the wide range of
tropical oceanic and continental weather
phenomena affecting the climate of northern
Australia.

The data collected in Darwin will be used
initially in support of pre-TRMM studies. The
aim of these pre-TRMM ground measurement
studies are to:

(a) Undertake rainfall measurement and verti-
cal profile comparisons relevant to
spaceborne radar/radiometer techniques,
and

(b) Undertake rainfall measurements on the
scales relevant to the satellite mission.

The ground truth program is difficult because
accurate measurement of precipitation is not
easy. Even simple raingauges are affected by wind
and local shielding. A variety or combination of
sensors will therefore be evaluated in the pre-
TRMM studies at various representative sites in
order to optimise the ground-truth strategy and
increase the overall accuracy.

The purpose of this paper is to describe the
TRMM related program established at Darwin.
Planetary and synoptic scale aspects of the
Darwin climate are first reviewed and the
relevance of this climatology to the TRMM
program is discussed. Of special relevance to
TRMM are the convective and mesoscale charac-
teristics of the rainfall. Spatial and temporal
characteristics of the Darwin area rainfall on
these scales are therefore presented and discussed.
Radar data obtained during AMEX are used for
this purpose. Such mesoscale climatological infor-
mation on the rainfall at Darwin has never been
presented and it is vital to the TRMM
observational program. The planned obser-
vational procedures, special equipment, and the
overall research program are then presented.

Climatology of the northern
Australian monsoon

- Northern Australia lies at the southern edge of the
maritime continent, within the largest source of
latent heating around the globe. It experiences a
classical monsoonal climate described in detail by
Holland (1986) with a sudden wind flow reversal
from low-level easterlies during the winter to
summertime westerly flow. The onset of the

active period, when rainfall and low-level equa-
torial westerly flow occur, is normally during late
December, with the retreat to easterly flow and
dry conditions usually during late February or
early March. Break periods, when low-level
subtropical easterly flow is again established, also
occur during the summer period. On average, 20
per cent of the season experiences this break
condition and there are two to three active
westerly flow phases per season, with a mean
period between active phases of 40 days. There is
a close relationship between low-level westerly
flow at Darwin and rainfall over northern Aus-
tralia (Holland 1986). In the Darwin region,
however, thunderstorm and ‘squall line activity
during the pre-monsoon (October to December)
transition season contribute up to 30 per cent of
the total rainfall (Nicholls et a/. 1982). Consider-
able interannual variability in the strength and
duration of the summer monsoon also occurs at
Darwin.

The rain-producing systems during both the
transition and wet season include oceanic cloud
clusters and equatorial cloudbands, maritime-
continent island thunderstorms, ‘pop-corn’
cumuli and continental tropical mesoscale con-
vective complexes, north Australian cloudlines
and tropical squall lines, monsoon depressions
and tropical cyclones. These continental and
maritime systems provide a range of convective
and mesoscale structures and undergo distinct
lifecycles ranging from the diurnal time scale to
that associated with synoptic scale organisations.
Interactions with subtropical flow appear to be
particularly important (Keenan and Brody 1988).
At Darwin there is considerable variability in the
occurrence of these systems from season to
season,

The Darwin observing system and
observational program

The Darwin ground truth site shown in Fig. 1
consists of the NOAA/TOGA Doppler radar, a
mesoscale network of raingauges and a rawin-
sonde. Within 150 km of the site there is
approximately 48 per cent coverage of the ocean,
43 per cent coverage of the mainland and 9 per
cent coverage of tropical islands. The site there-
fore offers a variety of continental and oceanic
regimes within the observing domain.

The radar and associated climatological rainfall
network is being operated from 1 November to 30
April to observe the 1987/88 and 1988/89 wet
seasons. At least two seasons of full data are
considered essential given the natural inter and
intra-seasonal variability of rainfall observed at
Darwin. In order to complement the radar and
rainfall programs described below, full upper
tropospheric thermodynamic soundings are being
taken every 12 hours and wind soundings every 6
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hours. Supplementary data will be available from
the Bureau of Meteorology surface network.
Characteristics of the NOAA/TOGA Doppler
radar are given in Table 1.

The observational program consists of continu-
ous climatological data collection supplemented
with Special Observational Periods (SOP) in
support of the scientific objectives. During SOPs
the radar is used in support of specific
observational programs designed by project prin-
cipal investigators, subject to the constraint that
the TRMM climatological program is not
compromised.

Three SOPs of 3 weeks duration were conduc-
ted during 1987/88. One for the study of tran-
sition season thunderstorms and maritime conti-
nent thunderstorms during early December and
two for monsoon studies during January and
February 1988. During SOPs the radar
observational practice was optimised for the
scientific objectives outlined. For these periods

Fig. 1 The Darwin radar site and associated rainfall network.
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Table 1. Technical characteristics of the NOAA/TOGA Doppler
Radar

Antenna
Size 2.4 m diameter full paraboloid
Beamwidth approximately 1.65 degrees
Gain 39dB

Azimuth Speed

Elevation Speed
Transmitter

Pulse magnetron oscillator, peak power 250 kW

0to 3 rpm
0 to 15 deg/sec

Pulse width 0.5 to 2 microsec

Pulse rates 400 to 1200 Hz

Frequency 5600 to 5650 MHz
Receiver

Balanced coaxial mixer
Minimum Detectable Signal -112 dBm

Computer
Hewlett Packard 1000A900 1.5 MB of memory
132 Mb hard disc and CS 80 cassette
9 track, 1600 bpi tape drive
Displays
40 cm colour monitor
Conventional PPI and RHI
System control Keyboard

continuous operation of the radar was essential.
The SOPs and climatological program were co-
ordinated to provide as much attended operation
of the radar as possible.

During 1987/88 SOPs the radar operated in a
predefined operational mode summarised in
Table 2. This mode of operation enabled the
following objectives to be fulfilled:

(1) Quantitative estimation of precipitation
rates using the high accuracy 5-minute base
scan data available on pseudo constant
altitude surfaces;

(2) Monitoring of the convective components
of precipitation for rain cell tracking
(5-minute base scan data);

(3) Three-dimensional structure of the.precipi-
tating systems from the convective to
mesoscale using the 5 to 15-minute interval
volumetric scan data;

(4) Monitoring of the stratiform component of
precipitation at 15 to 60-minute intervals
using the Extended Velocity Azimuth Dis-
play (EVAD) method of Srivastava et al.
(1986),

(5) Deriving statistics of vertical motion using
EVAD and vertical sounding data.

These SOP data complement and extend those
obtained during GATE where non-Doppler data
were obtained at a similar temporal and spatial
resolution and for the same total duration.
Continuous data collection during each SOP is
vital to fulfil the overall scientific objectives.

For the remainder of the observing period the
radar operates as summarised in Table 3. During
this climatological mode the main aim is to obtain
sufficient data for rainfall estimation (5-minute
base scan) from the radar. The hourly volumetric
samples also provide documentation of the
climatological structure of the ‘ precipitating
systems.

Table 2. Radar scan during special observing periods

Tilt Sequence ; Frequency
Mode (degrees) Number of Tilts (minutes)
Dz 0.8t0 4 3 5
DZVOS 0.8 to 25 12 5-15
EVAD 30 to 60 7 15-60
VERT 90 1 15-60
DZ Doppler/Reflectivity Data
DZVOS Doppler/Reflectivity Volumetric Scan

EVAD Extended Velocity Azimuth Display of Srivastava
et al. (1986)"

VERT Vertical Sounding of Doppler and Reflectivity of
3 minutes duration.

Table 3. Radar scan sequence during climatological
observational periods (abbreviations as in Fig, 2)

Tilt Sequence 3 Frequency
Mode (degrees) Number of Tilts (minutes)
DZ 08to 4 3 5
DZVOS 0.8 to 25 12 60
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Radar derived rainfall rates will be calibrated
using the raingauge network shown in Fig. 1. The
climatological network of six gauges operates
throughout the entire observing period. The
upgraded mesoscale network of 26 stations is
utilised during SOPs. Based on the results pre-
sented by Wilson and Brandes (1979), the overall
accuracy of storm derived rainfall totals during
SOPs should be in the range of 10 to 25 per cent
within 100 km of the radar.

Long-term calibration of the radar is essential
and is maintained by real-time monitoring and
quick post-analysis procedures. Absolute cali-
bration using tethered spheres of known cross-
section and real-time electronic bench
calibrations are also used to maintain quality in
both Doppler and reflectivity measurements.
Comparison of radar echo strength with rain-
gauge measurements and analysis of Doppler
EVAD derived divergence fields form part of the
on-going analysis quality control procedures.

All data collected during the observational
program are forwarded to the TRMM ground
truth group at NASA Goddard Space Flight
Center. These data will be used there to produce
5-minute maps of rain intensity and echo top
heights, using radar and raingauge data; study the
vertical reflectivity profiles; study the structure
and evolution of the convective raincloud sys-
tems, as compared with three-dimensional
numerical model results; and compare the
observed rain intensities to observed passive
microwave data as obtained by the SSM/I (special
sensor microwave/imager) satellite. These tasks
are essential for the development of the rain
algorithms planned for TRMM.

Some radar characteristics of
tropical convection at Darwin

Radar data collected during AMEX have been
analysed to obtain the climatological character-
istics of tropical storm activity at Darwin. These
data were collected with a WF44 10 cm radar with
a 3 degree beamwidth, sited at the Darwin
Airport, approximately 7 km northwest of the
NOAA/TOGA site. Details on the AMEX radar
observing system are given by Martin er al
(1988).

As discussed previously, the climate of Darwin
includes a transition season at the beginning and
end of each summer monsoon and active and
break periods within the summer monsoon. In
order to gain an understanding of the character-

istic behaviour of the convection within each of’

these regimes, radar echo frequencies have been
derived from AMEX data for representative
periods. This analysis represents a sample from
one season and so caution should be exercised in

generalising from the results. However, the
AMEX period was not atypical and the results are
expected to be representative of those experi-
enced at Darwin.

AMEX Phase 1 data (21 October 1986 to
7 November 1986) were used to represent the
transition season. It should be noted that the
AMEX 1 period represents an early phase of the
transition season. Typically, storm activity is
further enhanced closer to the monsoon onset.
AMEX Phase II (12 January 1987 to 15 February
1987) data were subdivided into convectively
active and inactive periods on the basis of GMS
satellite observed cloud coverage from a 5-degree
latitude-longitude square centred at 12.5°S and
131.25°E. The daily average of the percentage of
high cloud (PHC), i.e. percentage of pixels with
black-body temperatures less than —55°C, was
deduced over this area. Days with the PHC
greater (less) than 15 per cent are used to represent
active (inactive) periods. This procedure pro-
duced 19 active and 15 inactive days for analysis.
The radar data were then analysed to obtain the
percentage of echoes observed in 2 km range bins
at 1 degree azimuth steps, every 3 hours using a
2-hour averaging period, for each category. To
eliminate ground clutter, echoes within 50 km of
the radar site were disregarded in the analysis.
The radar data were not corrected for the effects
of anomalous propagation. Where relevant, the
effect of anomalous propagation will be noted. It
should also be mentioned that the 3° beamwidth
of the radar is not ideal for this analysis. The
combined effect of the increase in altitude and
size of the volume sampled by the radar at longer
ranges makes accurate estimation of rainfall rates
difficult.

Transition season

The mean variation in echo frequency during the
transition season, shown in Fig. 2, is linked
strongly to the diurnal cycle over the land.
Oceanic echoes are observed infrequently at this
time of the year.

The typical cycle consists of the development of
echoes over Bathurst and Melville Islands to the
north of Darwin after local noon. These echoes
are associated with the ultimate development of
maritime continent thunderstorms observed
throughout this region of the world. The develop-
ment cycle is quite marked. Initial echoes are
observed along the southern edge of Melville and
Bathurst Islands. Not all echoes are of meteoro-
logical significance. Anomalous propagation is
also thought to contribute to the high echo
frequency along the coastal zone. Nevertheless,
satellite data indicate initial cloud development
in this area and this is consistent with conver-
gence from the onshore easterly flow enhanced by
asea-breeze circulation. By 1530 LST (not shown)
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the echo returns are more widespread across the
centre of Melville Is. This may be the result of
sea-breeze convergence from both the northern
and southern sides of the island. At this time,
thunderstorm activity is most often observed over
the two islands. Following the initial thunder-
storm activity, propagation of squall lines is
observed to occur to the northwest of Bathurst Is.
By 1830 LST the initial thunderstorm activity has
typically finished, although echoes are still
detected as evident from Fig. 3. Investigation of
these thunderstorms will represent a major
component of the 1988/89 field program, as
discussed below.

Over the Australian mainland the typical cycle
consists of the afternoon development of conti-

nental thunderstorms to the south of Darwin.
These continental storms are embedded in a dry
trade wind easterly flow that has traversed central
Australia. The development therefore occurs in a
very different environment from that existing for
the maritime continent thunderstorms observed
over Bathurst and Melville Islands. These storms
tend to cluster over the ranges to the south of
Darwin and develop from 1830 LST to 2130 LST.
The area of the echo frequency maxima is near the
Tabletop and Ringwood Ranges which, as shown
in Fig. 1, form part of a series of ranges extending
from the northwest to the southeast,
approximately 100 km south of Darwin.

The continental thunderstorms are observed
throughout the night. Squall lines can originate

Fig.2 Percentage occurrence of radar echoes greater than 15 dBZ during Phase I AMEX at Darwin at 1230, 1830, 0030 and 0630 LST.
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from these complexes south of Darwin and
from the escarpment region to the east. Such
systems often propagate towards Darwin during
the night. Anomalous propagation of the radar
signal is observed during the early morning period
and it contributes to maxima in echo frequency
south of Darwin and over Bathurst and Melville
Islands between 0300 and 0800 LST (not
shown).

Summer monsoon

The diurnal behaviour and spatial characteristics
of the convection in the vicinity of Darwin for the
inactive and active phases of the summer mon-
soon are summarised in Figs 3 and 4. Widespread

convective activity, likely at all locations through-
out the day, occurs during the active period.
Active period echo frequencies are double that
observed during the inactive periods. During the
inactive period, the location of the echoes is
related better to the diurnal cycle and constrained
spatially. However, both periods exhibit a strong
diurnal variation in echo frequency.

The diurnal variation consists of a build up toa
maximum frequency in oceanic echoes during the
morning, between 0330 LST and 1230 LST,
followed by a mid-evening maximum in the
continental echo frequency at 2130 LST. At this
latter time, the frequency of oceanic echoes is at a
minimum.

Fig. 3 Percentage occurrence of radar echoes greater than 15 dBZ during inactive conditions of Phase Il AMEX at Darwin at 1230, 1830,

0030 and 0630 LST.
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