AIRBORNE
METEOROLOGICAL STUDIES
AT FLINDERS UNIVERSITY

by Jorg M. Hacker and Peter Schwerdtfeger

Presented at the XXT OSTIV Congress, Wiener-Neustadt, Austria (1989)

INTRODUCTION

The atmospheric boundary layer and the processes which
control its structure have been one of the major ficlds of
research interest at the Flinders Institute for Atmospheric
and MarineSciences (F.LA M.S) sinceits foundation in 1972,
MNumerous theoretical and observational studics have been
carried out in this ficld, with field experiments being con-
ducted in several arcas, mainly within South Australia, e.g.
Lyons and Schwerdlieger (1975), Raupach (1976), Coppin
(1977}, Penney (1981) and Chen (1987). Experience from
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thesestudies showed ittobehighly desirableto obtain access
to an airborne observational platform which could explore a
larger region, as well as the nature of specific sites within
then in a relatively short time.

Through thegencrousdonationsof thelate Dr. Don Schultz
of Glen Osmond, 5.A., a retired industrialist who followed
research developments at FLAM.S. with interest, during
1983-1984, the Institute was encouraged to formulate plans
to purchaseand cquip a rescarch aireraft for use inboundary
layer research projects.
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THE AIRCRAFT

Typical planned research projects included the study of
the evaporation from different vegetated surfaces or from
tidal flats and beaches, as well as the study of the structure of
the thermal conveetion patterns cecurring over the hot in-
land regions of Australia. Therefore, it was necessary to
select an aircraft having facilities for safe operation within
confined areas, while in slow, low-level flight but one which
at the same time, would be capable of being operated in
severe turbulence as could be anticipated during low-level
flights over the hot Australian interior.

A dominant limitation on the selection of the aircratt and
its instrumentation were the financial capabilitiesof FLA M5,
to cover not only the capital cost, but its subsequent mainte-
nance, particularly as it was (correctly) foreseen that the
entire two-year development period (including the salary of
the first author) would need to rely totally on private gencer-
osity.

It was decided that a Grob G-109B motorglider would
fulfill all essential operational requirements and still leave
sufficient funds to allow for the installation of comprehen-
sive scientific instrumentation. The G-109B was delivered to
the first author in May 1984 in Germany, and the remainder
of 1984 was used to install and test its basic set of meteoro-
logical instrumentation in cooperation with the DFVLR
(German Acro-space Agency) at Oberpfaffenhofen near
Munchen. [n November 1984, the G-109B was shipped to
Australia, where it arrived in March 1985,

The dimensions and performance of the aircraft are sum-
marized in Table 1.

Aircraft length: .10 m

Wingspan! 17.40 m i
Max, toke-off weight: BT0 ke I
Payload: 200 kg

Trew.: 2

Narmul cruising speed: S0-300 kts 1
Speed range for measurements); 40-100 ks

(- 50 mfa@}

Range: 51000 km
Endurenca: E 10 h |
Ceiling: approx. 5000 m
Climb apeed 2=3 m/fs
Fuel economy: APPTOY ., 13 1/h
Yabie 1: Dimensions and performance of the GROB L100R {

The aircraft can be fitted with a variety of containers for
mounting benecath both wings. The standard wing pods arce
the scientific instrumentation container under the left-nand
wing and an additional fuel tank under the right-hand wing
The additiona! fuel tank can be exchange with a pod for
testing various items of scientific instrumentztion, a video
camera and a unit containing Specializud radiometers.
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The aircraft can operate under VFR/VMC during day and
night everywhere in Australia. Its flying characteristics are
not affected by rain, although not all of the sensors are then
reliably functional. Bven sovere turbulence does not affect
safety aspects, as the G-1098 is designed to stand higher
lcads than normal single-engined aireraft, To be able to fly
certain research missions (forinstance over waler, at nightor
lower than 500 feet above ground level), a number of special
permits have been obtained from the Department of Avia-
tion.

SCIENTIFIC INSTRUME

As mentioned above, the main fold of re
the instrumentation had to be designed was in the conlinu-
ing investigation of the planctary boundary layer and the
physical processes controlling its structure. For this reason,
it wasrequired to be ableto measure the basic meteorological
parameters, such asair temperature, humidity, atmospheric
pressure and wind with a high degree of accuracy. To
monitor vertical encrgy fluxes using the eddy-correlation
method, sensors with a fast response time had to be selected
to yield the desired resolution. For the first three of the
above-mentioned parameters, state-of-the-art instruments
with a proven design were selected, including two PHi00
(platinum wire-based) lemperature sensor {one mounted in
a reverse flow housing and a second one mounted in a
housing optimized for fast rosponse), a Lyman-alpha hu-
midiometer combined with a dew-point system and a
Rosemount Inc. pressure tra nsducer.

To measure the three-dimensional wind vector from an
aircraft, the wind vector relative to the aireraft, the aircraft’s
attitude (i.e. its orientation in space), and iLs position relative
to the carth must be known at any time. The state-of-the-art
method for obtaining this information i te use a combina-
ton of sensors measuring trucair speed, the incidenceangle
of the wind relative to the aireraft and a laser-gyro-based
inertial reference and /or navigation system (IRS/INS). Af-
ter evaluation of various uptions, it was decided to use a fve

htor which

hole probe for measuring the incidence angles of the wind
and its speed. The main reason for this choice lay in the
ruggedness of this systom, its proven performance and its
availability. As the cost of laser-gyro-based [R5/INS was in
excess of A$120,000, an attitude and heading reference sys-
tem (AHRS) using a new sensor technology was chosen
instead. Although this AHRS measures the attitude and the
body acceleration of the aircraft with high accuracy, it is not
accurate enough to determine the inertial movement of the
aircraft by integration of its accelerations for longer than ap-
proximately 2 minutes without external updating. For move-
mentsin the vertical, an algorithi using pressure-altitudeas
additional information, can beused with sufficientaccuracy
Toupdatehorizontal movements, however, more independ-
ent information (position fixing) is required.

Position fixes achieved by visual navigation using land-
marks, such as railway lines, towns, etc. are often too inaccu-
rate or in some cases, even impossible. For example, in the
desert or over water. Also, in Australia some radio navaids
are either not available (for example LORAN-C) or their
coverage is limited, especially for flights at low altitude.

Based on these considerations, it was decided that the in-
stallation of an OMEGA-navigation system was the only
feasible option at the time. The expericnee with the installed
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system has shown that the information from it is not only
usable with certain limitations for wind computations, but is
invaluable as an arca navigation system for scientific mis-
sions and ferry flights.

To improve the accuracy of the navigation, in September
1988 a CPS navigation receiver (satellite-based Global Posi-
tioning System) has been installed. The position fixes based
on this system give a three-dimensional resolution of about
20m which improves the aircraft’s capabilitics to measure
the horizontal wind dramatically. Although the space ve-
hicles required for this system are only available during 8
hours per day at the moment, 24 hour covered will be
available by about 1991.

Two additional parameters of paramount importance for
measurements in the atmospheric boundary layer are the
surface temperaturc of the land or water below and the exact
flying height above the ground. A compact radar altimeter
yields the latter. Since most radiometers for measuring the
surface temperature are rather bulky and heavy, a novel
relatively small unit (Heimann) was preferred which has
proven to be both reliable and sufficiently accurate for all
applications so far.

high-res., static pressure transducer Rosemount 1201F1

barometric sltitede transducer Hogemount 1241M

Rogemount 12210
PL100 (DFVLR)
ithermocouple (metenlab)

indicated airspeed tronsducer
* 2 fast temperalure Sensors

" relotive humidity sensor Vaisala Humicap
= ¢ Lvmon-alpha humidity sensors ALK La-la
EHC BLE

fdew-point mirror system meteolalb TP-35

infrared radiometer for surfece temperafure Heimann KT-15

additional radiomeiric equipment junder development

radar sltimeter King KRA-104

S-hole probe for angle of attack and sideslip DFVLE

2 differential pressure transducers for S-hole probe
Rosemount 1221F2VL
* air dates computer F.I. A.M.5.
providing:
3 true air speed

attitude and heading reference system Collins AHS 85
providing:
» aircraft attitude angles (pitch, roll, heading},

» 3-dim. body accelerations and rates

OMECA/VLF navigation sysiem Litton LTH 3000

providing:

w

aircraft position (latitude, longitude),

» mean horizontal wind vector

w

aircraft ground speed

real time

* GP5 pavigation receiver Trimble TAWS
providing!

» aircraft position (latitede, longitude, sltrtoeded

2 A-d airceraft movement (independent of positioning),

» real time with an scocuracy of p-seconds

video-gysten
consisting of
» 00D video camera Kational P10
y» remote control unit with viewfinder Kational WY-RC335

> portable videao recorder Hational Hv-160

Table ¥ Scientific sensors and subsystems.
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For some applications it is important to have an accurate
record of either the weather conditions or the sppearance of
the area being overflown. For this purpose, a video camera
can be installed at any of several locations on the aircraft,
either on top of the cockpit with a viewing ficld straight
ahcad, or on one of the wingtips, or in a specially designed
pod located underneath the right hand wing with thecamera
looking forward or down.

Finally, it should be mentioned thatone of theadvantages
of the aircraft is that special measurement requirements can
be accommodated by installing the necessary instrumenta-
tion in a separate wing pod fitted to one of the two existing
wing stations,

The sensors and scientific subsystems fitted to the aircraft
and a summary of the accuracy, the resolution and the
estimated response time for the basic measured parameters
are listed in Tables 2 and 3, respectively.

parameter uwunils ingtru- range asbsolute reso- response
ment(s) accuracy lotion Lime
st.presoure hPa a 1050 - A00 0.2 0.1 «0.02 s
press.slt. ft b -1000 - 15004 10 3 <0.07 5
airspesd kts © 36 - 130 3 i, 1 002 s
temperature ¢ d -1¢ - 5O 0.1 0.6 0.1 s
rel.humidity % e 0 - oo 2 .5 0.4 s
gbs.hom.  g/m*=3 1 0o~ 40 0,3 0. N
dew paint o _40 - 30 b0 0,05 0.1 =
pitch deg  } ~80 - 80 I 0.00%  <0.05 5 |
roll dog a1 ~150 - 150 L o, uns 05w |
leading dug J 0 - 380 1 0.as .05 =
aceelerations o J -5 - 5 0,085 00403 .05 =
wialr} mic bchij -1t - 10 0.5 «0,1 0.1 =
surface temp. ‘( k -25 - 75 1.0 .1 <10 =
radar alt. fit | 0 - Z500 ] 3 0.2 s
u,viairt m/a chijm 0 - 4G L) | 0.4 =
8! high-res, static press, transd, h: 5-hcle probe
b: pressure altitude transducer ir diff. press. transd.
c: indicated airspeed transducer Jr att.& hdg. ref. system
d: temperature sensors k. infrared radiometer
2! Vaisala Humicap 1: radar altimeter
Lyman-alpha humidiometers m: OMEGA/VLF navy. ovatem
g dew-point mirror system n: GPS novigation svatem
Teble 3: Measured parameters.

As the data-logger which was used during the test flights
in Germany was not retained, a new data acquisition and
logging system was designed and built at F.LAM.S. and
especially tailored to givea widerange of users of theaircraft
a reliable, casy to use and powerful means to sample, pre-
process, display and log the measured parameters in flight
and on the ground. This system enables the pilot and/or
mission scientist to process and view the sampled parame-
ters on-lineon a 7" graphics monitor in the aircraft and, thus,
decide already during the flight if certain alterations of the
flight procedures are required.
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RESEARCH ACTIVITIES

The first measurements made on a regular basis were the
carly morning temperature soundings during the National
Gliding Championships at Gawler in January 1986. They
proved to be an excellent test for more scientifically orien-
tated flights, as numerous problems with the instrumenta-
tion could be rectified.

The first scientific flights followed during February and
March 1986 for the Co-operative Sca-breeze Project over
Adelaide in which the Regional Office of the Burcau of
Meteorology and the 5.A. Dept. of Environment and Plan-
ning participated. The study was aimed at a better under-
standing of the sea-breeze circulationin the Adelaide region.
As the measurements required flights crossing the approach
path into Adelaide Airport and flights lower than normally
permitted over the eity, special procedures and dispensa-
tions were negotiated with the Regional Office of the Dept. of
Aviation, without whose very friendly cooperation many of
the following research projects would not have been pos-
sible. For these flights the instrumentation of the aircraft was
still very “fragile” and encountered many break-downs,
some valuable first results were achieved.

The next ficld project was a pilot study for planned major
research work in the Upper Spencer Gulf region in South
Australia. Spencer Gulf has no source of fresh water at its
head, and strong evaporation at the large tidal flats and
beaches there has to be balanced by an inflow of sea water
through the mouth of the Gulf, leading it to be aptly de-
scribed as an “inverse estuary.” To establish a saltand water
balance of the Gulf, evaporation needs o be accurately
ostimated, a difficult problem with traditional methods.
Thercfore, an attempt was made to measure the vertical
energy fluxes including evaporation of typical arcas of the
Cull waters, tidal flats, beaches and the surrounding coast
using the aircraft and its “mobile” eddy-correlation instru-
mentation. The flights and ground-based mcasurements
weremade in March 1986 showed that by farthe largest rates
of evaporation occurred over the tidal flats and beach areas
with very low evaporation from the cooler Gulf waters
themselves and decreasing values toward the dry inland
where sensible heat fluxes became dominant. Detailed re-
sultsofthis pilot studyare givenin Hacker etal. (1988), Based
on these results, a series of further field experiments was
carried out in 1987 and 1988 (see below).

For several years, F.LAM.S. researchers had maintained
an interest in the micro-climatological and micro-meteoro-
logical consequences of the clearing of native bush during
the conversion of Eyre Peninsula in South Australia into a
great grain producing region, a program of regional meas-
urements (Schwerdtfeger, 1986). With the availability of the
aircraft, more intense studies became feasible. First, a pilot
studyoflocalconvective phenomena was carried out inearly
April 1986 (Williams, 1987, 1989). These first results were the
starting point of a serics of field experiments in the area
which attracted the cooperation and involvement of several
Divisions of the CSIRO, The first half of a major juint study
took place in February and March 1988; the second one is
planned for the summer 1988/89,

A most demanding rescarch project was embarked upon
in April and May 1986, being the study of the evaporation
from the Coral Sea in the vicinity of John Brewer Reef 40nm
northeastof Townsvillein Queensland. Thestudy wasajoint
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project with the Dept. of Geography of the University of
Tasmania in Hobart and had some logistic support from
James Cook University in Townsville. The main aim of the
study was to establish the representativity of evaperation
measurements using bulkacrodynamicmethods, based upon
data obtained on a moored platform within John Brewer
Reef lagoon, of the whole area around the reef. The study
took place in cognizanceof theoverall aims of the world wide
TOGA experiment (Tropical Oceans and Global Atmos-
phere) of which one sub-experiment deals with the evapora-
tion from the tropical ocean.

This study was a demanding test for the small rescarch
team. The aircraft, its sophisticated instrumentation, and
required ground equipment were operated remotely from
the back up facilities located in Adelaide. [t had to be flown
under quite hazardous conditions low over theocean and up
to 40nm off shore. This required another setof special proce-
dures and dispensations from the Dept. of Aviation, for
instance, thecarrying of alife-raft, which was madeavailable
from the Royal Australian Air Force. The low-level flights,
down to 50ft. (15m) under high wind conditions (up to 30kt)
over the open ocean, even partially affected by sea spray,
were a severe test for the ruggedness of the sensors. The
aircraft itself had to be thoroughly hosed down after each
flight to remove the salt crust from the wings and the
fuselage.

The flying itself was highly exciting, as the typical mission
required a take off from Townsville at first light in the
morning, with low level cloud over the ocean over which the
sun was rising. After a flight of about twenty minutes, the
reefappeared through the holes in the cloud. The coral reefs
in the turquoise water offered a fantastic view from the
aircraft and werea worthwhile reward for the effort put into
the preparations for the experiment.

Although all instruments and systems had worked per-
fectly during the experiment, the sct back came a week later
back home in Adelaide, when the hard disk of the ground
system failed during transcription resulting in the loss of
about80% of the unique data. Unfortunately, lack of funds at
the time had made it impossible to back up. However, the
remaining 20% gave some valuable insight into the effects of
thereefon evaporation and showed clearly the usefulness ol
the aircraft as a research tool for this kind of investigation. A
repeat study was completed successfully in 1987.

InSeptemberand October 1986, the first part of the Austra-
lian Monsoon Experiment (AMEX) took place inand around
Weipa on Cape York Peninsula in Far North Queensland.
The aim was to study the development and the life cycle of
North Australian cloudlines which form in the dry season
over Cape York Peninsula and move westwards across the
Gulf of Carpentaria. The planned task for Flinders” aircraft
was to intercept the eveolving cloudlines over the eastern
parts of the Peninsula and trace them during their westward
travel, but out of the blue bureaucratic trouble hit the opera-
tions and the aircraft was grounded indefinitely - in one of
the most remote corners of the continent. The precise reasons
forthis were never revealed, but wereclearly connected with
the unusual classification of the G-109B as a motorglider.
With only a temporary “field” telephone available, negotia-
tions with Canberra were painfully difficult and 12 days
elapsed before the aircraft was permitted back into the air.
This did, however, not help much, as due to the fact that the
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aircraft and especially its inboard instrumentation had sat
unprotected in hot, humid conditions for so long, the suc-
cessful correction of the attendant problems coincided with
the end of the organized experiment. Back in Adelaide, all
problems were quickly resolved and since then, neither
bureaucratic nor technical problems have occurred during
any of the following operations.

Based on the encouraging results from the first part of the
Co-operative Sea-brecze Project over Adelaide carlyin 1986,
a second part was scheduled for the summer 1986/87. Sev-
eral flights took place over the city and off-shore over the
Gulf of 5t. Vincent and intense ground-based observations
were made by the Bureau of Meteorology. A publication
covering both parts of thestudy is in preparation. Of particu-
lar interest was the discovery that occasionally a very shal-
low layer of only a few tens of meters depth evolves over the
Gulf, which decouples the rather strong sea brecze influence
from the wind justabove the sea surface. This potentially de-
ceiving phenomenon canlead to forecasts of strong winds at
the surface with reports from boats revealing nearly calm
conditions.

In January 1987, the World Cliding Championships and
the 20th OSTTV Conference took place at Benalla in Victoria.
The G-109B and its instrumentation was, apart from being
used for the early morning temperature soundings, demon-
strated to a large international community of scientists deal-
ing with airborne meteorological research. Some results
from earlicr studies were presented during the Conference
sessions,

The first full involvement of the Flinders rescarch team
with a more hydrologically orientated study came in Febru-
ary 1987, when the group joined researchers from the CSIRO's
Division of Water Resources (Adelaide and Perth) to inves-
tigate evaporation from arcas covered by different types of
vegatation in the Murray-Darling Basin near Wentworth,
NSW. The ground-based measurements were made using
ventilated chambers and chemical, piezometric and isotopic
techniques. A publication describing the results of the study
151N preparation.

A second field phase of the Upper Spencer Gulf study was
carried out in April 1987, and a third, and for the momaent,
final ficld phase in February 1988, under much more favor-
able weather conditions. Results from both field phases
confirm the preliminary findings of the pilot study in 1986,
but have yielded much more detail.

South Australia is often referred to as the “driest state in
the driest continent” and so the investigation of all possible
sources of fresh water should be of paramount importance
here. [tis, therefore, surprising that the second largoest sur-
face water resource in the state, the Cooper Creck and the
Coongie Lakes system in the far north, has been barely
investigated in the 140 years since its discovery. With the
generous support of Santos and Lloyd Aviation, companies
which made their facilitics at Moomba available, the Flinders
research team was able to explore the meteorological and
hydrological peculiarities around the Coongie Lakes. In May
and in December 1987, two one-week pilot studies were
carricd out in preparation for more intense investigations
planncd for 1988-90. Results from the May sludy have al-
ready led to a publication describing interesting phenomena
(Hacker, 1988). Another ex pedition to this arca was madein
the summer of 1988/89, yielding more comprehensive re-
sults.
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The most exciting project in the summer of 1987 /88 was,
atleast from the operational side, a study of the ‘Gully wing’
whichisa wellknown vigorous, nocturnal down-slope wind
on the western side of the Adelaide Hills. The project was
another study carried out in co-operation with the Regional
Office of the Burcau of Meteorology, which contributed
ground-based observations. Missions were flown every three
hours throughout the whole night across the Adelaide Hills
giving spectacular views to the pilot and observer of the G-
109B. Early results supported a theoretical hypothesis and
the findings of a numerical study of the generation and
structure of the ‘Cully wind’,

During December 1988 to February 1989, numerous trav-
erses were flown through strong sea breezes in the Coorong
area of South Australia. These flights, initiated by a visiting
scientist from Germany (Prof. Helmut Kraus, University of
Bonn), led to exciting new views of secondary circulations
within sca breeze fronts never before measured by airborne
methods. A thorough evaluation of these data is in progress.

Photographs of the instrumentation, and some examples
of results from the various research projects are given in the
Appendix.

CONCLUSION

Although the small research team which operates the G-
109B at F.I. A.M.S5. had to overcome many financial, technical,
operational, burcaucratic obstacles and set backs during the
last four years, the rescarch scen as a whole has proven to be
very valuableand, for the members of the group, most of the
time quite enjoyable. The research team has proven that it is
possible to achieve high quality data sets and scientific
findings with a very moderate level of funding. The aireraft
itself has proventobea very reliableand extremely economi-
cal vehicleand its small size has only in a very fow cases been
aseriousrestriction. Theinstrumentation has proven its high
quality by comparing the measurements with independent
obscrvations, as well as its ruggedness under hazardous
conditions like low flying over the open ccean under high
wind conditions or under very dusty and hot conditions in
Australia’s interior in summer.

The Grob has become an indispensable rescarch tool for
meteorologists at F.LA M.S. and demonstrated its value and
reliability by yiclding results which under most circum-
stances could not reasonably have been obtained in any
other way, particularly in extending the range and rate of
monitoring in remote, inaccessible and non-uniform envi-
ronments. There is no other way in which a sophisticated
instrument-package can betransported while fully assembled
and “ready to go,” together with its seientific operators and
utilized immediately on arrival at an area proposed for in-
vestigation. Theaireraft constitutes theideal brid ge between
local and remote sensing and offers many, otherwise carth-
bound meteorologists to sense physically (and personally)

atmospheric variations in space and time.
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APPENDIX
L. Photographs of the aircraft and its instrumentation.

Luggage bay of the G 109B. Units from left to right: Dala
acquisitionsystem, emergency locator beacon, receiver/
processor unit of the Omega/VLF navigation system,
attitude and heading reference system.

2. Some examples of typical results from the field expen

ments.
Promy "Hea-kyeoee
| e s hsmtaly e e R
| —Ww.)“"u“h',‘.\l\;,‘\, o - ,'m,«”._f—)*»‘»-"\__w__ll_.w i
Instrument panel of the G 109B. The basic flying in- | S Ry g, | e ks I
struments are located on the left-hand half of the panel R L i
(lefttoright, toprow:air speed indicator, radiomagnetic I R

i s

indicator, artificial horizon, turn and bank indicator; T = T
botlom row: engine RPM indicator, variometer, altim- o i
cter, radar altimeter). The display of the Omega/VLF
navigation system is located at the top of the center
pancl with the two communications transceivers and ~ FIGURE 1. Traverses through a sea-breeze front on 13
the VOR receiver underneath. The graphics screen for  January 1989 at two altitudes: 35m AGL (left), 350m
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AGL (right). The series shown from botom to top are:
Topography as measured from the aircraft; specific
humidity; potential temperature; vertical wind w; wind
components perpendicular (v) and parallel to the front
(u); horizontal wind vector. Thecoastisat Okm, the front
is moving from lefl to right.
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FIGUREZ2, Cross-sections through a shallow sca-breeze
on 24 January 1989 showing the fields of potential
temperature (top) and specific humidity (bottom). The
dotted linesinthelowerdiagramindicate theindividual
aircrafl traverses. For further details, see text. Note that
the abscissa is different from the one in Figure 1.
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FIGURE 3, As Tigure 2, but for the wind components.
Top: vertical componentand component perpendicular
to the front; bottom: horizontal components. The dots
show the regular grid onto which the original data was
interpolated. For further details, see text.
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FIGURE 4. Vertical cross-section of the latent heat flux
during the morning of 2 December 1988 over Lake
Toontoowaranie. The two series at the bottom show the
surface temperature and topography of the underlying
surface as measured from the aircraft. For further
details, see text.
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FIGURES. As Figure 4, but for midday of 1 December
1988.
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