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FOREWORD

The Fourth Combined Manufacturers' and Technologists' Conference was hosted jointly by
NASA Langley Research Center (LaRC) and the Federal Aviation Administration (FAA) in
Williamsburg, Virginia on April 14-16, 1992. The meeting was co-chaired by Dr. Roland Bowles
of LaRC and Robert Passman of the FAA. Dan Vicroy of LaRC served as the Technical Program
Chairperson and Carol Lightner of the Bionetics Corporation was the Administrative Chairperson.

The purpose of the meeting was to transfer significant ongoing results of the NASA/FAA
joint Airborne Wind Shear Program to the technical industry and to pose problems of current
concern to the combined group. It also provided a forum for manufacturers to review forward-
look technology concepts and for technologists to gain an understanding of the problems
encountered by the manufacturers during the development of airborne equipment and the FAA
certification requirements.

The present document has been compiled to record the essence of the technology updates
and discussions which followed each. Updates are represented here through the unedited
duplication of the vugraphs, which were generously provided by the respective speakers. When
time was available questions were taken form the floor; if time was not available questions were
requested in writing. The questions and answers are included at the end of each presentation. A
general question and answer session was conducted at the end of each day and is included at the
end of report along with closing remarks. :
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NASA/LMSC Instrument Design & Fabrication
Questions and Answers

Q: Bob McMillan (Georgia Tech) - Unless it has been improved lately, the NOAA LIDAR has
had some problems maintaining alignment. Specifically, it is difficult to keep the receiver spot and
the local oscillator single mode pattern aligned on the detector. How are you going to be able to
solve these problems considering that your LIDAR operates in a harsher environment?

A: Russell Tsrg (Lockheed) - Itis a two part question, one part pertains to the laser thét we
built with United Technology, the other part is the design of the laser that we are building with
CTI now. The laser that we are presently operating on the NASA aircraft is a CO2 laser that

resides in a monolithic aluminum shell. The laser itself has very carefully designed mirrors, and 4
low center of gravity. The mirror spacing and alignment of the laser cavity is actively measured
and compensated for. We are not troubled with problems of thermal drift because the laseris
water cooled with a very carefully regulated chiller and any residual motion is taken out by the —
active frequency stabilization. The cavity is carefully controlled with regard to its expansion by
the chiller and the alignment of the inner phorometer doesn't change once this thing has come up
to equilibrium. This is a fair question, recognizing that we have a meter long aluminum block and
aluminum should basically be considered as butter if it is sitting out in the atmosphere. But the
ordinary commercially available chiller is able to maintain the temperature even in the harsh
environment of the cargo bay to within a quarter degree centigrade. Our experience is that even -
in that terrible environment where the air temperature is varying over 20 degrees centigrade we -
are able to maintain the system in alignment for the duration of a flight. The reason that we are _
having better success than the NOAA laser, which has done yeoman service for many years, is =~
that the mounts of the NOAA laser are basically lollipop kind of mounts, up on stands, using
commercial equipment. That laser is indeed maintained by several PhD's who have grown up and

lived with the laser. Where as, ours is designed specifically to have very stable operation.

Q: Kim Elmore (NCAR) - How mature is laser technology compared to the set it and forget it
state of radar technology? When will such a system be commercially available? How will this
system compare with radar system costs? How sensitive is such a system to the degradation from
bugs and dirt that would get on the window? How much power does it consume?

A: Russell Targ (Lockheed) - Well radar technology is 50 years old and laser technology is 30
years old. So, radar technology is more mature. On the other hand, there are things that a 30
year old can do that a 50 year old can't do as well. There are hundreds of thousands of lasers in
CD players and tens of thousands of lasers in supermarkets and thousands of laser range finders in
tanks, none of which get any maintenance at all. The supermarket checker does not have to touch
his laser scanner, the GI in the tank does not have to touch his laser range finder. So, a lot of
progress has been made in the optimechanical design of laser radar systems and laser systems are
in general. It took about a decade for people to realize how you build kinematic mounts and
apply them to lasers, how you provide frequency stabilization, and how you solve those kinds of
problems. T would say that with regard to many laser systems they have achieved the set it and
forget it technology. When will such a system be commercially available? I presume that such a
system pertains to an airbomne laser radar for wind shear measurement. The system that I showed,
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which is a 200 pound, kilowatt consuming, CO? system, is not intended as a commercial system
for the world airline fleet. I think that would not be a sensible application. We are developing
together with CTT a two micron system that would meet the same performance requirements as 1
described earlier. That system will be certified we anticipate in 1995 and available for sale at that
time. How will this system compar¢ with radar system costs? I of course have no idea what
radar systems cost. We have spoken to a number of airline executives and they have described
what they would consider as an acceptable price for a solid state laser system that can measure
wind shear as well as clear air turbulence. We are able to build a system and sell it for prices that
airlines consider acceptable. If you need more information there are two people here from
Lockheed Austin Division who will be happy to discuss it with you and take your order. How
sensitive is such a system to the degradation from bugs and dirt that would get on the window?
No doubt about it, you are going to have to wipe off the window just as you have to wipe off the
windshield. In our limited experience, flying now through three flights, the hard coated window
of our scanner is simply wiped off with a rag. It has not had any special attention and we have not

observed degradation of the performance. How much power does 1t consume? The answer is
about three hundred watts. That would be the commercial unit.

Q: Jim Evans (MIT) - How does one determine the dBZ for lasers, and make it equivalent to
radar dBZ as a function of rain intensity. Since the rain drops are much greater than the wave
length. dBZ is usually measured only for Rayleigh scattering?

A: Russell Targ (Lockheed) - It is all perfectly true. We don't measure dBZ for LIDAR. We
erroneously showed an intensity chart with dBZ which is simply left over from its previous
incarnation from a radar system. What we are plotting in the color bar on the right side, is dB of
the signal noise ratio received at our coherent receiver. The signal to noise ratio goes typically
from 50 dB for hard targets to zero dB where we can no longer use it. A proper scale should say
is zero to fifty dB and not dBZ at all. That is our error. LIDAR aren't measuring things in dBZ.

Q: Jim Evans (MIT) - What is the pulse spacing of your LIDAR? I don't understand how pulse
pair approaches can be used with lasers given the very high Doppler velocities and the long
distance between pulses.

A: Russell Targ (Lockheed) - The pulse spacing is ten milliseconds because of the hundred
hertz laser. 1 have almost nothing useful to say about the algorithms behind the poly pulse pair
processor. I think that I know just enough to answer your question. The poly pulse pair
processor is really misnamed. It is not a processor looking at several pulses. What it does is look
at several lags and perform an autocorollation on each pulse, several times per pulse. Rather than
looking at it and simply doing an FET on that pulse. It is not a pulse comparison technique, it
takes several looks at each pulse, does an autocorollation analysis and drives the answer that way.
So, we are not looking at on¢ pulse after another.
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NASA/LMSC Coherent Lidar Airborne Shear Sensor:

System Capabilities and Flight Test Plans

Paul A. Robinson
Lockheed Engineering & Sciences Co., Hampton, Virginia

Overall Obiectives of the Flight T

The prlmary objecnve of the NASA/LMSCl Coherent Lidar A;rbome Shear Sensor
(CLASS) system flight tests is to evaluate the capability of an airborne coherent lidar
system to detect, measure, and predict hazardous wind shear ahead of the aircraft with a
view to warning flight crew of any impending dangers. On NASA's Boeing 737

Transport Systems Research Vehicle, the CLASS system will be used to measure wind |

velocity fields and, by incorporating such measurements with real-time aircraft state
parameters, identify regions of wind shear that may be detrimental to the aircraft's
performance. Assessment is to be made through actual wind shear encounters in flight.

Wind shear measurements made by the CLASS system will be compared to those made
by the aircraft's in situ wind shear detection system as well as by ground-based Terminal
Doppler Weather Radar (TDWR) and airborne Doppler radar. By examining the aircraft
performance loss (or gain) due to wind shear that the lidar predicts with that actually
experienced by the aircraft, the performance of the CLASS system as a predictive wind
shear detector will be assessed.

The CLASS System
Definiti

The CLASS system is required to measure wind shear ahead of an aircraft and relate that
measurement to the effect on the aircraft's performance. In addition the system must be

INational Acronautics and Space Administration/Lockheed Missiles and Space Co.



able to combine these measurements with current aircraft state parameters to predict the

effect on aircraft performance.

The CLASS system comprises a CO2 laser radiating with a pulse energy of 10 mJ at a
wavelength of 10.6 pm and pulse length of 2 s, and employing optical heterodyne
detection. The range resolution is 300 m, and the velocity error is required to be less than
1 m/s. The range can extend to 10 km (depending on aerosol size and density conditions),
and the scan can be centered £90° about the aircraft nose with an azimuth sweep of up to
+50°. Velocity estimation uses a poly-pulse pair algorithm (Reference 1). The system is
described in detail in Reference 2.

The capability to read data tapes recorded in flight and reproduce all events seen in flight
is available on a ground-based workstation. Reprocessing of the data in order to assess

alternate calculation algorithms is also possible.
ilitics and Wi ar

This section describes how the CLASS system uses wind velocities measured by the
coherent lidar, and produces a higher level wind shear detection product quantifying the
effect of the wind field on the aircraft's performance.

The high level measurements of interest made by the system are Doppler return
intensities and line-of-sight wind velocities. The relation between the wind shear and the
aircraft's performance is given by the F-factor, F, (Reference 3)

g Va
The first term is the time rate of change of the inertial wind vector along and in the
direction of the airspeed vector, and the second term is the ratio of the inertial vertical
wind speed to the airspeed. Forward looking wind shear detectors can measure the wind

field at some region ahead of an aircraft and calculate an F-factor as follows.

Doppler return frequencies are processed to provide velocities at 300 m intervals (Ar).
The processing of the return signals to yield velocities is described in Reference 1. The
first term in the F-factor (the "horizontal’ term, Fj,) may be approximated by differencing
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wind velocities, v, along a lidar measurement radial. The value at the ith range bin is
given by
v|+2 Vi VG
2Ar g
The differencing scheme arises from using an unweighted least-squares fit over three

Fhi -

range bins (Reference 4). If required the velocities may be weighted in order to reduce

the effect of spunouq velocity returns. The computed Fh; is that ‘which the alrcraft would

experience if it flew along the measurement radial through the hazard at the aircraft's
ground speed (V) at the time of measurement.

The second term in the F-factor is introduced by implementing a simple linear vertical
wind estimator (Reference 5), giving the total F-factor at the ith range bin as

Fi=Fp;| 1+ 3ghi +IFh" __8hi
2VaVyg ! 2VaVg

As described in Reference 6, the actual threat to an aircraft is based on the average F over

approximately 1 kilometer. Therefore the above F-factor is averaged over three range
bins (300 meters) giving F, as L

F = Fi—n + fii + Fiy
3

It has been determined (Reference 6) that a value of F, 2 0.105 represents a threat to the

aircraft. The minimum criterion for a hazard region is at least one range bin radially with

F20.105, as well as another range bin on an adjacent radial contiguous with it, also

with F 20.105(see Figure 1). NASA's flight tests require a representational display of

the hazard region on the aircraft's research cockpit navigational display. This system is

described in Reference 7 for data produced by the airborne radar system. A similar

technique will be used in 1992 for the CLASS system. For this purpose a box is
generated with its center at the centroid as the hazard region, and with dimensions
proportional to the spatial extent of the measured hazard region.



The measurements and wind shear products described above will be assessed by several
means. By actually penetrating microburst wind shears the predicted location and
intensity of the shears may be compared directly with those measured by the aircraft's
in situ system, the latter being taken to be the measurement standard. This will allow an
appraisal of the CLASS measurement accufacy. The CLASS wind shear measurement
can also be conobofatcd by the independent gmund-béscd wind shear measurement of
the Terminal Doppler Weather Radar (TDWR). The aircraft will also be operating an
enhanced airborne weather radar (Reference 7). A comparisb'rr\' between the CLASS
measurement and this radar's measurement will provide a comparison of the relative
merits of radar- and lidar-based forward-looking wind shear detection systems.

Results to Date and Future Goals

To date, flight tests have been carried out to evaluate the overall system performance
prior to making actual wind field measurements. The laser has been found to be stable
and reliable. The ability of the scanner to point and compensate for aircraft motion has
been tested and is currently being assessed. In addition, the performance of the signal
processor, computer, and data recording system is under evaluation.

Tests to be carried out include a velocity calibration. This will determine the system's
capability to account for the aircraft's motion in making wind velocity measurements.

CLASS performance in obscuring and non-obscuring atmospheric phenomena will also
be studied. Examples of obscuring phenomena are rain, fog, and cloud. Typical non-
obscuring phenomena are planetary boundary layer shear, gust fronts, and sea-breeze
fronts.

The capability of the system to detect and measure actual microburst wind shears will be
evaluated this summer (1992) when the TSRV aircraft will penetrate microburst wind
shears in Orlando, FL., and Denver, CO.
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NASA/LMSC Coherent Lidar
Airborne Shear Sensor (CLASS):
Flight Test Evaluations

Paul A. Robinson

Lockheed Engineering & Sciences Co.

Fourth Combined Manufacturers' and Tech'nologists' Airborne
Wind Shear Review Mesting
Williamsburg, Va. April 14-16 1992

Objectives of Flight Tests

To evaluate the ability of airborne lidar
technology to detect and predict hazardous
wind shear ahead of an aircraft with a view
to warning flight crew of impending dangers.



System Definition

Bequirement

To measure wind shear ahead of the aircraft and relate that

measurement to an effect on the aircraft's performance.

. Measure wind shear hazard accurately at least 10 seconds

ahead of an alrcraft.

. Combine those measurements with aircraft state parameters to

assess the effect of any wind shear on the alrcraft.

In_Flight Measurements

Return Intensities

Line of sight wind velocity

In Flight Products

F-factor
1 Km averaged F-factor (F)
Hazard regions

Discrete alerts
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Interpretation of Products

Location and intensity of regions of hazardous wind
shear. R

Comparison with airborne and ground-based radar
systems.

Comparison with aircraft's in situ detection system.

pr




g Va
Horizontal: Fu = %.A:;ﬂy;
Total: : Fv= Fl{l + —2—3i—h\7—g) +|Fu|[2 Vg:Vg)
Averaged: F= Fiat I;: + Fin

Current Status

Laser operation and stability.

Scanner stability and positioning accuracy.

Data system operation.
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Future Goals

1. Velocity calibration.

2. Investigation of lidar performance in obscuring
and non-obscuring weather phenomena.

3. Investigation and assessment of lidar
performance in hazardous wind shears.
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NASA/LMSC Coherent LIDAR Airborne Shear Sensor:
System Capabilities and Flight Test Plans
Questions and Answers

Q: Pete Sinclair (Colorado State University) - In calculating the F-factor what errors
magnitude do you expect from the technigue used to estimate the vertical velocity term?

A: Paul Robinson (Lockheed) - The errors that were studied by Dan Vicroy and presented
earlier today where from 0 to 600 meters above ground. The estimation is plus or minus 2.5
meters per second.

Dan Vicroy (NASA Langley) - The results that I presented earlier from the In Situ data showed
about 2.5 to 3 meters per second RMS error in computing the vertical winds. We think we can
probably do much better than that once we get into some signal processing with the radar data.
We will be able to give you a more definitive number after we do the simulation with the
asymmetric microburst models. We will have that answer in about two or three months. From
our preliminary work, it looks like we can probably do at least 2.5 meters per second.
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Session VILI. Airborne LIDAR Technology

Solid-State Coherent Laser Radar Wind Shear Measuring Systems
R. Milton Huffaker, Coherent Technologies
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Fourth Combined Manufacturers' and Technologists'
Airborne Wind Shear Review Meeting

April 14 - 16, 1992

SOLID-STATE COHERENT LASER RADAR

WIND SHEAR MEASURING SYSTEMS

R. Milton Huffaker
Coherent Technologies, Inc.
P.O. Box 7488
Boulder, CO 80301 USA
(303) 449-8736
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Coherent Technologies, Inc. was established in 1984 to -

engage in the development of coherent laser radar systems
and subsystems with applications in atmospheric remote
sensing, and in target tracking, ranging and imaging. CTI

focuses its capabilities in three major areas:

Theoretical performance and design of coherent
laser radar systems

Development of coherent laser radar systems for
government agencies such as DoD and NASA

Development of coherent laser radar systems for
commercial markets
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CONCLUSIONS

. A RELIABLE GROUND-BASED 2 pm COHERENT LIDAR HAS

BEEN DEMONSTRATED

DIODE-PUMPED 2 um LASERS AT POWER LEVELS > 10W
AND PULSE ENERGIES OF > 100 mJ HAVE BEEN
DEMONSTRATED

. THE POTENTIAL FOR COMPACT EYESAFE ALL-SOLID-

STATE COHERENT LASER RADAR SYSTEMS HAS BEEN
DEMONSTRATED USING DIODE PUMPING (Complete
transceiver @ 1-2 W avg. power requires ~ 1 ft3)
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Solid-State Coherent Laser Radar Wind Shear Measuring Systems
Questions and Answers

Q: Roland Bowles (NASA Langley) - Is the material damage problem solved with solid state
two micron technology? Particularly if you pump it reasonably hard, like five or ten millijoules?

A: Milt Huffaker (Coherent Technologies) - ['think it is. We have researched those materials
and had special materials developed, and those materials have proven themselves as damage free.

Q: Roland Bowles (NASA Langley) - So that problem is behind us?
A: Milt Huffaker (Coherent Technologies) - Right.

Q: Roland Bowles (NASA Langley) - What about the availability of diodes that would put us
up around the fifty to one hundred millijule capability? T

A: Milt Huffaker (Coherent Technologies) - Well the diodes are there, the question right now
is the cost.

Phil Brockman (NASA Langley) - We have 64 diode arrays, at 300 watts each, on order right
now for Langley. They cost us $300,000 dollars when we ordered them.

Q: Roland Bowles (NASA Langley) - Is Sony making these? e e

A: Milt Huffaker (Co.herent Technologies) - Spectra Diode Labs is the main developer here in
this country. We have been using 3 watt diodes and they are working on 10 watt diodes. The
_technology is changing and every six months it will be cheaper.

Q: Roland Bowles (NASA Langley) - But when does it stabilize to the point we can think
about practical two micron airborne systems?

A: Milt Huffaker (Coherent Technologies) - As I mentioned, we have demonstrated in the lab
an all diode pumped transmitter, to the energy and power we are talking about.

Q: Roland Bowles (NASA Langley) - So we are ready to do a point design on an airborne
instrument and go.

A: Milt Huffaker (Coherent Technologies) - I think we are now ready to implement that, in my
opinion.
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Session VIII. Passive Infrared Technology
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Session VIIL. Passive Infrared Technology N9 3-14 8 49

Development of the Advance Warning Airborne System (AWAS)
Pat Adamson, Turbulence Prediction Systems
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ABSTRACT

DEVELOPMENT OF THE ADVANCE WARNING ATRBORNE SYSTEM (AWAS)
H. PATRICK ADAMSON
TURBULENCE PREDICTION SYSTEMS
BOULDER, COLORADO 80301

The thermal characteristics of microbursts are utilized by the
AWAS IR and OAT features to provide predictive warning of
hazardous microbursts ahead of the aircraft during landing or
take off. The AWAS was evaluated satisfactorily in 1990 on a
Cessna Citation that was intentionally flown into a number of
wind shear events. The events were detected, and both the IR and
OAT thermal features were shown to be effective. In 1991, AWAS
units were flown on three American Airlines MD-80s and three
Northwest Airlines DC-9s to study and to decrease the nuisance
alert response of the system. The AWAS was also flown on the
NASA B737 during the summer of 1991. The results of these
flights were inconclusive and disappointing. The results were
not as promising as before because NASA conducted research
flights which were outside of the normal operating envelope for
which the AWAS is designed to operate. In an attempt to
compensate for these differences in airspeed and mounting
location, the automatic features of the system were sometimes
overridden by NASA personnel during the flight. Each of these
critical factors is discussed in detail. The effect of rain on
the OAT signals is presented as a function of the air speed. Use
of a 4 pole 1/20 Hertz filter is demonstrated for both the IR and
thermal data. Participation in the NASA 1992 program was
discussed. FAA direction in the continuing Certification program
requires the addition of a reactive feature to the AWAS
predictive system. This combined system will not require flight
guidance on newer aircraft. The features of AWAS-IV, with the
NASA algorithm included, were presented. Expected completion of
the FAA Certification plan was also described.
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Over the past five years, Turbulence Prediction Systems (TPS), in Boulder,
Colorado has combined the concepts of the thermal properties of microbursts
with the behavior of infrared (TR) in the atmosphere, and OAT (Outside Air
Temperature) response on the aircraft flying into such events. From these
studies, TPS has established an Advance Warning Airborne System (AWAS)
that has proceeded through its third version, AWAS-III, and is in process of

FAA certification.
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During the summer of 1990, AWAS-IIT was flown on the Cessna Citation
research aircraft operated by the University of North Dakota (UND) in
conjunction with the FAA study of the MIT Terminal Doppler Weather Radar
(TDWR) in the detection of microbursts. This provided unique opportunity
for AWAS-III to predict and enter a number of wet microbursts in Orlando,

Florida, and several dry microbursts in Denver, Colorado.
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AWAS-TI, with software version 2.0, was installed in the Citation in June of

1990. It was located in the luggage compartment in front of the pilot, and

“the IR from ahead of the aircraft was reflected into AWAS-IIT via a 2" gold

coated mirror mounted outside, just below the windshield, where it did not
interfere with the pilot’s view. Sixty-six flights were flown in attempts to

make wind shear contacts.
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The reeeived IR power is separateri into appropriate wavelengths by a
spectrometer. The IR power in these wavclengths is then reglstered by two
IR detectors. AWAS processes the difference betweerl far and near IR
indicated temperatures to generate a "Predictive Hazard Index” that relates to
the microburst’s hazard. Airspeed, pitch, radio and pressure altitudes are
also used. The OAT data is alsvor used to create a "Thermal Hazard Index" ™

relating to microbursts. For research purposes, 47 AWAS in flight and

aircraft data parameters arc recorded. These parameters were used for the

post Al ght analyses ) ' | -
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One of the most important microburst penetrations was on July 7th, 1990.
The atrcraft airspeed durmg approach was 180 knots, and the axrcraft entered

the center of the mtcroburst The IR created a wammg at 55, and . 35 seconds

before that which would have been provrded using a hazard index calculated
from the winds recorded by the inertial system, l.e.,ﬁmerttal warning. The
Thermal Hazard Index provided a warning 15 seconds before the inertial
warning. 7The TDWR measured the event a few scconds before the aircraft
entered the microburst. ‘The hazard value calculated by the TDWR ‘was
0.155, merttal hazard index was 0. l7 and the AWAS IR hazard index was
0.15. This data was presented at the 3rd Combined NASA meeting in

January 1991,
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Another important aspect of the certification program was to determine the
level of nuisance alerts which might occur in revenue service. American Air
Lines cooperated with TPS in this phase of the program. An AWAS-III with

a recorder was installed, starting in February of 1991, on 3 MD-80 aircraft.

Many thousand flights have been conducted with these units on board.



ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

701



702

AWAS was installed in the front wheel-well of the MD-80. The mirror,

~ which is seen lower right in the picture, has the red alignment laser beam

centered on it. The laser is used in the installation to guarantee that AWAS
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The AWAS uses 28 VDC and the mirror is also heated with 28 VDC. The
AWAS receives the necessary aircraft data via ARINC. ~This aircraft data
and the AWAS generated data is transmitted to the recorder. A lap-top

computer was used as the recorder,
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From an analysis of the early data the software version was changed in
October, 1991. Over a thousand flights have been recorded since these minor

software changes were installed. e
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A second commercial airlines program involved the installation of AWAS-IIT

with a Honeywell Windshcar Computcr on three DCY aircraft. Northwest

Air Lines installed these units from Juﬁnc to Pcccmbcr of 1991.

This installation was also in the front wheel wcll, on the port side, but at a

somewhat higher level.
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In this program both an AWAS and a Honeywcll WmdShear Computer
(WSC) were mstallcd The AWAS received three inputs from analog

connections with the aircraft instruments, and five from ARINC through the

WSC. These 8 input items plus 17 AWAS generated items were passed

through the WSC to the recorder.
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The AWE{\@HI soﬁ

updated (wice in this program. The major

ware was

changes were to prevent AWAS nuisance response to non-hazardous weather

conditions.

i
1l
I

712

(R



Siy vyl siycl siy L1 H1ON31 114
L6l 80L LY0OC SHH
Gel 065G glLCl Siid
HH / %0 HH / %0 HH / %0¢€ 1VDO
NOILVNIVAL .
NI
1431V L 174/ %l 174/ %0¢ SMT1
¢'€ VMN 1'€ VMN VLLC VV S1431v

S103443 IHVMILH40S

713



714

NWA3.2 represents the latest software upgradc. These changes were to

rcduce nuisance from inversions, and to incorporate improved pitch

correction equations.
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The operationjoif the AWAS has been cxceptionally free of failure over more

than 2 years The IR wmdow and the gold coated, heated mirror have been

inspected regularly While Lhc, mirrors have not requ:red any replacement,

the windows h: have been cluar;i! cvery 4 (o 6 ‘weceks--to e!n}nnate these
cleanings, a protective coating has been applicd to one window on American
Air Lines, and to all 3 windows on Norlhwcst Air Lmes The coating, while
still under study, appears to solve the problcm of window degradatlon
Because both of the airlines testing these AWAS units have flights through a

wide variety of weather conditions, it is believed that these tests are effective

for establishing response (0 a large cnvironmental envelope.
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While passive IR power muleg diminishcﬁdﬁ_ﬁé;mcwhat in rain, this has not

appeared to be a problem during any commercial test flight. Heating the
mirror within a pre-sct range of temperatures is important for the proper

function of the AWAS, and to prevent icing_f.:
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\i,

In the summer of 1991, NASA included AWAS-III in its tests of radar in
penetrations of microbursts. The AWAS unit operated in these flights used a
software configuration comparable to the carly version used in the American

Air Lines flights.
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Normal Flight Mode:

The AWAS is programmed to operate in a normal flight pattern and not
in a research mode. Consequently, the AWAS changes from one mode to
another automatically as the aircraft takes off, cruises and then enters the
landing phase of flight. During these phascs the AWAS collects and stores
data necessary for different phases of the flight. If the AWAS is rebooted
(restarted), or if the modes are changed by means other than that
automatically prescribed by the internal software of the AWAS, valuable data
necessary for the proper vfunclioning'of the AWAS may be lost, or not be
collectable again in time to provide an adequate warning. In normal flight, if
the system is rebooted, the failure light is illuminated until the AWAS is

again operating properly.
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Research Flight Mode:

It was discovered that NASA, in an cffort to assure accurate data for
research purposes, overrode the automatic mode functions of the AWAS.
Unfortunately, if this switching occurred shortly before an encounter with a
microburst, all of the data banks would be zcroed, with the result that some
of the information, c.g., lapse rate, required for the AWAS to operate
properly would be lost. To date, NASA has been unable to provide TPS
with the time of occurrence when the five manual overrides occurred. If this
information becomes available, it may be possible to determine what effect, if

any, these overrides would have had on the performance of the AWAS.

In conclusion, the 1991 test flights of the AWAS by NASA were not as
successful as anticipated because the AWAS was flown in an inappropriate

flight envelope.
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The factors, either individually or combined, that contributed to this poor

performance were:

1. The ability of NASA to ovcrride on command the AWAS

automatic mode selection routing;

2. The undesirable location and method of mo'unting' the mirror and the

“infrared window assembly;
P sy En iy Sisnel ED et s

3. Airspeed in excess of that which is encountered in normal landiﬁgs

" and take offs.

The first of these, mode selection, has been discussed, and the 'pr'oblems
with the periscope location and design, and airspeed factors, will now be

discussed.
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The effect on the performance of the AWAS due to the location and method of
mounting of th¢ mirror and window assembly became very apparent during the
NASA 1991 summer flights. While there had been no impairment of the infrared
line of sight in the earlicr installations on the UND Citation II, American Airlines
MD-80’s, or Northwest Airlines DC9’s, it became apparent when TPS analyzed the
flight data received from NASA that the look distance of the AWAS was often
seriously impaired.

The exact cause of this impairment has not yet been determined. In some cases

it appears that it may be due to rain collecting in the periscope. Yet, in other cases

where rain existed, the look distance did not appear to be affected. It was
determined in the very earliest flights that cxtensive damage was occurring to the

mirror. The damage over the summer was suf ficicnt to require that the mirror be

replaced wice. No sighiﬁcant damage has occurred on any of the other -
installations. This includes over 10,000 hours of flight in revenue service.

The effect of reduced look distance will, of course, reduce the ability of the
AWAS to sense the microburst within an adcquate time, and/or to measure the
intensity of the event accurately.

Consequently, the impairment of the look distance during these summer 1991

flights certainly contributed to the apparent poor performance of the AWAS.
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The aircraft airspeed has, as is indicated in the previous graph, a
significant effect on the amount of warning time provided. This relationship
is quite apparent when it 1s noted that the AWAS will sense the event from a
given distance, but that distance will be traversed by the aircraft in less time
due to the greater airspeed. Because of safety reasons, the NASA B 737 flew
at airspeeds from 230 to 260 knots rather than the 130 to 160 knots flown in
normal revenue service by jet aircraft. The airspeed factor was not as
significant when the UND Citation IT encountered microbursts during the
summer of 1990 because the Citation was able to approach and penetrate the

events at a much slower airspeed, e.g., 160 to 190 knots.

The distribution of landing speeds from 972 flights is depicted in the

following graph.
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The AWAS-III was designed to estimate the hazard or F factor for use
with aircraft operating at a normal landing, or take off speed of
approximately 140 knots. For example, the MD-80’s data shown in the

previous graph indicates a central value of about 140 knots with a maximum

value of 171 knots. The F factor as mcasured at aﬁproach speeds of up to

260 knots in the NASA research flights arc not onnparable with the F factor

be understood by an analysis of the following equations.

The hazard index, F, is based upon the vertical and horizontal winds.
These F factors can be appreciated more completely relative to the airspeeds

if we look at the nature of the equations and the measurements.




DEFINITION OF TASS F MODEL
PAGE 1

USING THE TASS DATABASE AS INPUT:

FWIND = Flll + Fw

WHERE F, = WHERE dt= 1 second

alg|s

WHERE F, = -w/AIRSPEED

Fymp = (—=) + (-w/AIRSPEED)

alz|e

if%’é)o then u = tailwind / decreasing headwind -w is a downdraft
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The TASS F model represents aihazari‘d mdcx that is separated into two
terms, one related to the acceleration of h;);iéA()ntal winds, and the other
related to the velocity of vertical winds. The acceleration of the horizontal -
winds are shown as a time derivative of the horizontal wind velocity. This is
divided by G, which is the accclcrzu‘ion of gravity. This provides a first term
which is independent of the dimensions. The sccond term contains the
vertical wind velocity divided by the airspeed. This again provides a term
that is dimensionless. It is impértant to apply the directional senses shown,
in order for the F values (o be of the signs anticipated. An important aspect
of the TASS database used in conjunction with these equations is the
continuity of time, t. This does not mean that data is present for all possible
time values. It means that the data is generated from equations that could
provide meaningful wind values at all possiblc time values, without
"exploding” anywhere between time values. Values for study are provided

by the instrumentation only once each second. Thus, dt is one second.




DEFINITION OF TASS F MODEL
PAGE 2

USING THE TASS DATABASE AS INPUT:

t IS CONTINUOUS FOR THE FOLLOWING EQUATIONS

1000 METERS
ATRSPEED,, s

WHERE Siyrecer =

S INTEGER

; FWIND

S INTEGER

1KMFTypp =

TASS IS THE TERMINAI. AREA STMULATION SYSTEM WET MICROBURST STUDY

NASA WINDSHEAR MODFI, (PROCTOR 1987 )

called nasaiv.dat
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In order to obtain an average value of F over a kilometer of flight, we

first establiiélil the nunﬂi)cr of sééoif\ds (S) required to proceed 1000 meters.
Because the data comes only cach second, we choose the closest integer value
for S. The lower equation shows the usc of this integer, S, and the F values
obtained at each second from I to S.V This provides us with the average F

valuc over that 1 km distance.
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Peak F Index versus Altitude at Different Airspeeds:

As can be observed from this graph, the computed peak F factor is not a
constant in relationship to cither altitude or airspeed. These calculations are from a
NASA microburst modcl. The effect of airspeed on the F calculation can be seen
as separate curves for 140 and 240 knots. The F values for these two airspeeds are
the same only at one altitude, e.i., 350 meters AGL. At altxtudes below 350 meters

the two alereeds have changes in F values that are reverse to the antncxpated

dangers That is, the higher airspeed has the larger F value, lmplymg the greater

danger to the alrcraft The aircraft is actually in greater danger at 140 knots
howg:vcr,ifor rt cannot countcr the tatlwind and chmb against the downdraft as
effectively at this lower airspeed. Thus, the F index values computed here are in
crror relative to the aircraft situation.

It is apparent from the data presented in the graph that the calculation of the F
factor over a wide range of airspeeds may not provide values that are consistent
with the danger to the aircraft, especially at altitudes of below approximately 350
meters AGL. This should be considered a notable limitation on using the F factor
outside the rrormal flight envelope, i.e., landing and take off at airspeeds above

about 160 knots.



Thus, the importance of this graph is to show that the magnitude of the F

peak value will be a significant function of the altitude of approach and the

airspeed.

741



b !

ol

SIMANVTTIV ‘3T
Old — 6—0T—£0 *ALVJ HIVYID

Se1r N3Y ost B ooz € o —0— oo -

s upe e

O27°Z ATy FXMHfOC SYALIN NI SIXV LSYNFOUIIN NO¥A HONV.ISIA
spuesnoyJ,

11 01

$0°0

1o

XAANT A

| S10

140051 LTV ONLLYVIS

SO33dSHIV SNOIYVA LY ONIANYT LSHNGOHOIN 1IM

742



When using the AWAS-III algorithm which takes advantage of thermal
measurements, we obtain a rather different situation. Here, the lower the
airspeed, the greater the peak value of the AWAS F index. This seems quite
reasonable, for the lower the airspeed, the greater the danger to the aircraft.
When the aircraft is flying fast enough, the danger is sufficiently low that a
warning is not required. Also, we sce that the lower the airspeed, the earlier
the warning will be given. This also seems quite appropriate. Thus, we see
that there is a very fundamental difference between the NASA F index, and
the AWAS F index in character. These differences make it very difficult to
directly compare the NASA and the TPS warning systems on a truly

meaningful basis.

743



ore

uley 1oy Jad ;| u) paads.iy

ori

¥ T T T T T ¥ T T T 71 LI 1 ¥ T T x ¥ T 7T L) ¥

1VO uo paadsay jo Joay3

S0

/
O 0 v o= Q = o

S°'I

N
- o E a

§'¢

744



The additional concern related to the airspeed is that of the response of
the OAT transducer when operating in the presence of rain. The airspeed
effect on the output of the OAT is related to the presence of rain which can
evaporate and provide cooling for the gauge. The amount of cooling is a
direct function of the airspeed. There is very often rain associated with the
microbursts, thus there can be quite different response to these events with
different airspeeds. Tt is possible at these considerably higher than normal
.landing and take off speeds to obtain temperature indications that can cause
nuisance alarms when there are no microbursts present. Here we see that
between 2 and 3 degrees Celsius temperature change can occur due to the
difference in airspecd from 140 to 240 knots when flying into one inch per
hour of rain. As a result, the higher airspced can cause a warning to be
given even when there is no actual change in air temperature. This is of
considerable concern, for it keeps the OAT indicated temperature from being
an accurate sensor of windshear when the airspeed is significantly greater
than 140 knots. The problem of evaporate cooling has not presented a

serious problem on other flights at normal landing speeds.
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During the NASA penetration (B143), the IR sensor was not significantly
blocked, and the IR performed as expected, when the data was adjusted for
airspeed. After thc data was adjusted to 140 knots, good agreement was
provided among AWAS, the TDWR, and the NASA algorithm using inertial

(wind) data. Noise level in the NASA algorithm is plus or minus 0.02.
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Several post-flight tests were performed by computer on the data from this
NASA test run. One was the usc of a 4 pole 1/20 Hz filter on the raw data
before entering it in the TPS algorithm. In addition, the NASA algorithm
output was adjusted to 140 knots, even though the actual airspeed was about
235 knots average. This data is shown for the AWAS IR detector that looks
up (LU) from the aircraft waterlinc by approximately 3 degrees. The
predictive F indication from AWAS was considerably lower in magnitude
than the inertial NASA F indication, which could be a result of the window
still not being very clear. However, since the IR sensed the event about 34
seconds ahead of the inertial response, it appears that the IR was able to

perform from a considerable distance in this case.
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An identical treatment was given to the AWAS IR detector that was looking
up from the waterline by only about 1 degrec (LF). In this case the AWAS
provided an F value of almost 0. 127 and the airspeed corrected NASA

algorithm provided a little over 0.15 for its F factor. The peak provided by

the AWAS system preceded the NASA peak by about 34 seconds.

751



006vL

[RLIANI (RN 1l

d4I'lddY NOLLOHIIOD qaddsuly ‘HLON

WHAHL Y B ¢gqvovn —B-

SANODES NI IALL

0S8bL 008YL 0SLyL 00LbL

T

&

0S9vL

AHLTd ZH 021 370d ¥ HLIM XIAN] TVINYTHL
Er18 INJA3 VSYN — X3ANI QEvZvH

009L
0
- s00
410 Z
- <10
<0

752



The OAT based AWAS signal was also run through the 4 pole 1/20 Hz filter.
This provided an F value of 0.18, and procceded the NASA algorithm to the
trigger point of 0.15 by 48 seconds. This F value for the thermal system was
larger than anticipated, and responded sooner than would normally have been
anticipated. Both of these cffects could well have resulted from high airspeed
through rain on the approach to the event. The smaller AWAS IR F values
than the NASA values were in good agreement with the TDWR

measurements.

753



NIVd m_T_. ._F Z_ SN ¢
>._._>_._.Um_._u_mm

m_.o._n_ﬁ HMAL

754



The TDWR reflectivity data indicate 2 miles of flight in 1"/hour rain prior to
contact with the event. This could account for the OAT response that was
very early and large at this 235 knot airspced.  This would provide a signal

that was about 26 scconds carly.
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If the AWAS is flown in the 1992 summer NASA B737 test program, the

AWAS software will be upgraded to that presently being flown by Northwest

Air Lines.
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There are a number of technical, as well as flight profile issues that must be
resolved before further test flights into microbursts for the purpose of
evaluating the AWAS in comparison with the NASA systems can be

conducted. These are:

1. Change in the mirror/window installation.

2. Adjustment of airspecd cffects in excess of the normal

landing and take off airspecds.

3. Overriding the AWAS automatic modes by NASA personnel.
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The most recent FAA direction wnth rwpcct to ccrtlﬁcatlon of AWAS is the
development of AWAS-IV. Thm would combine ﬂne present predictive IR
and OAT features with a reactive inertial system utilizing the NASA

algorithm. The new combined system'will provide prediction with the 100%

detection (not protcction) that is presently required.
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The'biaag diagram for AWAS-IV shows the added inertial data input to the
NASA algorithm for LLWS. It also shows the IR sensor input at altitudes of -
15,000 feet, and above, being used for the prediction of CAT (Clear Air
Turbulence) events. The cockpit interface provides for aural warnings and
lamps. The lamps would provide LLWS and CAT warnings. In addition,
there would be a lamp to warn of inoperation of the AWAS system. It is

critical for safety purposes that the pilot know if the AWAS is not operating.
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Another aspect of the communication with the pilot is the providing of

wcautions” when there is high probability of danger due to atmospheric

conditions, but no specific event has been detected.
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The predictive certification will use flight data from the UND and NASA
flights to determine the ability of the AWAS 1o predict events. The flight
data from American and Northwest Air Lines flights will be used to

determine the level of nuisance alerts.
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Development of the Advance Warning Airborne System (AWAS)
Questions and Answers

Q: Roland Bowles (NASA Langley) - You talked about designing to a 140 knot target
airspeed. That means you have a design methodology because in fact you designed it for 140.
Why can't we repeat that methodology and design it for 210?

A: Pat Adamson (Turbulence Prediction Systems) - I think it could be done. 1don't think it
could be done in time for this deployment. 1also have a problem with spending a lot of energy
designing something that we are not intended to use. Airplanes don't operate in that regime.

Q: Roland Bowles (NASA Langley) - We are showing on charts that we are taking data
measured under one set of conditions and as you point out scaling it back to another. So it seems
to me that you must have your own scaling relationship. 1 think it would be important to this
audience for you to discuss what you think is the technical basis for relating an IR measurement to
an airplane energy change?

A: Pat Adamson (Turbulence Prediction Systems) - [ think it comes down to the forcing
function of the event. A downdraft is cold air falling. If you look at the accident/incident data
you see a sustained temperature drop over about thirty seconds as the aircraft penetrates the
encounter. Now we don't use the actual aircraft temperature data, but we use the temperature
gradient data as the forcing function for our algorithm. That is really the basis for it.

Q: John Hansman (MIT) - [ was a little confused by your nuisance alert chart. On the
American Airlines data, was that 20% of all the flight hours or flights you received some sort of
nuisance alert?

A: Pat Adamson (Turbulence Prediction Systems) - That is correct.

John Hansman (MIT) - I am a little concerned from a display and human factors standpoint. If
you have nuisance alerts at any significant level and you alert with a simple light in the cockpit,
then you are going to run into fidelity or trust problems with the crew. Do you want to comment
on that?

Pat Adamson (Turbulence Prediction Systems) - 1 totally agree with you. I think that itis an
unacceptable alerting ratio. We decided to get at least 3,000 flights in our database before we
made any significant software revision. So that we could look at the data. Right now on 3-2 we
have one alert in 135 flights. We do not anticipate an alert any more often than the recommended
nuisance alerting in the reactive systems. We have to get down to nuisance alerts of less than one
per 2,500 flights or so, and that is where we think we are going.

Q: Jim Evans (MIT) - How do you discriminate between gust fronts, which are going to
produce a gain in encrgy state, versus microbursts? They both have pools of cool air.

A: Pat Adamson (Turbulence Prediction Systems) - What we are looking at is a temperature
gradient and a specific signature. 1 guess that is the best answer that I can give you.

m



Q: Jim Evans (MIT) - Have you attempted to fly through a lot of gust fronts and demonstrate 7
that you are not generating an incorrect alert or do you view it as a correct alert?

A: Pat Adamson (Turbulence Prediction Systems) - | guess if the shear is high enough, even if
it is a negative shear, | would be considering it a dangerous event.

Jim Evans (MIT) - When you go into a gust front you usually get a headwind increase but you
do not have a tailwind, so you actually have an increase in energy state. It maybe a controllability
issue, or a long landing, but it is not like the plane is going to get smashed out of the sky.

Pat Adamson (Turbulence Prediction Systems) - That's true. Looking at the work that
Marilyn Wolfson did in your organization, her concern was that the dangerous events were
associated with pre-existing gust fronts or thunderstonmn outflows. Several of the gust front data
show very high turbulence or vorticity associated with them. As it is right now, what we are
trying to do is to use the temperature gradient and the signature to discriminate between severe
events and non-severe events.

Q: Gerry Aubrey (United Airlines) - Do you have a threshold for what is the significant clear
air turbulence you want to indicate?

A: Pat Adamson (Turbulence Prediction Systems) - We are working on that. The data that
we are using for indication of severity is the vertical acceleration of the aircraft, We have been
using 0.2 G or greater. But, the airlines do not seem to be interested in this small of a threat,
They are much more intercsted in the larger one. We do not have much data where there is a
severe event, even in some 5,000 flights.

Q: Kim Elmore (NCAR) - I would like to follow up on something that Jim Evans was talking
about, and that is discrimination between 2 gust front event and a microburst event. Specifically
in the Denver area, because that is where | have most of my experience, we find that the gust
fronts tend to be colder events generally than the microburst. As I understand it, that would set
off even a louder bell?

A: Pat Adamson (Turbulence Prediction Systems) - It depends, we look at not only the
temperature drop but the signature that as we would encounter that event at 140 knots. If the
temperature gradient is too high or too short in time it would discriminate against it.

Q: Kim Elmore (NCAR) - O.K. so if it is too high or too short or too big a gradient then you
tend to throw that out?

A: Pat Adamson (Turbulence Prediction Systems) - That is correct.

Q: Pete Sinclair (Colorado State University) - I think the answer to that question is going to
end up in the scanning procedure that will come out later on. We will be able to scan across the
gust front and see quite a different confi guration than a small microburst, My question is how do
you keep the system clean and abrasion free? How do you keep it clean without a sealed system
where the mirror and the whole system is internally sealed?
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A: Pat Adamson (Turbulence Prediction Systems) - Actually, that has been sort of a
revelation. When we first put this on we were worried about that. The mirror is heated. It has
120 watts of heat, with heavy gold plate on it, and the window is flush against the skin. The
natural cleansing action of the rain and the warm mirror seems to be very effective. On American
Airlines we have a coated window, we went to material that was supplied to us by Ball Brothers
Aerospace and we now have five months on that installation without having to clean it or touch it.
So, the natural cleaning action and the rain with the warm mirror seems to be very effective. We
have been very surprised at how well that has worked.

Q: Paul Robinson (Lockheed) - You say an IR measurement is based on the detection of cold
air in descent and this terminal effect is the driver of the microburst. However, the structure of
the microburst requires the presence of the ground causing added divergence. This is an inertial
effect. How can a purely thermal measurement detect this danger?

A: Pat Adamson (Turbulence Prediction Systems) - Essentially what we do is we assume that
a sustained cold air downdraft, as sensed by an aircraft platform, is going to do one of two things:
first, if it is above the outflow it is going to detect the core of the event. When I say sustained, I
am expecting that temperature change that | derived to exist over about thirty seconds. Iam not
looking for a single little pulse of cold air, I am looking for a sustained temperature drop that I
calculate as I traverse say a mile and a half at normal aircraft speed. That cold air is going to hit

~ the ground and diverge. The second condition is if in fact I am in the outflow, I expected the
outflow as I move through this mile and a half spatial realm is cold. That is basically how I doit.

Q: Paul Robinson (Lockheed) - By inferring the wind from the temperature you can possibly
detect a microburst type hazardous shear. Can you ever geta hazardous shear without that
temperature change?

A: Pat Adamson (Turbulence Prediction Systems) - Can you ever? Probably.

Q: Paul Robinson (Lockheed) - It is the shear that is going to effect the aircraft, so if your
instrument won't pick up the temperature change, but the shear is still there, then it would not
work as a predictive system.

A: Pat Adamson (Turbulence Prediction Systems) - The way I went at that, Paul, was I
actually took aircraft incident data and T used the algorithm that I have against each and every
event that I could get my hands on. I got the data from the NTSB. For example, yesterday I
looked at the data from event 143, Fred Proctor was good enough to share his model as well as
the actual aircraft data. In every case that I have found so far, and that is probably about sixty
cases including the JAWS actual airborne penetrations, if 1 use the algorithm I could calculate the
shear from the temperature drop. [ assume that the cold air that is falling is going to flow out in
the outflow over a sustained time, not a single little pulse, but over time. That is how I do it.

Q: Paul Robinson (Lockheed) - Using NASA's In Situ algorithm do you alter the systems
properties based on the output of this algorithm?
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A: Pat Adamson (Turbulence Prediction Systems) - We are certainly looking at that. I think
there is some real benefit in taking advantage of a combined system. If you are going to have a
reactive algorithm on board with a predictive system, I think you should look at the system as a
combined system. We have not really sorted out all the details on that. When you look at the
operational aspects, and that is a lot of what we have been trying to do with the airlines, the
nuisance issue is equally as important as being able to predict the event. If you have high nuisance
obviously it is useless to be able to predict the event, because the pilot won't believe it. We do
not want to repeat that particular lesson. So yes we are trying to best understand how to combine
these systems and make it a better system between the two.
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A Millimeter-Wave Radiometer for Detecting Microbursts
Dr. Robert McMillan, Georgia Tech Research Institute
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A MILLIMETER-WAVE RADIOMETER FOR THE DETECTION OF MICROBURSTS
R. W. McMillan
Georgia Institute of Technology
Georgla Tech Research Institute
Atlanta, Georgia 30332
(404) 528-7709

ABSBTRACT
This paper describes a millimeter-wave radiometer for the
detection of wind shear from airborne platforms or at airport
terminals. This proposed instrument will operate near the group
of atmospheric oxygen absorptions centered near 60 GHz, which it
will use to sense temperature from a dlstance.r The instrument

will use two channels to prov1de two dlfferent temperature ‘mea-
surements, providing the basis for solution of two equatlons in
two unknowns, which are range to the wind shear plume and its
temperature. A third channel will measure ambient atmospheric
temperature. Depending on the temperature difference between the
wind-shear plume and ambient, the standard deviation of range
measurement accuracy is expected to be about 1 km at 5 km range,
while the temperature measurement standard deviation will be
about one-fourth the temperature difference between plune and
ambient at this range. The instrument is expected to perform
usefully at ranges up to 10 km, giving adequate warning of the
presence of wind shear even for high performance jet aircraft.
Other atmospheric hazards which might be detected by this radiom-
eter include aircraft wakes and vortices, clear-air turbulence,
and wind rotors, although the latter two phenomena would be
detected by an airborne version of the instrument. A separate
radiometer channel will be provided in the proposed instrument to
detect aircraft wakes and vortices based on perturbation of the
spectrum of microscopic atmospheric temperature fluctuations
caused by the passage of large aircraft.
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A MILLIMETER-WAVE RADIOMETER FOR THE DETECTION OF MICROBURSTS

1. Introduction

It has been estimated that one-half of all aircraft fatali-
ties are caused by inclement weather. One of the most signifi-
cant manifestations of severe weather, and one which is of great
concern with regard to aviation safety, is the phenomenon of wind
shear, which is a severe downdrart associated with thunderstorms
or other atmospheric instabilities. Since wind shear apparently
originates at high altitudes, it is characterized by temperatares
lower than the surrounding atmosphere, which provides some basis
for building devices for its detection. & strong correlation has
been established between the temperature of a wind-shear event
and its severity. As an example, Figure 1 [1] shows the measured
velocity of a downdraft as a function of its temperature differ-
ence compared to the surrounding air. Figure 2 shows the actual
measured temperature profile of a wind-shear event which was
severe enough to pose danger to aircraft (2. - - .

This proposal describes a device for remote detection of
wind shear based on a millimeter-wave (MMW) radiometer which
operates on a frequency located on the low-frequency skirt of the
group of oxygen absorptions broadly centered at 60 GHz. Such a
radiometer was originally described by Haroules and Brown (3] in
1969, but the availability of much better and more sophisticated
components since the publication of Reference [3] makes the MMW
approach much more attractive. Furthermore, careful measurements
of the oxygen absorption coefficient as a function of frequency
have been made by Liebe and his coworkers [4), and provide the
basis for accurate determination of both the range to the event
and its temperature differential, which is a measure of its
severity. Range and Temperature measurements are discussed in
Section 2. ' '

To detect a temperature change in the atmosphere with a
radiometer, it is necessary that the frequency of operation be
chosen to lie in an absorption band; otherwise the area of
affected atmosphere will be invisible to the radiometer. It is
also important that the absorption coefficient not be too large,
since the radiometer must be able to see through the atmosphere
between itself and the region of modified temperature. For these
reasons, the frequency of operation must be chosen to lie in a
mildly absorbing region of the atmosphere. The band of oxygen
absorptions located near 60 GHz is a good choice for this appli-
cation because it is broad enough so that the absorption does not
change rapidly with frequency and low enough in frequency that
excellent components are available for radiometer construction.
It will be shown in Section 2 that it is possible to measure both
the range to the microburst plume and the difference in tempera-
ture between it and the surrounding atmosphere. This paper gives
details on the design and construction of a microburst detection
radiometer operating in this absorption band.
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2. Theory of Operation

2.1 Measurements of Range and Temperature of Wind shear Event
The radiometer equation gives the temperature observed by a

radiometer located at position z = 0 looking through a volume of

the atmosphere characterized by temperature T(z) and absorption

coefficient a(z2) as

T ,= fa(z)T(z)e,\'pl_-fa(z')dz’]dz, (1)
0 : z

where T, is the antenna temperature measured by the radiometer.
This equation is simply the sum of the temperature contributions
of all elements of length dz in the path attenuated by the atmo-
sphere between the radiometer and the length element. If a hori-
zontal path and homogeneity of the individual regions of the
atmosphere are assumed, the integration is trivial, and
interesting and useful results are obtained.

In this section, the antenna temperature which one would
expect to observe with a radiometer pointing at a wind shear
plume through a region of absorbing atmosphere will Dbe
calculated. In this analysis, it |is assumed that the
temperatures and absorption coefficients are reasonably constant
in each of the volumes of the atmosphere considered. This
requirement will be met if the paths are fairly nearly
horizontal, although it is expected that this concept will still
be viable for slant-path geometry, although the integrations
will be more complex. Consider the geometry shown in Figure 3
in which a radiometer antenna at 1location h is embedded in a
region of temperature T; and absorption coefficient a, extending

to h. The radiometer looks through this medium at a second
region extending to infinity which has a temperature T; and

absorption coefficient a,. This geometry will be recognized as

that which occurs in the atmosphere when a wind shear event which
is totally absorbing occurs. If the plume is not totally absorb-
ing, i.e. if it is possible to see through it to the other
side, range and temperature measurements will not be accurate,
but the presence of the wind-shear event will still be detected.
This case will be discussed briefly later, but it is likely that
most wind shear events are characterized by total absorption,
which is certainly the case for wet microbursts. For dry micro-
pursts of limited horizontal extent, the radiometer will not work
as well, but the addition of other channels would provide better
detection of these types of events., The number of radiometer
channels and their frequencies must be the subject of further
study.
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Now assume that the radiometer has three channels, one of
which lies in a strongly absorbing region of the atmosphere.
This channel, since its range is 1limited by absorption,
will simply measure the ambient air temperature T;. The other
two channels, denoted by A and B, are chosen to lie in low and
moderately absorbing regions, respectively. If it is assumed
that these two regions are homogeneous in temperature and absorp-
tion coefficient, it is not difficult to show that the antenna
temperatures observed by these two channels are:

- . L —aAh
Fy=T ,+(T,-1T))e s (2)

—th

Fg=T,+(T,-1,)e , (3)
Where a, and a; are the absorption coefficients of the atmo-

sphere in region 1 in the low and moderately absorbing bands,
respectively. Note that the absorption coefficient of region 2
does not appear in these equations because region 2 is considered
to be infinite in extent. These two equations can be solved for
the range h to the plume and the temperature difference between
it and the surrounding air. These calculations give:

1 T,-T,
h=———In| —— |, (4)
(XB"CXA Tl'—rB
~ _uB _ (!A
T, =T,=(T,~-T)"""(r,-Tg) * " (S)

The parameters of interest to the detection of wind-shear
plumes can thus be determined by a radiometer operating in an
absorption band of the atmosphere. Section 3 describes the
design and construction of such a three-channel radiometer oper-
ating on and near the absorption band due to oxygen, which lies
near 60 GHz.

2.2 Detection of Other Atmospheric Hazards

To the extent that other atmospheric hazards are character-
ized by changes in temperature, or by changes in the spectrum of
microscopic temperature fluctuations, the proposed radiometer
would also be able to detect them. It is possible that detection
of clear-air turbulence (CAT), wind rotors, and aircraft wakes
and vortices could be made using the proposed instrument,
although detections of CAT and wind rotors are primarily airborne
applications. The original proposal for this type radiometer by
Haroules and Brown [3) addressed specifically the detection of
CAT, which causes dozens of injuries every year. Several people
were injured recently when a Delta Airlines flight encountered
CAT over North Georgia. Since this problem was caused by a
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severe downdraft, it is likely that the temperature of the air
mass in front of the aircraft was lower than ambient, and could
therefore be detected by the proposed instrument. Updrafts could
also be detected because of temperature differences between them
and ambient,

Wind rotors have been observed primarily in the Western U.S.
where they result from winds descending mountain slopes, result-
ing in a "horizontal tornado" effect. A wind rotor has been
cited as a possible cause of the crash of a commercial airliner
in Colorado Springs in 1990 [5), with resultant heavy loss of-
life. Since the air masses resulting in wind rotors originate at
high altitudes, it is very likely that their temperature differ-
ences from ambient are significant, and might therefore be a
basis for detection of these events by a millimeter-wave
radiometer. Apparently little is known about the temperature
profiles of these phenomena, since they have heretofore been con-
sidered rather benign, but if an airborne radiometer were to
sense a sharp temperature difference between the air mass ahead
and ambient, it would be wise for a pilot to take evasive action.

Wakes and wing-tip vortices have long been recognized as
hazards during takeoff and landing operations, especially when
smaller aircraft follow larger. To avoid problems with this type
of turbulence, it is necessary to space takeoffs and landings at
fairly large time intervals so that the disturbances have time to
d