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FOREWORD

The Second Combined Manufacturers’ and Technologists’ Conference was hosted
jointly by NASA Langley Research Center (LaRC) and the Federal Aviation
Administration (FAA) in Williamsburg, Virginia on October 18-20, 1988. The meeting was
co-chaired by Dr. Roland Bowles of LaRC and Herbert Schlickenmaier of the FAA.
Amos Spady of LaRC and the Science and Technology Corporation coordinated the
meeting.

The purpose of the meeting was to transfer significant ongoing results gained during
the second year 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 requested in writing. Questions and
answers from the floor are included for all sessions. The written questions were presented
and answered in the final session and are included in the document. Several of the
speakers did not have vugraphs; their talks were transcribed from the recordings of the
sessions, edited by the speaker, and are included. Additionally, the opening overview by
Mr. David Johnson was transcribed and included to provide the reader with an
understanding of the multiple elements included in the Joint Airborne Wind Shear
Program.
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Overview: Second Combined Manufacturers

and Technologists Conference
18 October 1988
Dave Johnson, Acting Service Director for the Advanced System Design Service.

Thank you Herb. Good morning and welcome to the Second Combined
Manufacturers and Technologists Airborne Wind Shear Review Meeting, here in
beautiful Colonial Williamsburg and I hope you are all appreciating this lovely setting,
I certainly do. This is going to be an exciting and challenging three days from what
Herb tells me according to all of the important work you’ve been doing and the
papers that I've seen so far out in the table, there in the adjoining room, and it’s a
very ambitious schedule, so I know you want to get on with it and I will be brief.
First, I would like to extend my sincere thanks to the NASA team for giving me the
opportunity to present the welcoming remarks here this morning and to open the
conference. The NASA team, with the FAA, industry and academia participating in
this Wind Shear Program make a really formidable team to take on and try to solve
this vital, very serious wind shear threat to aviation safety and I think it’s really
brought home with some of the recent events that we all know about, particularly
referencing the United experience in Denver, which you will hear more about this
afternoon from Mr. Ireland. The work that NASA and the FAA and various
contractor members are performing can only have a major effect in solving the wind
shear problem if all members of the team share the information, results and the plans,
and that’s what this conference is all about and I understand it’s an extension from last
year’s. This very unique relationship allows all of us to go farther than we could
individually and produce a lot more results. This information exchange, has a lot of

the FAA and the NASA Airborne Wind Shear team to focus on the common




problems and technology, while industry has focused on the means to develop,
manufacture and obtain the certification for Airborne Wind Shear assistance. This
conference is very timely, considering the recent announcement by Secretary Bernly,
conterning the new rule and I quote, "requiring jet airliners to carry equipment that
will warn pilots when they encounter unexpected low altitude wind shear." You will
hear more about this rule from Steve Morrison this morning. But this is only the
beginning, because we need further research to provide predictive wind shear alert
technology, not just tell the pilot when he’s already experiencing it, and I'm sure you
all know that better than I, since I'm relatively new in this game and I’'m counting on
Herb to bring me up to speed and learn a little bit more about wind shear. Also,
when we speak of technology, let’s not forget the impact on the pilot. The pilot’s vital

in the system as we all know. And how the technology is provided to the flight crew

to sensible application of flight management and control concepts is essential to
successful implementation of the airborne wind shear alerts. Complimentary to the
Airborne Wind Shear technology are the advances made with ground based wind shear
systems. I noted the agenda items on Thursday for this important segment of wind
shear alert systems, and let us all keep the pilots and the controller, and the ground
and air based systems in perspective. I think that’s really important. It’s a system
problem and I think it’s important that everyone focus on that, keep their perspective
and consider the interface and develop the technology such that it does work with the
complimentary systems. So to get on with the task before us, I think you need to
remember last year’s successful conference, Herb tells me that you covered quite a bit
of information and was documented in the January 1988 report where you all
identified the hazard in aircraft terms, the early results from the sensors technology
assessment were presented, the plans for managing and displaying airborne wind shear
information were announced. A discussion was held concerning the draft advisory
circular the FAA was working on and you were provided with plans and a discussion

on the TDWR operational demonstration. This year, building on what you all did last



year, you'll be relating the hazard and how it relates to the system design concept.
You’ll be looking at the results of the radar lidar and infrared technology assessment
and you’ll be looking at the results of the FAA/NASA Flight Management Systems
efforts and now that the advisory circular is out, there will be further discussion on
that, and the clock is starting and how it is apt to be implemented and from Herb tells
me, there’s going to be a review of the Denver operational TDWR system and I think
that will be very exciting for a lot of folks in this field, and probably what Mr.
Ireland’s going to talk about. So, without going on too much further, I want to, in
conclusion say, that I would like to thank you all for your time and effort and for the
commitment to this very pressing safety issue. To our partners at NASA, thank you
for the close cooperation and the technical expertise that’s been provided which has
produced all of the results so far and the agenda is full and I won’t delay with the

points so let’s get on with it.
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&y
Wallace M. Gillman k>/8
American Airlines
DFW International Airport, Texas, 75261-9617

ARSTRACT

An alternate title for this presentation is Tools for
the Trade. A brief review of daily operations in the Airline
businese will be made with emphasis on the decisions made
by pilots and the information used to make these decisions.
Various wind shears will be discussed as they affect these
daily operations. The discussion of tools will focus on
airborne reactive and predictive systems. The escape maneuver
used to fly out of a severe windshear will be described from a
pilot's point of view.
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Session 1. Airborne - Terms of Reference
Tools of the Trade, Wally Gillman, American Airlines

To all of you here, I would like to say, it’s a privilege to be able to talk to you today
and also very much a challenge. Listening to the previous speakers, I could agree with
several things that they've said, first of all, Dave Johnson talked about this being a
system problem. That very much is and that’s going to basically be the thrust of my
presentation, although I say it in different words. Roland said I would have the
opportunity to articulate operational requirements. I don’t even know what articulate
is, so I'm going to have a difficult time there and Herb talked about this meeting
being in three phases, hazard characteristics, sensor development, and ground systems,
and since we’re starting off at the beginning; I guess I'm part of the hazard

characteristics.

Let me talk a little bit about myself because I will be referring to some personal
experiences here as I go through. I'm a Captain with American Airlines, been flying
for over 21 years with American, and about 30 years all together. Seventeen years of
that flying was on the line, where day after day after day we’d go out and fly in
various weather conditions. For the last 3 1/2 years, I've been a Manager of Flying
Engineering for American, which means that my job is to interface with such people
as yourself to try to define what our needs are, to try to help develop some
equipment. I do test flights, new equipment and new airplanes and when we have
certification requirements, then I represent the FAA in certification flights of

equipment on our airplane.

Originally, this presentation was supposed to be called Industry: Terms of Reference.

That was a little scary to me, so I asked if we could change that and actually the title
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now is "Tools for the Trade." Tools for the Trade, and first of all, before I talk about
some of these tools, let me talk a little bit about the trade. This viewfoil represents
the magnitude of the daily operations of commercial airplanes in the United States in
1987. 6.5 million commercial airline flights. Almost 18,000 daily flights. A little
perhaps, personal note, on Sunday the 16th of October, American Airlines flew 231
million revenue passenger miles. That’s an awful lot of operations and an awful lot
of people travelling an awful lot of miles. I think the point that I would like to make
here is that we do this daily, every day and we do it in rain or shine, wind shear,
weather conditions, etc. Now, all of you, in this group, are very familiar with wind
shears but we tend to focus on microburst quite a bit, but there are all kinds of wind
shears that we encounter every day. Almost every one of these flights encounters
some kind of wind shear. And a lot of these types of wind shears have caused
accidents. A long time ago, an American Airlines airplane hit the dike at La Guardia,
Runway 31. That shear is probably due to physical obstruction. And, years ago, going
in the midway airport, we always used to have to be careful of the wind shear because
of the hangers and the buildings, so those are physical obstructions. We go places
where we have wind shears continuously, like in Amsterdam. These types of things
are daily occurrences. They’re serious. Some of them can be very serious as Roland
pointed out in his slide, and we have to take them seriously. But we deal with these

things on a daily basis and we need the tools to deal with these things.

If you'll allow me, I'd like to make a few personal references, to talk a little bit about
some daily decisions because I think it’s important that you understand how we use
these tools in daily operation of 18,000 flights a day. Not long ago, as a matter of fact
on the 23rd of September, I flew a flight from Chicago to Dusseldorf, Germany, and
that particular day, there was a line of storms. So I got on the telephone and talked
to the dispatcher. We agreed on a little different routing, adjusted the fuel, and off

I went and didn’t have any problems. We went through to Dusseldorf with no
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problem. The point is, I used some available tools. We used satellite weather
depiction, we used weather reports that we had available. We used some radar
returns that we had available and we made some decisions. Now, as a result of that
we had a non-occurrence. That doesn’t mean to say that that event wasn’t out there.
I know a lot of people out there are concerned when we talk about forward looking
sensors, about the fact that by the time you get there the event might not be there,
it might be related to a false alarm or something like that. Well in this case, there
was no event that I wasn’t concerned about a false alarm, I had a smooth trip. Also,
about six weeks ago, I flew with a fellow from NASA Langley here, whose name is
Charlie Knox, I'm sure Roland knows Charlie. Charlie’s got a project on data link,
and so I flew him on a Boeing 767 and we went from Dallas to Dulles and 1 was
demonstrating the data link. Now on this particular trip, we rolled out on course and
right in front of us was a thunderstorm which wés painted on the weather radar. I
said to Charlie, "Well, we’re going to have to deviate around this thing, but let’s take
our time, let’s look at what’s developing on either side of that storm and beyond that
storm so we can make our decision in which way to deviate." So we looked at the
scope, evaluated the radar returns, and eventually I deviated left. We ended up
deviating for about 250 miles and finally went through the hole and went on to Dulles.
Again, a smooth ride, a non-event. But I used the tools that were available to make
that decision. About a month ago, I was flying a Boeing 767 at Moses Lake,
Washington, on a test flight. Part of that test is to fly autoland approaches. We came
into Moses Lake and ahead of us was a 747. Now, a 747 is a huge airplane that
creates a lot of vortices, and sure enough as we got down on final approach, we
started encountering quite a bit of, what you might term as turbulence. The airplane
shaking around. We decided to go around rather than continue that approach because
we didn’t feel the automatic system would be able to handle the shear turbulence

conditions as we were encountering them. So that was a decision based upon actually
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encountering something, not having any idea of the magnitude that was at the front

of us, but not be willing to continue on into it.

Now, those are very recent things, but let me talk a little bit more about something
very pertinent to what we’re going to talk about here. About one week after Delta
191 accident in Dallas, I was taxiing out to take off on Runway 17 right at DFW
Airport. Everybody was very conscience of wind shear after that accident. 1
remember there was some storms coming in from the northwest and we were watching
it as we were in a line of airplanes waiting to take off. We looked at the wind socks.
We were listening to the tower reports from the LLWAS system, the winds at various
portions around the airport. I was number 2 for take off and I said to my co-pilot,
"I’'m not going to go on this runway." But just at that time, the number 1 crew in line,
Pan Am, said, "I'm not going to go." Then the whole line said, "We’re not going to
go" then the tower taxied us all down the runway, took us about 15 minutes, down to
the other end. By that time the storm had kind of passed by and we all launched to
the north. We were using the tools to make those decisions. The tools that we had
available. That’s the kind of thing that goes on daily. One other example where I
wish I had a tool, this is back in the 70’s, I was flying co-pilot to Charleston, West
Virginia. Now that airport sits on top of the mountain and it’s kind of a short runway.
You don’t like to land with too much speed because you could run off the far end.
On the approach, to the runway, you're coming over a great big valley and on that
approach, I noticed that the power was way back at idle, very much reduced from
what it normally would be. So we discussed the fact that we must have a tail wind
at that point, but the tower was reporting a cross wind at the runway. A cross wind
almost at our maximum for the airplane, which was a Boeing 727, so we discussed the
fact that we better carry a little extra air speed because we were going to encounter
a shear. I sure would like to have had a forward looking device so that we could

have told how big that shear was going to be. But we carried 25 knots extra airspeed,
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which, when you’re looking at a short runway on the top of a mountain, is an awful
lot of airspeed to carry. Well we got there, and I would say, it felt like two seconds
we lost 25 knots. Just like that. I dropped the wing down and just barely saved the
landing. We had a reasonable landing, rolled out, and went to the terminal. Nobody
knew anything about it, except the guys in the cockpit. I could have used a forward

looking sensor for that particular situation.

I've taken quite a bit of time to talk about myself, let’s talk about these tools for the
trade. I would like to make a little quote from Aeroline, which is a newsletter that’s
published by ARINC Radio for the AEEC. This is in from the chairman’s corner.
It says, "We engineers are notorious for becoming entranced with technology for what
it can do rather than for what we need it to do. And why? Our industry cannot
afford and will not tolerate such a attitude." I’ﬁ glad an engineer said that rather

than me, you know.

We have some valuable tools coming along. The first one is some valuable training
tools that have been developed over the last couple of years as a result of the FAA
and industry working on understanding wind shear and particularly microburst. Bob
Ireland was involved with this group. They came up with a authoritative training aid
that we have used to make changes in our training recently. This is very valuable in
our ground training. We are much more aware of the conditions that create
microburst and the things to look for that we might be able to detect it and avoid it.
In our simulator training, we have microburst models and wind shear models and we
have our pilots fly through various wind shear scenarios, practicing detection, detecting
when the wind shear is occurring, and then practicing an escape manuever. Now, we
talked about having an unstable approach. When you have an unstable approach, it’s

time to execute an escape manuever.
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Let me tell you folks, this escape manuever is not a very nice thing. So let me talk
a little bit about escape manuever. It’s something that I don’t want to be in if I can
avoid it. First of all, when you look at the pilot procedures, they seem pretty straight
forward. Use maximum power, rotate to 15 degrees at pitch attitude and then control
the ﬂight. path. That doesn’t seem very difficult, but let me tell you, that is an extreme
manuever from the standpoint of pilot technique. You are operating at a region which
you normally don’t operate in and it’s not something that I want to get involved with
if I can avoid it. As far as controlling the flight pass, generally we’re talking about
stopping a sink so we don’t lose altitude and eventually, if you trade off enough air
speed in order to stop this sink, you’re going to be approaching the limits or stick
shaker and you have to respect that and not go into the stick shaker. Well, I would
like to take a minute to talk about this escape manuever. I don’t know how many
pilots we have in the audience but I would like to take it out of the airplane
environment and discuss it from a different perspective. First of all, what is wind
shear? Wind shear, I have characterized as stepping off a moving sidewalk like at
DFW airport. What happens is that the top part of the body continues to go forward
at the same speed but all of a sudden the legs are slowed up because they are no
longer on the moving sidewalk. So that’s basically the same as wind shear. That’s
something we can understand and the same affect happens to an airplane. Now, we'’re
dealing with something called angle of attack. And I don’t want to get into
aerodynamics but, I need to show you what angle attack is before I can continue.
(Slide of airfoil at high angle of attack) Here we have an airfoil section, a section
through a wing, which the airplane is pointed horizontally. But the airplane is actually
going down this path here so that the relative wind is up in that direction. So what
we have here is the angular difference between the attitude of the airplane and the
flight path of the airplane, this is the angle of attack at that airfoil. When this angle
attack exceeds a certain amount, you get over the top surface of the wing instead of -

getting laminar flow. You lose the lift from the top of the wing and then the airplane
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is going to come down! Plain and simple. Particularly if you're in the midst of an
escape manuever in which you already have maximum power. The only way to
recover is to lower the nose a little bit, reduce the angle of attack, get laminar flow
over the wing and try to fly out. All right, that’s all I'm going to talk about angle of
attack. Now let’s go back to my moving sidewalk analogy. We're going to put a guy
on a treadmill (Slide of man on treadmill tilted at steep angle with rear (low) end in
the water and net accross high end) Normally the guy moves right along, and there
are no problems. He’s got lot’s of treadmill between the bad water down here and
this bad condition up here (net) which represents stick shaker conditions and the end
of the treadmill where stall would occur and the guy would fall off. So this guy just
marches along doing his thing. But now when we get into wind shear and he’s doing
the escape maneuver, he gets into a very critical situation where he doesn’t have very
much to play with. (Slide - similar to previous slidé except very little distance between
the water and the net) He is very close to disaster down near the water and disaster
up near the net and the end of the treadmill. Now we’re going to turn the lights out
so he can’t see how close he is to this stick shaker (net) because there’s nothing in the
cockpit of older airplanes that shows you where stick shaker is. So our guy is going
blindly along hoping that he won’t get into the net and hoping he is doing enough to
keep from falling into the water. Now, no only am I going to turn the lights out but
I’'m going to simulate up drafts and down drafts by changing the pitch of the treadmill
up and down. Now our guy is going around in the dark trying to stay in this little bit
of treadmill while it is pitching up and down. That’s kind of like an escape maneuver.

It’s not a maneuver I want to have to accomplish.

Another valuable tool is the airborne reactive wind shear system that has been under
development for a number of years. Bob Ireland and I have been working on an S7
committee of SAE, trying to define the operational characteristics of such a system.

It’s a reactive airborne system like I fly on the Boeing 767 right now. It is a very

19



useful tool. We are able to reinforce what we are seeing in the cockpit with this
detection alerting system. It reinforces the fact that we're in trouble and that it is due
to wind shear. You know, a lot of times there can be turbulence and as I said earlier,
da.y after day, after day, after day we operate into weather conditions where we have
shears, we have turbulence, we have deterioration of flight path, and we counter those
conditions and continue operating. Now all of a sudden, we’ve got a device to help
us recognize when this shear is beyond the normal limits and annunciates "wind shear"”
and provides us with flight director guidance for the escape. This is kind of like
putting a meter in front of the guy on the treadmill so he can march at the right rate,
and stay on the treadmill. So far, we’ve been doing a pretty good job with this new
training program that we’ve got. They do an excellent job of recognizing the different
tilts of the treadmill and marching at the right pace even without this flight director

guidance.

I think in terms of time, the next systems that are going to be operational use will be
ground based systems. In fact, LLWAS is already in operation. We’re going to have
some discussions about further development of that tool and development of the

terminal doppler weather radar later on in this symposium.

These are exciting tools, but what I would like to focus your attention on is this
bottom bullet on my viewfoil where I get back to what Dave Johnson said earlier, in
that it’s a system problem. You've got to present information to the crew in such a
manner that they can utilize the information. When we talk about what happened in
Denver on July 11, I'd like you to remember this because there was information there
that the crews did not receive the information in a manner that they could operate
on it. So if you could just keep this in mind during those presentations, I think that’s

the kind of thing .. kind of message I'd like to get across. The big thing, as far as I'm
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concerned is that the devices on the ground, ought to be able to give us enough

information and I can avoid ever getting to that escape manuever.

The next tools down the line are the tools that are going to come out of all the work
that’s being done here in airborne sensors. Again this is exciting to have the work
that’s being done here. We see (we being operational guys in the S7 committee) see
this falling into two categories. One set of sensors or some early technology might
give us early detection and early escape and the earlier you escape the more treadmill
you’ve got to work with, you know, so the less dangerous that escape manuever is.
Again, though, what we really need to aim at is to have enough information that we
can avoid the problem. In case I haven’t made my point yet, I just have one viewfoil
that might emphasize it. (AVOID, AVOID, AVOID IN LARGE LETTERS) That’s
what I'm aiming at. Now, what are the chéracteristics of an avoidance tool.
Remember, this has got to be a systems development. We’ve got to work on these
tools to present the information so that we can use it. I see them as having some
kind of a situational display that is easy to interpret. 1 don’t have to spend a lot of
heads down time. I don’t have to spend a lot of manipulative time. I don’t have to
work a lot of dials. It’s a minimum workload. I'm already in an environment during
take off or during approach where the workload is heavy. I've got to have something
that is very useful for me. I've got to have time or distance (you know we’re travelling
3 to 4 miles a minute) I've got to have time to come to some decision and try to
coordinate that decision with air traffic control and then I've got to have information
that allows me to pick an avoidance path to get out of this environment so that I can

avoid it all together. So those are the ingredients I think and characteristics of an

avoidance tool.

Thank you very much.
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OVERVIEW OF
SAE COMMITTEE S-7 ARP 4102/11
"AIRBORNE WINDSHEAR SYSTEMS"

Robert T.. Ireland
Chairman, S-7 Windshear Subcommittee
United Airlines, Inc.
Denver, Colorado

ABSTRACT

The windshear subcommittee of SAE Committee S-7 (Flight Deck and Handling
Qualities Standards for Transport Aircraft) has developed an Aerospace
Recammended Practice (ARP 4102/11) entitled "Airborne Windshear Systems".
The subject ARP attempts to combine the most current knowledge of both the
pilot community as represented by the standing membership of Committee S-7,
and the avionics industry, as represented by consultant members fram all
campanies contemplating windshear device development, in a document to be
used as a standard for development of windshear avionics. The first
issuance of the ARP concentrated on present position (so-called “in situ")
devices, with a mild treatment of look-ahead systems. A revision,
currently being considered by the votina membership of the Committee
revises and clarifys information on "in situ" systems and adds considerable
detail to the look ahead sections. It is noted that, while the sections
pertaining to "in situ" systems rely heavily upon knowledge gained in the
actual development and testing of such systems, the portions addressing
look-ahead devices center more on pilot input of desireable characteristics
of predictive systems as pre-development input. Voting on the revision is
expected to be completed before the next meeting of S~7 in Tokyo, during
the week of October 24, 1988.

PRECECING Fo22 25004 ROT rILMED
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S.AE. S-7
"Airborne Windshear Systems"
® ARP: Aerospace Recommended Practice

® ARP 4109

- Alerting Systems
- Detection & Avoidance Systems

® ARP 4109 ——» ARP 4102/11
® ARP 4102/11 Rev. 1 [N WORK

- Alerting Systems
- Detection Systems
- Avoidance Systems
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SAE-S7 Wind Shear ARP - Bob Ireland, United Airlines

First of all, I would like to thank Amos, Herb and everyone else who helped put this
together today and particularly for including on the agenda this year some of us from
the operational side. I think last year we were just the hecklers. Russell, that’s a
laser detector wind shear. Just thought I’d get that out of the way. Ok. Before I get
started I'd like to compliment the FAA and the ATC, yesterday the system of weather
detection and helping airplanes void was wofking very well. Is there anyone here in
the audience who connected through Chicago, yesterday, late afternoon. Just a couple
of you. Chicago was essentially in what U.S.A. Today this morning called sky locked,
because there were some thunderstorms in the area, I guess some tornado alerts or
warnings. It’s an example of the system working right and working together and I
think although it was inconvenient for some of us to get here for this meeting, as a
result of it, it’s a very positive sign. Wally alluded to the fact that we have created
a committee at SAE that speaks towards the needs in the cockpit. That’s what I
would like to talk about. The committee is called S7 and what the S7 stands for ..
I've never been able to find a person who knows. But the committee itself is known
as the Handling Qualities and ....... I had it right on the tip of my tongue. It’s such a
mouthful. Anyway, our committee is composed of representatives from many airlines
and many manufacturing firms worldwide and our purpose is to write some
recommended practices. They are called Aerospace Recommended Practices for the
Society of Automotive Engineers, it’s called an ARP and it’s a tool that manufacturers
can use to understand what the pilots want to see in the cockpit. In particular in this
case we formed a subcommittee for the purposes of defining what pilots would like
to see in the way of wind shear avionics. Being redundant for many of you, I've
coopted so many of you in this room to be part of that committee and so it’s a little
boring for Sam, Wally, Dave and Sperry folks, there’s a great number of you that are
already on this committee. We’ve been working together for about three years now

and created a first document that was called ARP 4109 in the numerical categorization
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of SAE. It contains information on two basic systems. The alerting systems that are
the focus of the new rule that just came out, those systems which detect wind shear
only upon entering the phenomenon and providing guidance thereafter and also a
second group that we lumped together and called it detection and avoidance. These
were systems as we saw them that would look ahead, would see the phenomenon and
we hope give enough warning to allow pilots to deviate around it. As many of you
are aware, I'm sure, there has been some great discussion about whether it’s practical
to expect any kind of a device to allow an actual diversion around wind shear as
opposed to merely beginning a recovery early. We locked in together in that
particular document. 4109 is on the street. It was issued approximately 1 year ago,
and the forward looking part of it asks for devices that look ahead 5 miles or more
and that the display, that it allows the pilots to deyiate around. We realize that wasn’t
necessarily a totally practical approach and I'll get to that in a minute. For those of
you who want to track the documents however, and find out where they’ve ended up,
Herb quit it. Within the last couple of years, SAE’s been undertaking a rewrite on
all of it’s S7 documents and renumbering them. Consequently our wind shear ARP
is going to become an annex of a greater ARP and it will become known as 4102
Annex 11. And now I get to the current work of our committee. It’s 4102, Annex
11, Rev. 1, it’s currently in work .. in fact, it is as we are speaking being voted on by
the members of SAE S7, we’ll know the results of that voting next week when we all
gather in Tokyo and hopefully it’s been easily approved. So far the voting indicates
that it will be. What we’ve done in revision 1 is two things. We have expanded the
alerting systems section. Primarily in recognition in lessons that are being learned in
the operations of the system and the design of them as more and more of them
become on the market. Secondly, we have taken the detection and avoidance systems
and we split them out into two different systems as we saw them. The detection
system being an intermediate device, if you will, the ones that are primarily being

focused on for development. Those devices that can give you say 30 seconds to a
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minute of advanced warning, be they IR based or laser based. These would be devices
that would provide alerting but would not necessarily provide any kind of display
because in that time frame, it’s probably impractical to try to actually deviate around
any such phenomenon. We also continue to have our section which some have
referred to as pie in the sky and that’s what we call avoidance systems. The pilot
community wants to see a system that can look ahead, far enough to provide a
geographically based display that can allow aircraft to contact ATC, make
arrangements to deviate around these hazards. As much as we may say that’s
impractical today, we’re going to keep pointing in this direction because it is our firm
belief that the more we say we want it, the sooner it is that you folks are going to
develop such a system for us. [I’ll hesitate from being too terribly specific on what’s
in this document because as I said, it is being voted on right now. If people want to
submit questions on exactly what we're asking f.or, I prefer they would just ask me
privately because I do not want to put it in the public record as that would be
usurping the authority of the S7 members before it has become a public document.
Any other questions I would be happy to entertain later and that’s all I've got.
Thanks a lot.
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DEPARTMENT OF TRANSPORTATION
Federal Aviation Administration

14 CFR Parts 121 and 135

{Docket No. 19110; Amdt. Nos. 121-199,
135-27)

Airborne Low-Altitude Windshear
Equipment and Training Requirements

AGENCY: Federal Aviation
Administration (FAA), DOT. .

Action: Final rule.

suMMmARY: The FAA amends Part 121 to
require airborne low-altitude windshear
warning and flight guidance equipment
in airplanes and Parts 121 and 135 to
require windshear training for flight
crewmembers. The National
Transporiation Safety Board
investigations show that low-altitude
windshear has been & prime cause of air
carrier accidents. This rule is expected
to reduce windshear related accidents
by training pilots in avoidance and
escape techniques and by providing a
low-altitude windshear warning system
with flight guidance equipment in
certain airplanes to increase the margin
of safety if windshear is inadvertently
encountered.
DATES: Effective Daote: January 2, 1889.
Compliance Dates: 1. Training
requirements in §§ 121.409, 121.419,
121.424, and 121.427; §§ 135.345 and
135.351. January 2, 1991.

2 Equipment requirements in
§ 121.358(a): January 2, 1091, unless
certificate holder obtains an extension
in accordance with § 121.358(b).
FOR FURTHER INFORMATION CONTACT:
Gary E. Davis, Project Development
Branch {AFS-240), Air Transportation
Division, Office of Flight Standards,
Federal Aviation Administration, 800
Independence Avenue SW.,
Washington. DC 20581; Telephone {202)
267-8096."

SUPPLEMENTARY INFORMATION:

Background

. On June 1. 1887 (52 FR 20560). the FAA
published Notice of Proposed
Rulemaking (NPRM) 78-11A proposing
airborne low-gltitude windshear
equipmen! and training requirements.
The NPRM was preceded by Advance
Notice of Proposed Rulemaking
(ANPRM) 78-11 (44 FR 25867, May 3,
1878). The ANPRM invited public
participation in addressing low-altidude
windshear in the following ways: (1) By
placing windshear detection equipment
on the ground and transmitting
information to the pilot; and (2) by
installing equipment aboard the aircraft

that would provide the pilot with
windshear information in *'real time.”

The ANPRM and NPRM were actions
in the FAA's continuing efforts to
combat the windshear problem. A full
discussion of studies. Advisory
Circulars, acciden!/incident data. and
NTSB recommendations on windshear
appeared in the preamble to NPRM 78—
11A. The following information briefly
summarizes FAA efforts since 1975.

¢ In 1975, the National Aeronautics
and Space Administartion (NASA), in
cooperation with the FAA, instituted the
Aviation Safety Reporting System
(ASRS) whereby safety-related
incidents involving aircraft operation
are submitted voluntarily and trested
anonymously to identify safety
problems. Windshear is among the
problems identified by reports submitted
under this system.

¢ In 1877, the FAA conducted a study
of NTSB reports on aircraft accidents
and incidents related to low-altitude
windshear that had occurred from 1964
through 1975.

* In May 1877, the FAA amended Part
121 of the Federal Aviation Regulations
(FAR]) to require air carriers to adopt an
approved system for obtsining forecasts
and reports of adverse weather
conditions, including low-altitude
windshear, thet could affect the safety
of flights on the routes to be flown and
at girports to be used.

¢ The FAA issued Advisory Gircular
(AC) No. 00-50A. Low Level Wind
Shear, to provide guidance in
recognizing meteorological conditians
that produce windshear phenomena and
to recommend certain pilot techniques
to minimize the effects of windshear
when encountered during takeoff or
landing.

¢ The FAA established a research
and development program to examine
the hazards associsted with low-aititude
windshear, develop solutions to the
windshear problem, and integrate those
solutions into the National Airspace
System. )

* At 90 major airports within the
United States, the FAA installed @
ground-based Low-Level Windshear
Alert System (LLWAS]) capable of
detecting the presence of hazardous
windshear in the vicinity of the airport
at the surface. The FAA intends to
install an additional 20 LLWAS's at
airports across the nation. In addition,
the FAA is working on enhancements to
the LLWAS and is cooperating with the
National Center for Atmospheric
Research on an operational evaluation
of a Doppler redar windshear
forecasting and alerting system.

* Before issuing ANPRM 78-11, the
FAA, through a series of simulator
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experiments, investigated the
effectiveness of airborne low-altitude
windshear systems designed to warn
pilots of the existence of windshears
and to assist them in trgnsiting or
avoiding such shears.

¢ In November 1883, the PAA issued
AC No. 12041, Criteria For Operational
Approval of Airborne Windshear
Alerting and Flight Guidance Systems,
to provide industry with an scceptable
means of obtaining operational approval
for the use of various airborne
windshear systems on air carrier
aircraft.

¢ In 1883, in response to Public Law
97-388, the FAA contracted with the
National Academy of Sciences (NAS) to
study “the state of knowledge.
alternative approaches and the
consequences of windshear alert and
severe weather conditions relating to
takeoff and landing clearances for
commercial and general aviation
aircraft.” The NAS Report, “Low-
Altitude Windshear and Its Hazard to
Aviation,” was published in late 1883.

¢ In 1986, the FAA contracted with a
consortium of aviation specialists from
The Boeing Company, United Airlines,
McDonnell Douglas. Lockheed-
California. Aviation Weather
Associates, and Helliwell, Inc., to
produce the Windshear Training Aid
document and windshear training
wideos. The Windshear Training Aid,
published and distributed to industry by
the FAA, provides guidance on
developing flight crew windshear
waining curricula.

In accordance with FAA research
findings and the National
Transportation Safety Board (NTSB)
recommendations that were based on
accident investigations, the FAA
proposed in NPRM 78-11A windshear
training end airborne equipment
requirements as part of a “systems
concept” to solve the problem of low-
altitude windshear. The concept
includes an improved low-sltitude
windshear weather forecasting
technigue, ground-based windshear
detection equipment, airborne
windshear warning and flight guidance,
and improved flight crew training.

The FAA has decided sfter thorough
consideration of the comments received
on the NPRM to proceed with the
proposed windshear training and
airborne equipment requirements with
minor modifications. A detailed
discussion of the major issues raised by
commenters and the FAA response to
the comments follows.

————
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Discussion of Comments

Twenty-seven comments were
received on the Notice of Proposed
Rulemaking. The comments were
submitted by air carriers, airline and
pilot associations, manufacturers,
individuals, and the NTSB. Most
comments commended the FAA for
taking action to reduce the hazards of
windshear encounters. However,
several commenters opposeg gertain
proposed requirements. Specific issues
that were addressed in the comments
were those on applicability; airborne
warning devices; flight guidance
systems; training; the compliance date;
and Advisory Circulars. Several
comments also addressed the cost/
benefit aspects of the proposed rule. A
few comments recommended entirely
different approaches to the windshear
problem than the one the FAA proposed.
Several comments were information on
airbomne low-altitude windshear
warning and flight guidance systems. All
issues and categories of comments are
discussed below.

Applicability: Equipment

The proposed requirement in § 121.358
for low-altitude windshear equipment
applied to any turbine-powered airplane
operated under Part 121 except
turbopropeller-powered airplanes. The
FAA assumes that when commenters
referred to “turbine-powered airplanes”,
they were using the term as it was
defined in proposed § 121.358. The FAA
did not propose windshear equipment
requirements for any airplanes operated
under Parts 91, 125, and 135 because
accident history does not justify their
inclusion.

* The Air Line Pilots Association
{ALPA) objected to the exclusion of
reciprocating engine powered and
turbopropeller engine powered airplanes
from equipment requirements in Part
121. It stated that the table provided in
the NPRM showed that a sizeable
percentage of the windshear accidents
involved the types of airplanes that the
proposed rule excluded. The comment
ulso stated that the 1887 Annual Report
by the Regiona! Airlines Association
estimates that by 19987 61 million
passengers will be carried by members
of that Association. According to ALPA
these airlines “traditionally use
reciprocating engine and turbopropeller
powered aircraft.”

¢ The National Transportation Safety
Board (NTSB) stated that the “exclusion
of reciprocating engine and
turbopropeller engine airplanes from
this (equipment) requirement may be
reasonable based upon the different
performance characteristics of those

airplanes.” However, NTSB did “not
concur with the rationale used to
exclude turbine-powered airplanes
operated under Parts 91, 125, and 135
from this equipment requirement.” NTSB
stated that it believed that “the absence
of accident data to support the need for
including these operations may be due
to the comparatively smaller population
of turbine-powered airplanes used in
those operations and, in some cases, an
inability to evaluate accident
circumstances because of the absence of
flight recorder information.” The
Aerospace Industries Association (AlA)
also objected to the exclusion of turbine-
powered airplanes operated under Part
135.

The FAA's Response: Although the
table provided in the NPRM shows a
number of windshear accidents
involving reciprocating engine powered
and turbopropeller engine powered
airplanes, the airplane types involved
are older airplanes that have been in
service for many years and that are
rapidly being retired from Part 121
operations. As pointed out in the NTSB
comment, reciprocating engine powered
airplanes and turbopropeller engine
powered airplanes currently in
operation have *different performance
characteristics.” The FAA agrees with
the NTSB that the performance
characteristics of these airplanes
generally make them less vulnerable in
the event of inadvertent entrance into
windshear conditions.

Turbine-powered airplanes that are
operated under Parts 91, 125, and 135 are
excluded from the equipment
requirements for several reasons. *
Presently no accident/incident data
exists to support requiring windshear
equipment for these operations. The
FAA recently issued a regulation (see 53
FR 26134, July 11, 1888) which requires
flight and voice pecorders in certain
aircraft where they are not now required
when those aircraft are operated under
Parts 91, 121, 125, and 135. After this rule
becomes effective, the FAA will be able
to gather more complete data and take
appropriate action.

At the present time only reciprocating
engine powered and turbopropeller
engine powered airplanes are being
operated in commuter operations
(scheduled operations) under Part 135.
On-demand operations under Part 135
and operations under Parts 81 and 125
are conducted with turbine-powered
airplanes, but there are fewer flights and
these operations are unscheduled
operations and therefore do not have the
same degree of exposure to hazardous
windshear conditiuns as do the
operations covered by this final rule.
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Therefore, consistent with the NPRM,
the final rule excludes reciprocating
engine powered and turbopropeller
engine powered airplanes in § 121.358
and does not include gny airplanes
operated under Parts 81, 125, and 135.

In addition, the FAA has determined
that a clarification of “turbopropeller-
powered airplanes” as used in proposed
§ 121.358 is needed in the final rule and
has accordingly added the words “with
variable pitch propellers with constant
speed controls.” The addition of these
words clarifies the essential design
characteristic of turbopropeller-powered
airplanes which makes them less
vulnerable to the hazards of inadvertent
entrance into windshear conditions. The
FAA considers this addition necessary
in the event that airplanes are
manufactured in the future which mey
have some of the characteristics of
turbopropeller-powered airplanes but
not variable pitch propellers with
constant speed controls. Any such future
airplanes would not be excluded from
the equipment requirements.

Airborne Low-Altitude Windshear
Warning Devices

Sixteen comments specifically
mentioned the proposed requirements
for airborne warning devices. Ten
favored the requirement, three opposed
it, and three opposed certain aspects of
the requirement. Opposition to the
requirement was primarily directed at
the need to retrofit existing airplanes.
Concerns about the requirement for
sirborne warning devices were the
following:

o One or more of the predictive

- systems now being developed could be

installed on airplanes and validated for
far less cost than present warning
systems.

¢ No research has been conducted to
show that a waming device system
would add a significant margin of safety
over training in windshear procedures.

e Airborne warning devices may be
counterproductive to training since they
may encourage a pilot to pursue a
course that by observation alone he
would conclude is dangerous.

o Conditions other than windshear
may set off the warning, causing a pilot
to abort a take-off or landing, thereby
creating a potential hazard where none
actually exists.

o Requiring installation of warning
devices may slow development of
predictive systems.

e Only predictive systems can
provide a pilot with information early
enough to allow escape.
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The FAA's Response: The FAA does
not agree with the overall position of
these comments thet requiring an
airborne warning device is premalture;
that the FAA should wait until
predictive systems are developed and in
the meantime rely solely on training in
windshear recognition and escape
procedures. The FAA estimates that
airborne windshear predictive sysiems
will not be available for operational use
for at least another ten years. In the
meantime training alone is nbtenough.
Windshear accidents have continued to
occur even after windshear training has
been incorporated into many certificate
holders’ training programs. Since
windshear training alone cannot
guarantee that a pilot will recognize,
evoid. or escape windshear conditions,
the addition of an sirborne waming
device will provide flightcrews with an
increased margin of safety in
inadverien! encounters with low-
altitude windshear.

Two systems have already received
FAA certification as airborne low-
altitude windshear warning and flight
guidance devices on various airplanes.
In addition, severa! other manufacturers
have made formal application for a
Supplemental Type Certificate {STC) for
other systems. Any uf these systems
could provide the flightcrew with
enough warning and guidance to
enhance the probability of successfully
accomplishing the windshear escape
procedure for the particular system.

One of the low-altitude windshear
warning systems that has been certified
and is being used has provided :
operational data. This data indicated
that the waming system provides a
significant benefit to the flight crew of
the aircraft. This data also indicated
that nuisance and false alerts were
found to occur at an acceptably low rate
o maintain flight crew confidence in the
system. (For details see paper titied
*“Flight Experience with Windshear
Detection”, by Terry Zweifel presented
to the SAE Aerospace Control and
Guidance Systems Committee, March 8-
11, 1988).

Because of the seriousness of the
windshear problem, a regulatory
proposal 10 require implementation of
an available low-altitude windshear
warning system that could alleviate the
problem should not be delayed. The
public must be given the maximum
available protection from the
catastrophic accidents which operating
experience has demonstrated can occur.

The requirement for airborne low-
altitude windshear warning systems
does not mesn that the FPAA will reduce
its commitment to other windshear
equipmeni development. As stated in

the NPRM, the FAA will continue to
foster research programs to design
better flight guidance and control aids
which will improve a pilot's ability to
avoid an accident in the event of a
windshear encounter. Future FAA
action will place empbasis on {ostering
the development of predictive ’
technology for use in systems to detect
and svoid inadvertent entrance into
windshear. The FAA will continue
pursuing a “systems concept” which
inciudes an improved low-altitude
windshear weather forecasting
technique, ground-based windshear
deteclion equipment, airbome
windshear delection equipment, and
improved pilot training.

Flight Guidance

Except for the National
Transportation Safety Board and the Air
Line Pilots Association, virtually all of
the commenters either opposed or
expressed some reservations about the
proposed requirement that the approved
airborne low-altitude windshear
warning system be equipped “with flight
guidance.” The overa)! thrust of the
opposing comments, like the comments
opposed to installing warning devices,
was that the cost of retrofitting present
sircraft with s flight guidance system far
outweighed the potential benefits. ATA
on behalf of its member airlines asserted
that “the resources that would be
required 1o install gnidance systems
could better be used for avoidance
systems when they become available—
an eventuelity not too far in the future,
sccording to some.” .

The FAA's response: The FAA does
not agree thet increased safety would be
achieved in & more cost effective way
by eliminating the flight guidance
requirement and waiting for the
windshear detection systems presently
in development. As previously stated,
the FAA does not believe that fully
functional, tested, and rejiable
windshear detection systems are as
close st hand as do several commenters.
Nor does the FAA believe that a
windshear detection system. ff -
developed, would make & windshear
flight guidance system unnecessary.
While the FAA agrees that windshear
avoidance is the most desirable solution
to the windshear problem. 100%
svoidanoe may never be achievable so
that an effective flight guidance system
may still be highly desirable even if &
detection system is developed. The
cost/benefit aspects of the flight
guidance requirement are discussed
under the economic evaloation portion
of this preamble. Specific comments
regarding the flight guidance
requirement are discussed below.
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® Several commenters stated that the
cost to retrofit existing aircraft with
flight guidance syslems is
disproportionate to the safety gain,
especially for aircraft that do not now
have go-around or takeoff flight
guidance functions in their flight director
systems. Some of these commenters
pointed out that the Windshear Training
Aid stales that the manual technique
(maximum power and establish a 15
degree body angle pitch on the attitude
director indicalor) comes within 5-10%
of the potential performance nsing flight
guidance. One commenter concluded
that "the difference between manual (no
guidance) recovery and optimal (but not
practical) guidance is something at or
less than 5%!"

The FAA's Response: The cost/benefit
aspects of the flight guidance system
requirement gre discussed fully ander
the economic evaluation portion of this
preamble. As more fully explained there,
the FAA believes that flight guidance
systems should be required for turbine-
powered airplanes operating under Part
121. The remaining life span of many
airplanes already operating under Part
121 is sufficiently long to justify the
retrofitting expense of providing low-
altitude windshear flight guidance in the
event of an inadverten! windshear
encounter. The Windshear Training Aid
(WTA) statement does not refute this
conclusion. However, it should be noted
that the conclusions drawn in the WTA
with respect to comparing the
performance efficiency of the manual
technique with flight guidance were
based on the assumption that, for the
manual technique, the transfer of
learning effectiveness from the
classroom to the airplane is 100 percent.
The conclusion was then drawn that,
based oo the transfer of Jearning
sssumption, the manual technique
would be effective 90-85 percent of the
time for those few windshears
encountered. The bebavior pattern
resulting from windshear training using
various media (e.g. classroom
instruction, training devices, cockpit
procedures trainers, simulators, etc.)
may be degraded over time. Thus, in an
actusa! severe lJow-altitude windshear
encounter, an individuel pilot's reaction
using the manual technique most likely
would not approach the 80-85%
potential described in the WTA.

* There is no general industry
agreement on present flight guidance
algorithms (that is, on just what
directions the pilot should be given).

The FAA's Response: One hundred
percent agreement on existing
algorithms mey not exist; however,
software has been developed that is

L e BRGE S
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adequate to obtain FAA approval. With
flight guldance provided by this
software, a pilot wouid have a better
change of taking action necessary for
the aircraft to survive an insdvertent
encounter with low-altitude windshear.

¢ Adaptation and modification of
older electro-mechanical flight director
systems may affect the integrity of the
ex}ﬂing systems, thereby derogating
safety. )

. The FAA's Response: Modification of
older flight director systems should not
affect the integrity of those systems. The
approved airborne low-altitude
windshear wa with flight guidance
system to be installed must have been
certificated in accordance with the
appropriate sections of Part 25 of the
FAR and must meet the respective
airworthiness and operational approval
criteria addressed in AC 25-12 and AC
120-41 or their approved equivalent.
‘This approval process would ensure that
the integrity of those systems would not
be compromised.

¢ FAA should not require flight
guidance systems until it has completed
its characterization of the windshear

henomenon which is not scheduled to

completed until 1991.

The FAA's Response: En has
been learned about the windshear
hazard to pemmit the certification of
several windshear systems. The past
accident scenarios are well understood
and there hag been an enormous amount
of data generated by the Joint Airport
Weather Studies (JAWS) program.
While the potential hazards will
continue to be studied and further
defined there is an adequate base of
knowledge to design and certificate a
ﬂighlgdnnce system.

. timal"” flight guidance may not
be practical at this time since many of
the preln;nt lystemduqnire tlll:).e down
contro] inputs very close to the N

The FAA s Response: (bmm@?
guidance can only be developed when
there is complete knowledge of the
:::mcteﬁfoﬁgp of thle t;h l?:::d':n front of

e aircraft. Optimal flight oe is &
time dependent variabile state which
must consider a rapidly changing air
mass, as well as special situations {ie.,
altitude, speed, configuration, etc.). In
the certification process the FAA will
evaluate all guidance commands,
including nose down commands, for
appropriateness. If the optimal
strategy for a particular windshear
situation requires nose down control
inputs so close to the ground that it
would cause oollision with the ground,
the guidance strategy would be
unacceptable and would not be
certificated. It should be noted that
“nose down" does not mean below the

4
s

horizon. It means to lower the nose from
its present angle.

o While the flight guidance function
provides a small increase in the
magnitude of the windshear in which an
aircraft can successfully operate, that
increase only occurs at very high
windshear values. Therefore, because of
the serious turbulence what would be
encountered, this small gain could sasily
be offset by the pilot's inability to
closely foliow the commands being

ven.

The FAA's Response: The FAA
recognizes that in the worst cases of
severe windshear escape may not be
possible and, depending upon the cause
of the windshear flight
guidanoe commands may not be
readable because of severe
However, it is possibls 10 have severe
windshear without severs turbulence.
i g mle fligh e

ich escape is ible, flight nce
provides an additional margin ﬂfcty.
Between the moderate to severs levels
of windshear, flight guidance can
provide a gain in performance.
Training
Virtually all of the comments received

favored the proposed training
requirements. A number of comments

training
requirements, particularly those
requirements concerning simulator flight
treining. All specific comments are
summarized below.

¢ Flight Safety International stated
that helicopter operators should be
excluded from the training requirements
for recovery and escape procedures
because not enough data exists to .
develop training in such procedures for
e A s Re The FAA agrees

s Response:
with the commenter. The FAA bas
decided to exclude helicopters from the
escape trai requirements because
there are insufficient data on helicopter
response to windshear encounters.
Accordingly §§ 135.283(a)(7)(ii) and
135.345(b)(8){ii) have been changed to
include the words “except that
rotorcraft pilots are not required 1o be
trained in escaping from low-aitituds
windshear.”

* Some comments showed confusion
about th: intended meaning of the
proposed training requirements.
Continental Express was concerned tha
the proposed rule excludes :
turbopropeller-powered airplanes in
§ 121.358 from low-altitude windshear .
equipment requirements without
excluding them from the simulator
windshear training re ents in

. subsequent sections of the rule. Flight

Engineers' Inhm_ah’oncl Association

- PAGE IS 4

stated that the proposed flight training
requirements do not apply to flight
engineers and that the FAA probably
intended that th;{h:hm:l\t:':w toall
it crewmembers. t
menter was concerned that the
required windshear training program
might have to be a separate and
therefore costly training program.

The FAA's Response: As proposed,
the language of § 121.409(d) requires -
simulator windshear flight training only
if the airplane is required to be equipped
with low-altitude windshear equipment
under § 121.358. Therefore, flight training
would not be required for pilots flying
those turbopropeller powered airplanes
excluded from the coverage of § 121.358.

In response to the eomm.t] from
Flight Engineers’ Internation
Association, the sed amendments
to Part 121 included requirements for
initial, transition, and recurrent ground
training in windshear recognition,
avoidance, and escape procedures for
pilots and flight engineers, but proposed
requirements for flight training in
windshear procedures and equipment
use were intended only for pilots who
are at the controls of the airplane.
Current Pztlhg‘? which oovle.n ting
training for flight engineers is not
amended by this rulemaking. Windsbear
ground training in § 121.418 is applicable
to all flight crewmembers while
windshear flight training in simulators
applies only to pilots operating airplanes
equipped with low-altitude windshear
squipment. If a certificate holder wishes
to provide flight training in windabear
procedures and equipment for flight
engineers, it may do so, but the FAA is
pot requiring such training.

Finally. in response to the comment
concerning windshear training as @
separate , as the FAA explained
in the preamble of the proposed rule, the
phrase “an approved low-altitude
windshear flight training program” was
g;i to refer to the proposed 'Il'mmheed

t training requirements. phrase
was not intended (o mean that there
should be a separate program
for those who must provide low-altitude

" windshear flight training. instead, the

intention is that the approved low-
altitude windshear flight training be
incorporated into the certificate holder's
approved training program.

o The Air Transport Association -
(ATA) would like to see different
wording than that proposed in
$§ 121.408(d) and 121.424(d) which
stated that a pilot must have training
and practice in “at lsast” and “ut least
.udomum in them’e
an operator’s
approved low-altitude windshear Bight
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training program. ATA commented that
if the FAA's inlent was to require that
every pilot receive training in every
exercise a carrier develops, carriers
might be discouraged from developing
multiple exercises.

The FAA s Response: One means of
approval of the windshear training
portion of a certificate holder's -
approved training program is the
Windshear Training Aid developed by
the FAA and the industry tegm led by
Boeing. In July, 1987, this material was
widely distributed to all Part 121
operators and to part 135 operators
conducting scheduled operations and
within the FAA. The FAA intends that
the minimum number of windshear
escape maneuvers to be performed in an
approved airplane simulator for
approved windshear flight training
would include at least the maneuvers
and procedures associated with the four
basic exercises set forth in the
Windshear Training Aid. These
exercises have the pilot encounter a
windshear situation—{1) Before
achieving rotation speed on takeoff; (2)
during a rotation on takeoff; (3) during
an initia) climb shortly after takeoff; and
(4) during a precision approach. Each
certificate holder should develop
sufficient variation in the exercises to
avoid stereotyping in the training.

In §§ 121.409(d) and 121.424({d)(2) the
phrase “at least” is retained, while “all
of* has been deleted from
§ 121.424{d)(2). These changes should
make the FAA intent clear, namely that
each pilot must receive training in the
minimum number of windshear escape
maneuvers and procedures that
constitute the certificate holder's
approved low-altitude windshear flight
training program. The “required”
training would not include all the
possible exercises that an operator
might develop for its approved low-
altitude windshear training program.

¢ While logically most windshear
flight training should be conducted in a
simulator, some commenters wanted an
“escape option” in the event that
simulators were not available for
training. They did not think a pilot's
training should be delayed if windshear
training in a simulator is temporarily not
available. If the pilot could substitute
such training in an airplane, at least for
some of the training requirements, this
would be of help.

The FAA's Response: The FAA
believes that windshear flight training
cannot effectively be given in an
airplane because the total environment
of a windshear cannot be artificially
reproduced in an airplane and it would
be too dangerous, in addition to being
impractical. to search out actual

windshear conditions. It is practice in
the use of proper procedures and
techniques under the extreme conditions
of windshear that must be '
accomplished. This can be done safely
only in & simulator.

To minimize the overall impact of the
training requirements on simulator time,
planning will be necessary. Part 121
certificate holders should plan for the
downtime necessary to modify
simulators and the increased training
time, and should anticipate usual
malfunction and maintenance
downtime. With proper planning the
training compliance dste of two years
after the effective date of the rule
January 2, 1889 should aliow for
modification of simulators without
delays in complying with current
treining requirements. Certificate
holders should begin their planning as
soon as this rule is published. They may
have to begin their low-altitude
windshear training as early as one year
after the effective date so that they will
not have to schedule special training for
second-in-command pilots whose last
previous recurrent training occurred less
than a year earljer. .

As 8 practical metter, most certificate
holders use simulators now to meet the
six-month training and proficiency
check requirements for a pilot in
command. The additional flight training
required in windshear procedures will
add approximately 15 minutes of
simulator time. Approximately 80
percent of the pilots and copilots who
will be subject to the windshear flight
training requirments have at some time
received some windshear flight training
in simulators. Although certificate
holders will have to revise their
programs to meel the new requirements,
for most pilots and co-pilots actual
training time will not necessarily be
significantly increased. Since current
requirements for recurrent training
allow for a 30-day grace period (14 CFR
121.401(b)). air carriers will have
flexibility in meeting the recurrent
windshear training requirements.
Therefore, with proper planning, the
simulator windshear flight training
requirements should not significantly
affect simulator use.

* Proposed § 121.409(d) stated that a
certificate holder must use “an approved
simulator for each airplane type ® ¢ *."
Two commenters stated that if this
means that each simulator must have
the same windshear related avionics as
the aircraft that operator is using, the
requirement is too restrictive. They state
there are two related problems. One,
since simulator time is often leased.
simulators that are now being leased by
some operators may not be adapted
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with windshear avionics for the type of
windshear equipment the operator will
have installed. Thus the operator may
have difficulty getting simulator time on
simulators with the appropriate
windshear avionics. Second,
Continental Airlines stated that the
“escape maneuver should be generic
and not dependent on the hardware
installed in the aircraft or simulators.”

The FAA's Response: While the
responses of most trained pilots to
windshear are very similar, the
performance of the aircraft and the
technical characteristics of the
windshear equipment differ. Therefore,
a pilot needs to practice in a simulator
equipped with the same windshear
equipment which will be installed in
airplanes the pilot will fly. This is
especially important since pilot
responses to windshear must be
performed within seconds. Pilot
understanding of equipment differences
and aircraft performance differences
could be critical.

The availability of simulator time on
simulators with the appropriate
windshear avionics is a factor thata -
certificate holder will need to consider
and plan for before installing windshear
equipment. A certificate bolder that is
leasing simulator time will need to
determine in advance if that simulator
will be updated for the appropriste
windshear avionic equipmer:t. Also a
simulator owner who wants to continue
leasing will need to plan for certificate

‘holders’ new windshear flight training

requirements. Current rules for
simulator flight training require a
certificate holder to use an sapproved
simulator for each airplane type, and
most simulators are capable of being
adjusted to allow training for different
windshear systems. Therefore, the FAA
anticipates that with proper planning
and coordination the industry will be
able to provide training on & simulator
for each airplane type with the
sppropriate windsbear avionics by the
compliance date.

e ATA's comment maintains that
mandatory windshear escape training
and current approach-to-stall maneuvers
required in Part 121 may be redundant.
Both types of maneuvers involve high
power, low speed conditions, and once
clear of the windshear, the cleanup
recovery from the windshear escape
maneuver is identical to the approach-
to-stall cleanup recovery.

The FAA's Response: The FAA does
not agree that these are redundant
requirements. While some similarity of
maneuvers may exist, the situations and
objectives are different. Windshear
occurs in a highly unstable environment

L poTR GUALITY
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while at2lls can occur at any time.
Approach-to-stall maneuvers are a
proficiency requirement while
windshear escape maneuvers and
procedures do not have a proficienc
objective or a performance standard. In
windshear flight training the objective is
to practice windshear escape
procedures in a real time dynamic
environment, not to train to a
proficiency standard.

e One commenter supported a six-
month recurrent windshear ground
training requirement but recommended
only an annual requirement in an
airplane simulator. The commenter
stated that “recovery/escape from a low
level windshear is basically a
mechanical maneuver” and that “as long
as the pilot remembers and understands
the concept of recovery the probability
of success is greatly increased.”
Therefore, the commenter maintained
that “twice annually, monthly, or
weekly practice of recovery maneuvers
will not ensure one hundred percent”
successful recovery.

The FAA's Response: To clarify, a six-
month recurrent simulator windshear
flight training requirement would apply
only to a pilot in command (§ 121.427(d)
and § 121.443(c)(1)(iii) and (d)). A
second in command would be required
to have annual recurrent tra
(8§ 121.443(c)(1)). Demonstration of
proficiency in escaping windshear is not
the objective of the windshear flight
training requirement. Adding windshear
simulator flight training to pilot
recurrency requirements will provide the
pilot with practice in the correct
procedures for an event which from a
statistical standpoint will be
infrequently encountered, but to which a
pilot is potentially exposed at all times.
The FAA believes that practice in
windshear escape procedures will
prepare pilots to respond immediately
and appropriately in an inadvertent
windshear encounter.

Effective and Complaince Dates

Several commenters who objected to
the flight guidance portion of the
windshear equipment requirement
stated that the two-year compliance
date was unacceptable for the following
reasons:

¢ It would require too much downtime
for aircraft within a fleet

¢ 1t would be impossible for
manufacturers of windshear equipment
to supply the equipment within a two-
year period. .

¢ There are not enough trained
mechanics and other technicians to
accomplish the required work within
two years, and it would be impractical
to recruit and train persons for such a

ak-load project since they would

ly be laid off afterwards.

* To meet the flight
requirements, simulators would have to
be updated, software would have to be
developed, and simulators would have
considerable downtime. Considering
how much simulators are used in pilot
flight training and recurrent training and
testing, the downtime might seriously
interfere with pilot training. In addition,
at least one commenter questioned
whether the FAA or industry would be
responsible for development of the
windshear software.

o The FAA's Response: Because of
the immediacy of the windshear
problem, the FAA wants to ensure that
there is no unnecessary delay in
providing the traveling public with the
additional margin of safety sought by
these new requirements. However the
FAA must allow sufficient time for the
resolution of any technical problems
with equipment, for production of the
needed equipment, and installation and
inspection on aircraft. Probably the
mcmlimi%factor. other than ible
technical problems, is the availability of
enough trained mechanics. The FAA
recognizes that even if it were practical
to train more mechanics to meet
increased demand, the necessary

‘training time would make a two-year

compliance date for all airplanes
impractical Therefore, to allow time to
resolve any technical problems with
equipment, for squipment manufacture,
order placement, delivery and
installation of the equipment, the FAA is
permitting a phased compliance
schedule for retrofit requirements under
certain conditions. The final rule

(§ 121.358) requires compliance by two
years after the effective date for all
sirborne equipment requirements unless
an operator submits and cbtains
aﬁoproval for a retrofit schedule that
shows a phased compliance over s 4-
year period from the effective date. A
request for extension of the compliance
date must be submitted no later than 18
months after the effective date. The
phased retrofit compliance schedule
applies only to nes whose date of
manufacture was before the affective
date of the rule. For the purpose of this
section “date of manufacture™ means
the date the inspection acoeptance
records reflect that the airplane is
complete and meets the FAA

Type Design Data. At least 50 percent of
such airplanes which are listed on the
certificate holder's maintenance
operations specifications on the date of
submission must be retrofitted within 2
years after the effective date, at least 25
percent more of those airplanes within 3
years, and all of the certificate holder's
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affected airplanes within 4 years. Any
certificate holder that obtains a
compliance date extension must comply
with the retrofit schedule and submit
status reports every six months until
completion of the schedule. '

‘The ground and flight training
provisions of the final rule will take
effect two years after the effective date
of the rule. To make sure thatall
operators are aware of the compliance
dates for the training requirements, the
final rule includes new § 121.404 and
revised § 135.10 that state the exact date
for compliance.

For certificate holders to meet the
two-year compliance date for all of their
pilots, most certificate holders will want
to bave the new windshear training
program approved one year earlier (i.e.,
not later than one year from the
effective date). In this way the
certificate holder will be able to give
second in command pilots their required
windshear training as part of their
regularly scheduled annual recurrent
training. Otherwise a certificate holder
will bave to schedule special training for
second-in-command pilots whose last
previous recurrent training occurred less
than a year earlier.

In order for certificate holders to meet
this kind of orderly scheduling. it is
important that they begin the approval
process as soon as possibie so that they
will not be faced with last minute
training and scheduling problems.

While the final rule does not contain a
specific compliance date for the
necessary conversion of simulators, it
can be seen from the above discussion
that moet simulators will need to be
converted within one year after the final
rule takes effect.

Although the final rule allows for
phased compliance for retrofits, the
FAA assumes that planning will begin at
the time of publication of the rule.

Advisory Circulars

e Two commenters suggested that
sdvisory material being developed by
the FAA needs to be seen and
commented on before the FAA proceeds
to final rule. One stated that it was
difficult to discuss the proposal without
an opportunity to comment in parallel
on the AC defining criteria for approving
airborne low-altitude windshear
equipment. The second comment stated
that the AC should be part of the public
record and should receive public input.

The FAA's response: Before the NPRM
was issued the FAA developed and
issued AC 00-50A. Low Level
Windshear, AC 12041, Criteria for
Operational Approval of Airborne
Windshear Alerting and Flight Guidance
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Systems, and the Windshear Training
Aid previously discussed in this
preamble. In November 1887, the FAA
issued AC 25-12, Airworthiness Criteria
for the Approval of Airborne Windshear
Warning Systems in Transport Category
Airplanes. Thus. all of the advisory
material necessary for manufacturers
and certificate holders to comply with
the requirements of this final rule has
already been published and by the time
the rule takes effect will have been
available for a sufficient length of time
for all interested persons to be familiar
with their contents.

Beyond the Scope of NPRM

Several comments submitted were
beyond the scope of this proposed
rulemaking. The FAA has considered
these comments as informational and is
not responding to them. A summary of
such comments follows:

* One comment recommended that
the proposed rule be withdrewn and “in
its place a requirement adopted that all
transport aircraft eventually be
equipped with an EFIS instrumentation
system.” “EFIS" stands for Electronic
Flight Information System. This is a
flight instrumentation system and flight
guidance system that simplifies the
integration of information a pilot
receives from his flight instruments.

® One comment recommended that all
Part 121 aircraft should operate at
reduced weights by limiting the fuel,
number of passengers, and baggage and
cargo anytime that thunderstorms are
predicted for an arrival or departure
area. According to the comment this
would provide the Part 121 aircraft with
maneuverability closer to that of Lear
jets which have had relatively few
windshear accidents.

e Three comments were received
which the FAA determined were
primarily information about predictive
or flight guidance systems that are being
developed or are currently on the
market. One recommended that the final
rule include a requirement fora
predictive system with a compliance

_date two years after approval of such a

system.

* One commenter recommended that
the FAA require a flight procedure
method for transiting windshears based
primarily on airspeed/groundspeed
comparison.

* NTSB commended the FAA and the
industry, led by the Boeing Company,
for development of the Windshear
Training Aid and stated that it hopes the
Training Aid will be the foundation for
FAA approval of training curricula
implemented by air carriers in
complying with the rule. It recommends
that an additional training requirement

s
’

be added on the use of airborne weather
redar for thunderstorm and convective
windshear avoidance. It considers this
valuable equipment for weather
detection during arrival and departure of
flights.

¢ One commenter stated that ground
training in windshear detection and
escape maneuvers for Parts 125 and 135
pilots was not sufficient and that these
pilots should also receive simulator
treining.

e TWA objected to the requirement to
have 14 channels of recording
capabilities on flight simulators. It
stated that the FAA currently requires 8
channels for certification of flight
simulators and that no benefit would be
derived from having the additiona)
capabilities. The FAA has not addressed
this comment since there is nothing in
this rulemaking that stetes the number
of channels required in simulators.
Economic Summary

The following is a summary of the
fina) cost impact and benefit assessment
of a regulation to amend Part 121 of the
Federal Aviation Regulations (FAR) to
require that certain turbine-powered
airplanes be equipped with an approved
airborne system that warns a pilot of the
presence of hazardous low-aititude
windshear conditions and if such
windshear conditions are inadvertently
encountered, provides flight guidance
for a missed approach procedure or an
escape maneuver. In addition, the rule
requires that all Part 121 operators
conduct approved low-altitude
windshear flight training in a simulator
which has installed in it windshear
equipment needed to conform to the
airplane type being simulated. The rule
further requires that Part 121 and 135
certificate holders’ training programs be
required to include treining concerning
flight crewmember recognition of, and
escape from, inadvertently encountered
hazardous low-aititude windshear
conditions as part of their normal
ground training.

The NTSB has determined that low-
altitude windshear has been the prime
cause or a contributing factor in
numerous air carrier sccidents in the
last 20 years. The objective of these
rules, therefare, is to prevent or reduce
accidents attributed to inadvertent
encounters with Jow-altitude windshear.

The methods and assumptions used to
prepare the economic impac! estimates
for the various changes to Part 121 have
been developed by the FAA. The
estimates of economic impacts for the
final rule revisions have been
constructed from unit cost and other
data obtained from air carriers, industry
trade associations, and manufacturers.
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Information for analysis of benefits was
obtained from the safety records of the
NTSB and the FAA. The costs
calculated for these amgndments have
been projected over the 16-year period
of 1989 to 2004. This analysis compares
these costs to benefits accruing over the
15-year span of 1990 to 2004. The
purpose of this is to account for the fact
that in 1989, the first year after the rule
is published, no airplanes equipped with
the required avionics will be in service.
In 1889, however, impacted entities will
incur program and planning start-up
costs.

In the Notice of Proposed Rulemaking
(NPRM), the FAA invited public
comments concerning the technical and
operational considerations and
economic impact assumptions as these
apply to flight guidance systems
equipment modification and
replacement, the frequency and duration
of Part 121 certificate holder's
windshear simulator flight training, end
the extent to which Part 135 operators
provide instruction to their pilots in
procedures to recognize and escape
inadvertent encounters with low-
altitude windshear. Comments on the
proposal were submitted by individuals,
foreign and domestic air carriers, air
carrier and girline pilot associations,
avionics manufacturers, and the
National Transportation Safety Board.
The majority of comments commended
the FAA for taking action to reduce the
hazards of windshear encounters. A
number of commenters, however,
opposed certain proposed requirements
and disagreed with economic impact
estimates presented in the proposal. The
FAA has evalusted the public comments
and made the final determination
regarding their impact. The comments
have caused the FAA to revise its
analysis and increase compliance costs.

A substantial change in the final rule
is the provision of a time-phased retrofit
schedule for airborne windshear

‘equipment requirements. The final rule

requires compliance by 2 years after the
effective date of the final rule for all
airborne equipment requirements unless
an operator submits a schedule to show
phased compliance over a 4-year period
from the effective date of the rule. Under
§ 121.358(b) at least 50 percent of a
certificate holder's airplanes that were
manufactured before the effective date
of the rule must be retrofitted within 2
years, at least 25 percent more within 3
yeers, and the remainder of airplanes
affected within 4 years. The final rule
also established that the ground and
flight training provisions of the rule will
take effect two years after the effective
date of the rule. The time permitted for

o
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compliance with the ground and flight
training requirements will allow
certificate holders sufficient time to
train flight crews and convert simulators
in advance of the compliance date for
the required airborne windshear
warning and flight guidance equipment.
The FAA believes that the time allowed
for training and equipment installation
and modification will reduce costs and
facilitate compliance.

The FAA finds that with thé exception
of new § 121.358 and the amendments to
§§ 121.407, 121.408, 121.424, and 121.427,
the amendments affecting Part 121
operators will have a negligible cost or
no cost impact. The FAA has also
determined the cost of compliance with
the upgraded testing and training
requirements of the amendments to
§$ 135.293, 135.345, and 135.351 to be
minimal.

New § 121.358 and the amendments
$$ 121.407, 121.424, and 121.427 have
been analyzed independently. For the
purpose of this evaluation, however, the
costs associated with these revisions
have been aggregated. The reason is
that these amendments are inextricably
related and share the common objective
of improving the skills of pilots in
recognizing and escaping from
inadvertently encountered low-altitude
windshear conditions.

New § 121.358 will have an economic
impact on the approximate 3,800
airplanes expected to be in service in
1990 and 3,200 airplanes expected to be
manufactured between 1991 and 2004
because they would be required to be
equipped with an FAA-approved system
providing airborne windshear warning
and flight guidance. The estimated cost
of this emendment is $372.2 million in
1887 dollars and $218.5 million at a
present worth discount rate of 10
percent over the 18-year period of 1989
to 2004.

The amendment to § 121.407 would
require that air carriers install approved
windshear aerodynamic data programs
in their flight simulators. The estimated
cost of modifying the 150 flight
simulators currently in use by Part 121
certificate holders is $6.2 million in 1887
dollars.

The cost per hour of additional
simulator utilization has been estimated
under § 121.409 and added to the time
captains and first officers would spend
in a flight simulator to comply with the
windshear simulator flight training
requirements of §§ 121.424 and 121.427.

The FAA has determined that
approximately 80 percent of the affected
certificate holders already provide the
windshear flight training required by
§8§ 121.424 and 121.427. Therefore, the
amendments to these sections would

impact approximately 20 percent of the
active and future captains and first
officers of the 149 Part 121 certificate
holders affected by the rule. The
estimated cost of compliance with the
fnitial, transition, and upgrade
windshear flight simulator training
requirements of § 121.424 would be $13.4
million in 1887 dollars and $7.1 million
when discounted at 10 percent over the
15-year span between 1989 and 2004.
The estimated cost of requiring the
affected captains and first officers to
undergo windshear simulator flight
training pursuant to the recurrent
training requirements specified in

§ 121.427 would be $33.8 million in 1887
dollars and $15.2 million at a present
worth discount rate of 10 percent over
the same time period.

This analysis indicates that the total
cost of compliance with the equipment
acquisition, installation, maintenance
and flight training requirements
contained in this rule is estimated to
have a present value of $246.5 million
over the 16 year-period of 1989 to 2004.

To estimate the benefits for the
NPRM, the FAA examined the safety
record of Part 121 air carriers for the 15-
year period between 1871 and 19885. At
the time, this review indicated that 15
accidents attributed to windshear
phenomena occurred during this period.
A more recent review, however, reveals
that two more accidents attributed to
windshear have been added to the
safety record by the NTSB for the same
15-year period in question. Accordingly,
the losses associated with the 17
accidents are the basis for the benefits
of this rule. Moreover, the analysis has
been advanced to reflect the more
recent 15-year period of 1872 to 1886.

To arrive at a loss rate indicative of
the cost of these accidents, the total
financial loss of these accidents was
divided into the total number of turbine-
?owered airplane air carrier operations

or the same 15-year period of 1872 to
1986. This calculation established a loss
rate of $4.34 per turbine-powered air
carrier operation over the 15-year period
of 1972 to 1988. Similarly, to estimate the
future accident prevention value of this

‘rule, the established loss rate was

multiplied by the number of operations
forecast for the 18 years from 1890 to
2004. This calculation reveals that the
estimated potential discounted benefit
associated with the prevention of
casualty loss in accidents attributed to
windshear to be $451.8 million.

The FAA has been unable to
quantitatively estimate the accident
prevention effectiveness of these
amendments. The total discounted cost
of compliance of these amendments can
be fully recovered if the rule is only 55
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percent effective in reducing future
casualty loss. The FAA believes that
enactment of these amendments will
significantly reduce the number of future
windshear incidents and accidents and
that benefits will exceed costs.

This regulatory evaluation focused on
the rulemaking it supported. There are
other programs which are also designed
to reduce the risk of windshear
accidents. These other programs are
justified partially by benefits included in
this analysis, and additional benefits
over and above those necessary to

ustify the rulemaking. FAA does not

lieve this rulemaking would eliminate
or reduce the need for other programs
such as terminal Doppler weather radar
and Low-Level Wind Shear Alert
Systems.

Regulatory Flexibility Determination

The Regulatory Flexibility Act of 1880
requires a review of rules to assess their
impact on small business. The required
Part 121 amendments will have a
significant economic impact on a
substantial number of small entities.
However, the FAA finds that there are
no viable alternatives for small air
carriers to adopt that would reduce the
cost of compliance yet achieve the level
of protection sought by this rulemaking.
The amendments to part 135 have been
determined to impose only minimal
costs. Therefore, Part 135 certificate
holders would not incur a significant
economic impact as a result of these
amendments.

Internationa! Trade Impact Statement

These amendments will have little or
no impact on trade opportunities of
United States firms doing business
overseas or for foreign firms doing
business in the United States. These
amendments apply only to Part 121 and
Part 135 certificate holders and assign
responsibility for the provision of the
required equipment and windshear
training programs specified in the rule to
the operating certificate holder. Because
most Part 121 and Part 135 certificate
holders compete domestically for
passenger and cargo revenues with
other U.S. operators, this rule will not
cause a competitive fare disadvantage
for U.S. carriers.

Federalism Implications

The regulations herein would not have
substantial direct effects on the states,
on the relationship between the
National government and the states, or
on the distribution of power and
responsibilities among the various levels
of government. Thus, in accordance with
Executive Order 12612, it is determined
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that these regulations do not have
federalism implications requiring the
preparation of a Federalism
Assessment.

Paperwork Reduction Act Approval

The recordkeeping and reporting
requirements contained in this final rule
(§ 121.358) have been submitted to the
Office of Management and Budget for
review since these provisions were not
included in the notice of prdposed
rulemaking. Comments on these
requirements should be submitted to the
Office of Information and Regulatory
Affairs (OMB), New Executive Office
Building. Room 3001, Washington, DC
20503, Attention: FAA Desk Officer
(Telephone 202-395-7340). A copy
should be submitted to the FAA docket

Conclusion

The FAA has determined that this
amendment is not major ander
Executive Order 12291 but that it is
significant under the Department of
Transportation Regulatory Policies and
Procedures (44 FR 11034, February 28,
1979). For the reasons discussed above,
it also has been determined that the
amendments to Part 121 will kave a
significant economic impact on &
substantial momber of small entities, but
that the amendments to Part 135 will not
have a significant economic impact on a
substantial mmnber of small entities.

List of Subjects
14 CFR Port 121

Air carriers, Air transportation,
Avistion safety, Common carriers,
Safety, Transportation, Windshear.

14 CFR Port 135

Air carriers, Air taxi, Air
transportation, Aviation safety, Safety,
Windshear.

The Rule

Accordingly, the Federal Aviation
Administration amends Parts 121 and
135 of the Federal Aviation Regulations
{14 CFR Parts 121 and 135) as follows:

PART 121—CERTIFICATION ARD
OPERATIONS: DOMESTIC, FLAG, AND
SUPPLEMENTAL AIR CARRIERS AND
COMMERCIAL OPERATORS OF
LARGE AIRCRAFT

1. The authority citation for Part 121
continues to read as fellows:

Authority: 49 U.S.C. 1354(a). 1355, 1358,
1357. 1401, 1421-1430, 1472, 1485, and 1502; 49
U.S.C. 108(g} Revised, Pub. L. 87-448, jarruary
12, 1983).

2. By adding a new §121.358 to read as

follows:

§ 121358 Low-altitude windahsar system
equipmant requirements.

{e) Except as provided in paragraph
(b) of this section, after January 2, 1901,
NO person may operate a tarbine-
powered airplane wnless it is equipped
with an approved system providing
airborne windshear warwing with flight
guidance. For the purpose of this
section, “turbine-powered airplame”
includes, e.g., tarbofan-, tarbojet-,
propfan-, and ultra-high bypass fan-
powered airplanes. The definition
specifically excludes turbopropeller-
powered sirplanes with variable pitch
propellers with canstant speed controls.

(b) A certificate holder may obtain an
extension of the compliance date in
paragraph (a) of this section for
airplanes manufsctured before jJanuary
2, 1968 if it obtains FAA approval of a
retrofit schedule. For the purpeses of
this section. en airplane is considered
manufactured on the dete the in i
acceptence records reflect that the
airplane is compiete end meets the FAA
Approved Type Design Data. To obtain
spproval of a retrofit schedule and show
contimued compliance with that :
schedule, a certificate holder must do
the following:

(1) Submi! a request for approval of &
retrofit schedule by Jume 1, 1900 to the
Flight Standards Division Manager in
the region of the certificate bolding
district office. Final approval will be
granted by the Director of Flight
Standards (AFS-1).

{2) Show, for those airplenes subject
to this section that are listed in the
certificate holder's mainterance .
operations specifications on the date
that the request for extension is
submritted, that at least S50% of those
airplanes manufactured before January
2, 1989 will be equipped by Januvary 2,
1991, st least 25% mare of those
airplanes by january 2, 3982, and =il of
the certificate holder's airplanes
required to be equipped in accordance
with this section by jamuary 4, 1993,

3} Comply with it retrefit scheduie
and submit status reports corntaining
indormation acceptable to the
Administrator. The initial report mest be
submitted by Janvary 2, 1901, and
subsequent reports muost be submitted
every six months thereafter umtil
completion of the schedule The reports
must be socbmitted to the FAA Flight
Standards District Office charged with
the overall inspection of the certificate
bolder's operations.

8. By udding a new § 121.404 %o pead
as follows:

54

Lﬂtm Windshear tralning: Compliance
tes.

After Jamuary 2, 1991, ro certificate
holder may use s person as a flight
crewmember unless that person has
completed—

{a) Windshear ground training in
accordance with § 121.419 of this part.

{b) Windshear flight training, if
applicable, m accordance with
§5 121.409, 121.424, and 121.427 of this
part.

4. By amending § 121.407 by adding a
new paragraph (d) to read as follows:

§ 121.407 Training progranx Approval of
sirplane simutators and ether training
devices.

(d) An airplane simulator approved
under this section must be used instead
of the airpiane to satisfy the pilot ﬂighl
training requireents prescribed in the
certificate holder's approved low-
altitade windshear flight
program set forth in § 121.400(d) of this

part.
5. By amending § 121.408 by adding a
new paragraph (d) to read as follows:

§ 121.409 Training courses using sirpiane
simuiators and other training devices.

{d) Each certificate holder required to
comply with § 121.358 of this part must
use an approved simulator for each
airplane type in each of its pilot training
courses that provides training in at lesst
the procedures and maneuvers set forth
in the certificate holder's approved low-
altitude windshear flight training
program. The approved low-altitude
windshear flight training, if applicable,
mnslbemdudedmeechoﬂhepdot
flight training courses prescribed in
§§ 121.400(b), 121418, 121424, and
121.427 of this part.

6. By amending § 121.418 by revising
paragraph (8)(2){vi) to read as fellows:

§ 121.4%8 Pliots and flight engineers:
Fi, s, e s

(‘).‘.

L 4

(vi} Procedures for—

{A) Recognizing and avaiding severe
weather situations; _

{B) Escaping from severe weather
situations, in case of inadvertent
encounters, including low-altitude
windshear, and

{C) Operating in or mear
thunderstorms (including best
penetrating altitudes), turbulent air
(including clear air turbulence), icing.
hail, and other potentially bazardous
metesrological esnditiens;

DL

vt QUALITY
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7. By amending § 121.424 by revising
paragraphs (a), (b}, and (d) to read as
follows:

§ 121.424 Pilots: initial, transition, and
upgrade flight training.

(a) Initial, transition, and upgrade
training for pilots must include flight
training and practice in the maneuvers
and procedures set forth in the
certificate holder’s approved low-
altitude windshear flight training
program and in Appendix E to this part,
as applicable.

(b) The maneuvers and procedures
required by paragraph (a) of this section
must be performed inflight except—

(1) That windshear maneuvers and
procedures must be performed in a
simulator in which the maneuvers and
procedures are specifically authorized to
be accomplished; and

(2) To the extent that certain other
maneuvers and procedures may be
performed in an airplane simulator, an
appropriate training device, or a static
airplane as permitted in Appendix E to
this part.

{d) If the certificate holder's approved
training program includes a course of
training utilizing an airplane simulator
under § 121.409 {c) and (d) of this part,
each pilot must successfully complete—

(1) With respect to § 121.409(c) of this
part—

{i} Training and practice in the
simulator in at least all of the
maneuvers and procedures set forth in
Appendix E to this part for initial flight
training that are capable of being
performed in an airplane simulator
without a visual system; and

(ii) A flight check in the simulator or
the airplane to the level of proficiency of
a pilot in command or second in
command, as applicable, in at least the
maneuvers and procedures set forth in
Appendix F to this part that are capable
of being performed in an airplane
simulator without a visual system.

(2) With respect to § 121.409(d) of this
part, training and practice in at least the

_maneuvers and procedures set forth in
the certificate holder's approved low-
altitude windshear flight training
program that are capable of being
performed in an airplane simulator in
which the maneuvers and procedures
are specifically authorized.

8. By amending § 121.427 by revising
the introductory text of paragraph (d)(1)
to read as follows:

§ 121.427 Recwrrent training.

(d) . ¢ &

(1) For pilots, flight training in an
approved simulator in maneuvers and

procedures set forth in the certificate
holder's approved low-altitude
windshear flight training program and
flight training in maneuvers and
procedures set forth in Appendix F to
this part, or in a flight training program
approved by the Administrator, except

as follows—
* [ ] * L ] L

8. By amending § 121.433 by revising
paragraph (c)(2) and adding a new
paragraph (e} to read as follows:

§ 121.433 Tralning required.

* * L] L]

(c) ® 9O .

(2) For pilots, a proficiency check as
provided in § 121.441 of this part may be
substituted for the recurrent flight
training required by this paragraph and
the approved simulator course of
training under § 121.409(b) of this part
may be substituted for alternate periods
of recurrent flight training required in
that airplane, except as provided in
paragraphs (d) and (e) of this section.

L] L . *

(e} Notwithstanding paragraphs (c)(2)
and (d) of this section, a proficiency
check as provided in § 121.441 of this
part may not be substituted for training
in those maneuvers and procedures set
forth in a certificate holder's approved
Jow-altitude windshear flight training
program when that program is included
in a recurrent flight training course as
required by § 121.409(d) of this part.

10. By amending Part 121, Appendix E
by revising the first paragraph to read as
follows:

Appendix E~—Flight Training
Requirements

The maneuvers and procedures

required by § 121.424 of this part for

ilot initial, transition, and upgrade

ight training are-set forth in the
certificate holder’s approved low-
altitude windshear flight training
program and in this appendix and must
be performed inflight except that
windshear maneuvers and procedures
must be performed in an airplane
simulator in which the maneuvers and
Erocedurel are specifically authorized to

e accomplished and except to the
extent that certain other maneuvers and
procedures may be performed in an
airplane simulator with a visual system
{visual simulator}, an airplane simulator
without a visual system (nonvisual
simulator), a training device, or a static
airplane as indicated by the appropriate
symbol in the respective column
opposite the maneuver or procedure.
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PART 135—AIR TAXI OPERATORS
AND COMMERCIAL OPERATORS

11. The authority citation for Part 135
gontinues to read as follows:

Authority: 49 U.S.C. 1354(a), 1355(s). 1421
through 1431, and 1502: 49 U.S.C. 106(3)
(Revised Pub. L. 97-449, January 12, 1083}

12. By revising § 135.10 to read as

" follows:

§ 135.10 Compliance dates for certain
rules.

After January 2, 1981, no certificate
holder may use a person as a flight
crewmember unless that person has
completed the windshear ground
training required by §§ 135.345(b)(6) and
135.351(b)(2) of this part.

13. By amending § 135.293 by revising
paragraph (a)(7) to read as follows:

§ 135.203 initial and recurrent pliot testing
requirements.

(.) LR I J

{7) Procedures for—

(i) Recognizing and avoiding severe
weather situations:

(ii) Escaping from severe weather
situations, in case of inadvertent
encounters, including low-altitude
windshear (except that rotorcraft pilots
are not required to be tested on escaping
from low-altitude windshear); and

(iii) Operating in or near
thunderstorms (including best
penetrating altitudes), turbulent air
(including clear air turbulence), icing.
hail, and other potentially hazardous
meteorological conditions; and

* * * * *

14. By amending § 135.345 by revising
paragraph (b)(6) to read as follows:

$ 135.345 Piiots: Initial, transition, and
)' [ AN J ‘

(6) Procedures for—

{i) Recognizing and avoiding severe
weather situations;

(ii) Escaping from severe weather
situations. in case of inadvertent
encounters, including low-altitude
windshear (except that rotorcraft pilots
are not required to be trained in
eu;aping from low-sltitude windshear):
an

(iii) Operating in or near
thunderstorms (including best
penetrating altitudes), turbulent air
{including clear air turbulence), icing.
hail, and other potentially hazardous
meteorological conditions;

* - - . -
15. By amending § 135.351 by revising
paragraph (b)(2) to read as follows:
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§ 135.351 Recurrent training.

). [ 2K J
{2) Instruction as necessary in the

subjects required for initial ground
training by this subpart, as appropriate,
including low-sltitude windshear
training as prescribed in § 135345 of this
part and emergency training.

Issued in Washington, DC. on September
22, 1988 .

T. Allan McArtor,

Administrotor.

(FR Doc. 88-22088 Filed §-22-88 4:58 pen)
BILLING CODE a910-13-08
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WINDSHEAR DETECTION

Terry Zweifel /;l
Honeywell Corporation 4
Phoenix, Arizona

ABSTRACT

Windshear alerts resulting from the Honeywell Windshear
Detection and Guidance System are presented based on data from
approximately 248,000 revenue flights at Piedmont Airlines.
The data indicate that the detection system provides a
significant benefit to the flight crew of the aircraft. In
addition, nuisance and false alerts were found to occur at an
acceptably low rate to maintain flight crew confidence in the
system. Data from a digital flight recorder is also presented
which shows the maximum and minimum windshear magnitudes
recorded for a representative number of flights in February,
1987. The effect of the boundary layer of a steady state wind
is also discussed.

INTRODUCTION

The Honeywell Corporation has developed a Windshear
Detection and Guidance System which is currently in use by
Piedmont Airlines on their Boeing 737-200 aircraft fleet.

The detection and guidance system consists of air data
information, inertial sensors, and software algorithms
resident in Honeywell’'s Performance Management System.

Certification of the system by the Federal Aviation
Administration consisted of two phases. The first phase was
the certification of the detection portion of the system.
This was accomplished in November 1985. The second phase was
certification of the guidance algorithms, and was completed in
December 1986. The partitioning of the certification was
deliberate: by getting a detection system out in the field as
quickly as possible, a substantial amount of data could be
gathered in parallel with the design and development of the
guidance control laws. Consequently, modifications and
refinements to the detection algorithm could be, and were,
made.

The improved detection algorithm was released for service
in September, 1986. Guidance algorithms were included during
the first part of 1987. This paper presents an analysis of
the detection algorithm performance during approximately
248,000 flights.

METHODS OF DATA GATHERING

Three separate methods of date gathering were utilized
during the evaluation:

1. Discrete and max/min parameter storage in non-volatile
memory.
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2. Digital recording of 26 parameters in real time.
3. Pilot reporting using a standardized form.

The Windshear Detection and Guidance System has the
capability of storing 49 internal parameters in non-volatile
memory. Periodically, the data were read out by maintenance
personnel servicing the aircraft. These data were primarily
used in the early stages of algorithm evaluation to modify and
refine the detection software. While the data are still
recorded, it is an overwhelming logistics task to read and
record data from a fleet of 62 aircraft. The data is also
necessarily limited to one-time reading of digital data words;
that is, only parameters for a unique aircraft state can be
stored with no time variance. This scheme also suffered from
the possibility of human error in reading and recording the
data.

The preferable method of retrieving data is through a
digital flight recorder capable of recording data at a one
second rate. This scheme was used on all the certification
flights, and is currently used aboard one aircraft. A total
of 26 parameters, including relevant aircraft data such as
speed, altitude and pitch angle, are recorded during the time
the Windshear Detection and Guidance System is active
(takeoff, landing approach, and go around). The data are
useful in deriving peak g-levels (energy rates) of windshear
that the aircraft experiences as well as confirming proper
algorithm performance. Ideally, one would like such a
recorder on all aircraft. Unfortunately, this is not very
practical. Aside from the economics of equipping all aircraft
with such a recorder, the data analysis of a large number of
flights would tax the resources of even a large engineering
department.

The third source of data relies on pilot reporting of
windshear alerts produced by the system. A sample form is
shown in Figure 1. While parametric data is not available, it
has the advantage of being a very direct measure of system
acceptance by the flight crew. Other useful data includes the
date and location of the occurrence, general weather
conditions, and ATC advisories. The location of the
occurrence is particularly meaningful since certain airports
are known to have windshears produced by the surrounding
terrain. Aside from not being able to determine the exact
magnitude of the encountered windshear, one must also rely on
a busy flight crew already encumbered by necessary paperwork
to report system annunciations.

DIGITAL FLIGHT RECORDER DATA

In order to assess the windshear environment, data from
the digital flight recorder was compiled for 50 flights that
occurred in early February, 1987. For each flight regime, i.e,
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takeoff and landing approach, the maxima and minima windshear
magnitudes were recorded. The data are essentially raw data
with the exception of a one second low pass filter used to
attenuate noise from the required differentiator. Figures 2
and 3 illustrate typical time histories.

It should be pointed out that none of the flights
experienced a significant windshear event. Even though
relatively large values of windshear occurred, the windshear
was not sustained long enough to seriously degrade the
aircraft’s performance and all flights proceeded routinely.

A compendium of the data is presented in histogram form on
Figures 4 through 7. Figures 4 and 5 illustrate longitudinal
windshear magnitudes seen in landing approach and takeoff
respectively. Fiqgures 6 and 7 illustrate the encountered
vertical winds measured in feet per second. While the landing
approach data appears to be fairly Gaussian in nature, an
examination of the takeoff data indicates a slight positive
bias.

A steady state wind will produce a boundary layer near the
ground. As the magnitude of the wind in the boundary layer is
a function of altitude, an effective windshear field is
produced. Any aircraft flying though the boundary layer will
experience a windshear. The magnitude of the shear
experienced will be a function of the altitude rate of the
" aircraft. As most takeoffs and landing approaches are made
into the prevailing wind, an aircraft on takeoff could
experience a headwind shear while an aircraft on landing
approach could experience a tailwind shear due to the boundary
layer. Figures 8 and 9 illustrate the actual phenomenon. 1In
Figure 8, the aircraft took off into a prevailing headwind
while in Figure 9 a tailwind was present. In both cases, a
high sensitivity detection system would have, and did, measure
a windshear. The effect is most pronounced in takeoff since
the altitude rate of the aircraft can be large. Most landing
approaches are done at much lower altitude rates, typically
-10 feet per second (-3 meters/sec). Consequently, one would
expect the magnitude of the windshear caused by the boundary
layer to be larger takeoff than in landing approach. It is
this effect which causes the bias noted in the takeoff data.

RESULTS OF THE WINDSHEAR EVALUATION FORMS

As of the time of this writing, approximately 248,000
revenue flights have been flown with the latest
configuration of the Honeywell Windshear Detection and
Guidance System. Twelve Windshear Evaluation Forms indicating
the occurrence of a windshear alert have been received from
the flight crews. The results are tabulated in Table 1:
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TABLE 1

WINDSHEAR ALERT DATA

DATE AIRPORT FLIGHT ALERT ATC
REGIME TYPE ALERT?

11 Apr 87 Fayetteville, NC | Takeoff Warning No
4 May 87 Dayton, OH Landing Warning No
6 Jun 87 Charleston, WV Landing Caution No
10 Jun 87 Baltimore, MD Landing Warning No
28 Jun 87 Charlotte, NC Takeoff Warning No
19 Jul 87 Charlotte, NC Landing Warning No
9 Aug 87 Orlando, FL Takeoff Warning No
26 Aug 87 Dallas, TX Takeoff Warning No
29 Dec 87 Charlotte, NC Landing Warning Yes
29 Dec 87 Roanoke, VA Landing Warning Yes
23 Apr 88 Buffalo, NY Takeoff Warning -
15 May 88 Dayton, OH Landing Warning Yes

The alert type in the table refers to whether the alert
was for an increasing headwind or updraft, a caution alert, or
for a decreasing tailwind or downdraft, a warning alert. The
ATC alert column indicates whether the flight crew was advised
by Air Traffic Control of potential windshears at the airport.

The Federal Aviation Administration has defined windshear
alerts as falling into three categories. The first is a valid
alert wherein the windshear has seriously degraded the
performance capability of the aircraft. The second is a
nuisance alert where an actual windshear occurs, but its
magnitude and duration are not sufficient to endanger the
aircraft. The third category is the false alert where an
alert occurs in the absence of a windshear condition.

The alerts of 28 Jul 87 and 9 Aug 87 were false alerts
caused by an undetected sensor failure and a computer failure
respectively. Subsequent modifications to the built-in-test
software should preclude reoccurrence.

Of the remaining ten reports, six are valid alerts
substantiated by the flight créw. At least four of these
are believed to be microburst encounters: 4 May 87, 26 Aug
87, 23 Apr 88, and 15 May 88. 1In all cases, the aircraft
successfully exited the windshear using the Windshear
Detection and Guidance System.

The remaining four are classified in the nuisance
category. Nuisance alerts can occur due to two causes: (a)
terrain-induced shears, and (b) gusts of sufficient magnitude
and duration to cause a relatively short-term performance
loss. Two of the occurrences, 6 Jun 87 and 10 Jun 87 are
believed to be the result of terrain-induced windshears as the
airports are known to have such properties. The cause of the
remaining two is believed to be gust-induced.

Using a base of 248,000 flights and the data from Table 1,
Table 2 can be produced:



TABLE 2

PROBABILITY OF WINDSHEAR ALERTS

EVENT PROBABILITY » NUMBER IN X FLIGHTS
(1072)
All Alerts 4.8 1 in 20,667
vValid Alert 2.4 1 in 41,333
‘Nuisance Alert 1.6 1 in 62,000
False Alert 0.8 1 in 124,000

Figure 10 illustrates the occurrence of windshears by
calendar month. The two false alerts have been excluded. With
the exception of the December data, the occurrence of an alert
is most probable in the spring and summer months when
thunderstorms are more prevalent. The data agree in general
with the data from other microburst windshear studies where
windshears were found to be most common in warm months.

-

CONCLUSIONS

The Honeywell Windshear Detection and Guidance System
appears to provide timely windshear detection and, in at least
two cases, has been credited by the flight crews as being of
great benefit in successfully exiting an encountered
windshear. Overall statistics indicate a windshear alert will
occur once in 20,667 flights.

The occurrence of nuisance alerts, while acceptably low,
is of some technical interest. To reduce nuisance alerts,
sampling the atmosphere in terms of temperature and pressure
may be needed. Such a sampling method could be used to compute
the probability of a microburst and alter the detection
algorithm threshold sensitivities accordingly. Studies are
currently underway with both Piedmont and Delta airlines to
assess the validity of such a method.

The number of false alerts is encouragingly low. Work has
already been accomplished that should reduce the
probabilities even further.
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PERFORMANCE MANAGEMENT SYSTEM PIEQMIONT
WINDSHEAR EVALUATION FORM -

This form iust be completed any time a Windshear Caution or Warning advisory is
activated automatically.

DATE FLIGHT ACFT. NO. CAPTAIN

AIRPORTS RUNWAY CLG/VIS _ / RVR WINDS

TAKEOFF ALTITUDE_
FLAP SETTING

LANDING ALTITUDE
FLAP SETTING

TYPE OF WARNING:

CAUTION WERE WINDSHEAR CONDITIONS REPORTED
BY ATC?

WARNING

OPINION:

FALSE NUISANCE VALID

APPROXIMATE LENGTH OF CAUTION/WARNING DURATION

‘_GENERAL WEATHER CONDITIONS:

MAIL TO AVIONICS ENGINEERING - A245

FIGURR 1
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Session I. Airborne—Terms of Reference

Interface Standards for Integrated Forward-Looking Predictive/Reactive
Wind Shear Systems
Mark McGlinchey, Honeywell/Sperry
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OCTOBER 18 - 20, 1988
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INTERFACE STANDARDS FOR INTEGRATED
FORWARD-LOOKING/PREDICTIVE/REACTIVE
WINDSHEAR SYSTEMS

PRESENTED BY:
MARK M. MCGLINCHEY
HONEYWELL INC.

SPERRY COMMERCIAL FLIGHT SYSTEMS GROUP
PHOENIX, ARIZONA
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1.0

2.0

3.0

. 527392
N91-11685

INTERFACE STANDARDS FOR INTEGRATED -
FORWARD-LOOKING/PREDICTIVE/REACTIVE )
WINDSHEAR SYSTEMS P C)

ABSTRACT

Forward-looking windshear systems are developing to a point (particularly the
infrared sensors) where their interface with the cockpit and reactive windshear
systems needs to be defined. As airlines retrofit their aircraft with reactive
windshear systems, it is important that we recognize that onboard windshear systems
of the future will be a combination of both forward-looking and reactive elements.
Today’s reactive systems need to be built with the capability to interface to the
forward-looking systems of tomorrow. This presentation is a first step at look1qg
at the requirements and defining interface standards for integrated forwarq-look1ng
and reactive windshear systems. Undoubtedly the requirements for interfacing these
types of windshear systems will change as the technology changes. ,

DEFINITIONS

It is important that we communicate from a common baseline. Therefore, the
definitions shown on Slide No. 2 will be used throughout this presentation. The

important points to remember are:

1) Each type of windshear system performs a different task. Therefore, forward-
looking systems are different from predictive systems which are different from
reactive systems.

2) The caution and warning alerts are always controlled by the reactive system.
Looking at the best failure modes for the total (forward-looking, predictive,
and reactive) system, the forward or predictive systems should not operate
without a reactive system. Yet, the reactive system must operate without the

forward or predictive systems.

K _DIAGRAM

What discussion of interfaces would be complete without the block diagram. As
can be seen in Slide No. 3, the predictive and reactive systems can be combined into
one LRU. Predictive elements (sensors and algorithms) can be readily incorporated
into the reactive systems without the need for separate dedicated senscrs or LRUs.
The forward-looking and reactive/predictive systems will communicate over standard
ARINC 429 data busses. The reactive/predictive system will supply the forward-
looking system with data to help it perform it’s function. The forward-looking
system will then supply the reactive/predictive system with data to activate the
alerts or perform some precise threshold adjustment.

The forward-looking system will interface to a situational display which
allows the flight crew to see the position of the event relative to the aircraft
position or to display additional data (winds) concerning the event. It is foreseen

that this would only be used by the flight crew when the aircraft was not in takeoff

roll, takeoff, approach, or go-around.
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4.0

5.0

The dedicated digital flight recorder is shown to emphasize the need for a
recorder interface which will be used in the certification of any of the three
(reactive, predictive, or forward-looking) windshear systems. Data that is gathered
as part of the development process and flight test of the forward-looking system
would be used to demonstrate the nuisance characteristics and possibly the
determination of valid windshear detections.

ANNUNCIATION OPTION

Now that we have integrated the systems in the aircraft we need to define and
provide the proper annunciations to the flight crew. Current reactive annunciatijons
(as defined in AC25-12) are indicated on Slide No. 4. If we extend this philosophy
of flashing amber meaning headwind or updraft (unstable air), then a steady (steady
because it’s predictive) amber could also mean a detected unstable airmass. Note
that this is only valid in approach and although the annunciation activation occurs
once a minimum landing configuration is selected, the predictive system is gathering

data throughout the entire descent profile. :

Forward-looking systems are a bit harder to categorize. Since the IR detects
only the cold downflow (decreasing performance), while the DOPPLER or LIDAR can
detect only the outflows (increasing and decreasing performance) we can simplify and
determine that if any type of forward-looking system has detected a decreasing
performance shear and the aircraft is in a potentially low energy state (takeoff
roll, takeoff, approach, or go-around) then the action is the same as if the
reactive system had detected the shear, ie., activate the flashing red warning lamps

along with the windshear aural warning annunciation.

It is recognized that other options are open. The type of information
displayed on a situational display when the aircraft is outside of the low energy
state, such as outside the outer marker or as a clear air turbulence indication are
examples. These displays are separate and independent of the interface to the

reactive system.

DATA BUS PARAMETERS

Slide No. 5 defines the types of data the reactive system has access to and

should be sent to the forward-looking system to simplify its interface to the
aircraft. - The forward-looking system would use these inputs to perform scanning
stabilization, sensor cross check, and mode transition, thereby allowing the two

systems to work together.

Slide No. 6 defines the typical data that is available from a forward-looking
system that could be sent to the reactive system. The hazard index or intensity
level would be used to activate the red warning alert.
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Heavy Rain Effects on Airplane Performance

R. E. Dunham, Jr.,, G. M. Bezos, and B. A. Campbell NASA LaRC
W. D. Mace, Jr PRC/Kentron Inc.

W. E. Melson, Jr Wallops Flight Facility
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HEAVY RAIN EFFECTS ON AIRPLANE PERFORMANCE

R. E. Dunham, Jr., G. M. Bezos, and B. A. Campbell P
NASA Langley Research Center
Hampton, VA 23665

W. D. Mace, Jr.
PRC/Kentron Inc.
Hampton, VA 23665

and

W. E. Melson, Jr.
Wallops Flight Facility
Wallops Island, VA 23337

ABSTRACT

The objective of this activity is to determine if the aerodynamic
characteristics of an airplane are altered while flying in the rain.
Wind-tunnel tests conducted at the NASA Langley Research Center
(LaRC) have shown losses in maximum lift, reduction in stall angle,
and increases in drag when a wing is placed in a simulated rain
spray. For these tests the water spray concentration used
represented a very heavy rainfall. A lack of definition of the scaling
laws for aerodynamic testing in a two-phase, two-component flow
makes interpolation of the wind-tunnel test uncertain.

Tests of a large-scale wing are to be conducted at the LaRC.
The large-scale wing is mounted on top of the Aircraft Landing
Dynamics Facility (ALDF) carriage. This carriage (which is 70-foot
long, 30-foot wide, and 30-foot high) is propelled with the wing
model attached down a 3000-foot long test track by a water jet at
speeds of up to 170 knots. A simulated rain spray system has been
installed along 500 foot of the tests track and can simulate rain falls
from 2 to 40 inches/hour. Operational checks are underway and the
initial tests should be completed by the Fall of 1989.
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Session II. Airborne—Hazard Definition

A Proposed Definition for a Pitch Attitude Target for the Microburst

Escape Maneuver
Richard S. Bray, NASA ARC
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A PROPOSED DEFINITION FOR A PITCH ATTITUDE TARGET
FOR THE MICROBURST ESCAPE MANEUVER

Richafd S Bray
NASA Ames Research Center
Moffett Field, California

SUMMARY

The Windshear Training Aid promulgated by the FAA defines the practical recovery
maneuver following a microburst encounter as application of maximum thrust accompanied
by rotation to an aircraft-specific target pitch attitade. In search of a simple method of
determining this target, appropriate to a variety of aircraft types, a computer simulation was
used to explore the suitability of a pitch target equal in numerical value to that of the angle of
attack associated with stall warning. For the configurations and critical microburst shears
simulated, this pitch target was demonstrated to be close to optimum.

BACKGROUND

In January , 1987, the FAA released the Windshear Training Aid (reference 1), a package of
documentation and visual materials defining procedures and contents of a recommended
training course for pilots on the subject of microburst wind shear. The primary target of this
effort was the civil air-transport community, and the material was derived and presented in
the context of the operation of large jet transport aircraft. While most of the extensive
educational material contained in the documents was not aircraft-specific in nature, those
sections dealing with escape from microburst encounters, and espeaally the simulator
training programs, specifically considered the B-727 au'craft

It is recommended in Reference 1 that, upon recognition of encounter with a severe wind
shear, the pilot should command full thrust and rotate the aircraft to a specified target pitch
attitude. In the supporting documentation, the procedure used in defining this pitch target for
the B-727 is described. The process consisted of determining the attitude that resulted in
survival in the strongest shear, with a minimum exposure to a stall-warning angle-of-attack
condition. This was accomplished with the use of a mathematical model of the aircraft in
computations of trajectories resulting from various pitch attitudes. The selected value, 15
degrees, was not described as related to any other a1rcraft-spcc1ﬁc measure. More recently,
Lockheed, using a similar approach, developed the recommendation that a pitch target of 17
degrees be used in the case of the L1011 aircraft. The documents imply that this same
procedure be used for developing escape procedures for each aircraft type and model. The
following paragraphs propose and discuss examination of a simpler pitch target definition
that might be applied to any aircraft configuration.

THE PREMISE

It is noted that the pitch targets chosen for the B-727 and the L1011 crudely approximate the
numerical values of the angles-of-attack associated with the activation of their stick-shaker
stall warning systems. It is also noted that if it can be assumed that extended areas of strong
downdraft cannot exist near the ground, even in a microburst, an aircraft cannot descend
rapidly into the ground before experiencing stall warning if its pitch attitude is at or above the
numerical value of stall-warning-angle of attack. (Flight path angle = pitch angle minus angie
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of attack). This paper reports an examination of the premise that a pitch target, effective for
arange of aircraft characteristics, is represented by the numerical value of the stall-warning
angle of attack. - .

PROCEDURE

The dynamic performance characteristics of three generic aircraft were defined for take-off
and approach configurations in terms of wing loading, W/S, thrust-to-mass, T/m, and lift
and drag. After establishing initial conditions, and defining pitch attitude and thrust for the
recovery maneuver, the models were "flown" through a modelled microburst wind field
using various pitch attitude targets in a procedure similar to that used in support of the
Windshear Training Aid. When stall-warning angle of attack was encountered, pitch was
reduced to avoid significant increase of angle of attack beyond that value. Details of the
method of trajectory computation are included in Reference 2. :

For each configuration, a microburst intensity was chosen that resulted in a marginal
recovery using the "stall-warning angle of attack” pitch target. In the same microburst,
trajectories were computed for lesser and greater recovery pitch attitudes, and the relative
success, in terms of ground clearance and time near stall, were noted.

AIRCRAFT CONFIGURATIONS

Chosen for study were generic configurations representative of three categories of aircraft; a
large, high-wing-loading jet transport incorporating high-lift leading edge slats; a jet-powered
configuration of lower wing loading without leading-edge devices, and a turboprop-powered
configuration, also without leading-edge devices. These latter two might be considered
representative of some business jets and turboprop commuter aircraft respectively. The three
aircraft were assumed to be twin-engined configurations, and they were not considered to be
operating at full maximum gross weight; thus, they possessed large performance margins to
help them recover from shear encounters. ‘No special effort was made to exactly match the
performance margins of these models because (1) they represented categories of aircraft that
experience quite different operational situations, and (2) it was not the primary intent of this
work to study their relative performance-in wind shear. The three aircraft will be referred to
as heavy jet (HJ), light jet (L.J), and turboprop (TP). The aircraft are described in Table 1,
and the maximum thrust characteristics, which vary with speed, are defined in Figure 1.

MICROBURST MODEL

The wind fields were defined by the computational microburst model described in
Reference 2. The model describes an axially symmetric downdraft column that is
converted to a radially divergent outflow near the ground plane. Below a specified altitude
at which divergence begins, vertical velocity reduces exponentially to zero at ground level.
Considering volumetric continuity, the resultant peak horizontal divergence velocities (near
the circumference of the downdraft column) increase linearly with altitude increment below
the specified altitude; thus,.the maximum divergence of the winds, and the maximum shear
gradient, occurs near the ground. No specific vortex flow is defined, and no smaller scale
turbulence is included. The amplitude of the divergence can be increased by either
increasing the diameter of the micoburst (holding gradient constant), or increasing the
downdraft velocity (increasing gradient). For this work, the aircraft experiences winds as
if it had flown directly through the center of the microburst. Basic characteristics of the
microburst winds encountered by the models in this exercise are listed in Table 2.
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INITIAL CONDITIONS

The initial conditions for the start of the trajectory computations were somewhat arbitrarily
chosen, as was the relative position of the modelled microburst. For take-off, the aircraft
was assumed to be at 50 feet established in normal climb at a speed of V2+10 knots and just
entering the headwind to tailwind shear. On approach, the aircraft was in a normal descent at
400 feet, about 10% above normal reference speed, and at reduced power, as if the aircraft
had been experiencing an increasing head wind. The shear was encountered within the first
two seconds. In all cases, the timing of the initiation of the recovery maneuver reflected an
assumed delay in recognition of the shear, and in most cases 10 to 15 knots had been lost
before action was initiated. In the approach cases, the rate of increase of thrust from its initial
value to full thrust was intended to be representative of the powerplant type.

RESULTS AND DISCUSSION

" The results of a typical trajectory computations are shown for a take-off shear encounter with
the HJ model in Figure 2, and for a discontinued approach with the same model in Figure 3,
in which the important variables are plotted versus horizontal distance. Note that the data
points represent one-second intervals.

At the'initiation of the take-off calculations (Figure 2), the aircraft is assumed to be entering
the microburst shear at its trimmed climb attitude of 22 degrees. After a four-second delay,
in which a loss of 15 knots of airspeed occurs, pitch attitude is reduced to the pitch target of
18 degrees. In the large shear gradient, speed continues to decay, and climb rate reduces to
zero at an altitude of 335 ft. At this point, the aircraft is flying in a downdraft of 23 ft/sec.
With continuing reduction in airspeed, angle of attack increases until stall warning is
indicated at a value of 18 degrees. In response, pitch attitude is reduced to prevent angle of
attack from increasing. After 4 seconds, the shear and downdraft end, and a rapid increase in
airspeed begins. Over the next 6 seconds, recovery is made at a very low altitude at high
angle of attack. As indicated earlier, the microburst severity was chosen to produce a
marginal recovery with this pitch attitude target.

Similar events are seen in the approach case illustrated in Figure 3. The recognition delay,
together with delay in thrust response, result in only a temporary delay in further descent,
.and recovery again occurs as the shear ends after the aircraft has suffered a period of about
six seconds at stall-warning angle of attack.

Take-off trajectories:

The take-off trajectories for the three configurations, at various pitch attitudes, are shown in
figures 4 through 6. The behavior of the HJ configuration is shown in figure 4. For this
case, the breadth of the microburst shear was set at 4200 feet, and the higher altitude
downdraft velocity was set at 60 feet/second. As was seen in Figure 2, for the pitch target of
18 degrees, the total horizontal shear experienced was 145 ft/sec (86 knots), and the
maximum downdraft encountered was 23 ft/sec. The other trajectories reflect the effects of
the same microburst model configuration. It is seen that as the pitch target is increased to 21
degrees, nearly the same recovery altitude results. A slightly higher peak altitude is reached,
but the time at limit angle of attack, the pitch down and peak descent rate are greater. Data
not included in the figure indicate that further increaseés in pitch target produce even less
favorable results. As illustrated in the figure, reducing the pitch target to 15 degrees

107



produces the favorable effects of lower airspeed loss and less time at limit angle of attack, but
the recovery altitude is lower. Further reduction of target attitude results in ground contact.

The results for the LJ configuration are shown in figure 5. In this case, stall-warning occurs
at 12 degrees, and the operational pitch attitudes are generally lower than in the previous
model. Increasing the pitch target to 15 degrees results in an increase of 15 ft in recovery
altitude, but at the expense of a considerably greater time at limit angle of attack, and a larger
pitch-down to avoid stall A pitch target of 9 degrees results in a recovery very close to the
ground.

The performances of the TP configuration are shown in figure 6. The stall warning is
assumed to occur at 11 degrees. The microburst intensity is approximately the same as for
the previous configurations. Speeds and peak altitudes reflect the lower operational speed of
this lighter wing-loading aircraft. Again, varying the pitch target above or below 11 degrees
does not result in a net improvement in recovery performance.

Discontinued approach trajectories:

The discontinued approach trajectories for the thrée configurations, at various pitch attitudes,
are shown in figures 7 through 9. The behavior of the HJ configuration is shown in figure
7. For this case, the breadth of the microburst shear was set at 4400 feet, and the higher
altitude downdraft velocity was again set at 60 ft/sec. As was seen in Figure 3, for the pitch

target of 18 degrees, the total horizontal shear experienced was 135 ft/sec (80 knots), and the
maximum downdraft encountered was 22 ft/sec. The other trajectories reflect the effects of
the same microburst model configuration., An increase of the pitch target from 18 to 22
degrees resulted in a failure to recover, while a decrease to 14 degrees produced a recovery
altitude only slightly lower than that seen at 18 degrees while only approaching limit angle of
attack.

The performances of the LJ configuration, in the same winds, are shown in Figure 8. The
effects of varying target pitch attitude are seen to be very much as those seen with the
previous configuration.

Performances for the TP configuration are shown in Figure 9. In this case, the stall-warning
angle of attack is assumed to be 10 degrees. It is seen that reducing the pitch target to 8
degrees results in about the same recovery altitude as produced by an attitude of 10 degrees,
and again with slightly more favorable angle of attack and speed histories. On the other
hand, increasing the attitude target to 13 degrees results in more adverse performance in all
respects.

The less adverse sensitivity to reduced pitch attitudes in the approach case is a result of the
opportunity for the aircraft to exchange altitude for airspeed. It apparently does this more
efficiently at slightly reduced attitudes As the encounter altitude is lowered, it is expected that
the results would more resemble those of the take-off case, which exhibited reduced adverse
sensitivity to increased pitch attitudes.

CONCLUDING REMARKS
In search of a simple method of determining a wind-shear recovery pitch-attitude target,

appropriate to a variety of aircraft types, a computer simulation was used to explore the
suitability of a pitch target equal in numerical value to that of the angle of attack associated
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with stall warning. In the case of encounter shortly after lift-off, recovery success was not
adversely sensitive to small increases in target attitude above that proposed, but reductions in
pitch target produced less than successful results. In the approach encounters, it was seen
that the reverse trend prevailed. For the three aircraft configurations and the critical
microburst shears simulated, the proposed pitch target was demonstrated to be close to
optimum for both take-off and low-approach encounters.
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Table 1: Aircraft characteristics

Definitions;
A Angle-of-attack, deg
CL Lift coefficient
CD Drag coefficient
L/D Lift/drag ratio
VREF 1.3*stall speed, knots
A\ Minimum speed, second-segment climb, knots
w/S Wing loading, 1b/ft2
HI: CL = CLg + 0.095*A - 0.000025*A3
L/D = L/Dg + 0.9%A - 0.055*A2 + 0.0007*A3
LJ: L/D = L/Dg + 0.9*A - 0.07*A2 + 0.0005*A3P
TP: CL = CLq + 0.10*A - 0.000025*A3
CD =CDg + 0.054*(CL - DELCL)2 + FCLT*(T/m)
Take-off Approach
HI: CLg 0.25 0.50
L/Dg 6.0 3.0
W/S 110 90
V2 152
VREF 136
Stall warning A = 18 deg
L1 Clo 0.25 0.50
L/Dg 6.0 3.0
W/S 79 65
V2 152
VREF 136
Stall warning A = 12 deg
. Clg 0.3 0.7
CDy 0.05 0.14
W/S 40 40
V2 110
VREF 110
Stall warning A 1 10
DELCL 0.3 0.5
FCLT 0.02 0.03
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Table 2: Microburst characteristics (based on model of reference 2)

Diameter, Downdraft, Max. divergence,
ft ft/sec - knots
(above 15007
HJ and LJ: : '
Take-off 4200 60 86
Approach 4400 60 80
TP: '
Take-off 4000 62.5 87
Approach - 4000 60 74
11
°'°’°'<L°-o-o r0-0-0-p
10 : i D-0-0-¢ '0:_.:_..10=o-<>-?-o-°-_-°,:b— .
0-0-0-0-0-0-0] HJ AND LJ
9 *<
e
T/m, 8 .
FT/SEC/SEC e,
~®,
7 \'.13
TP ”’~o~.~.
6 s
5

70 80 90 100 110 120 130 140 150
AIRSPEED, KNOTS

Figure 1. Variation with airspeed of acceleration due to thrust.
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11 July 1988 Weather and

TDWR Alarm Summary
This was a typical microburst day
Microburst possibilities were forecast

Sounding supported microburst potential

Weak radar echos were present, about 35 dBZ at the
start of the event '

Very light rain at the airport, dry microburst
Extremely strong event, both 4V and divergence

Event built rapidly, 0-80 kts in 6 minutes, normal
for microbursts

All pilots were aware of microburst potential
All pilots were given microburst alarms

Alphanumeric alarms contained all the pertinent data,
TDWR successfully detected the event in a timely manner

Geographic Situation Display very comprehensible and
representative of complex data

GSD primarily available to supervisors
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Session II. Airborne—Hazard Definition

Numerical Simulation of the Denver 11 July 1988 Microburst Storm
Fred Proctor, MESO

159



HOLOVHLNOD AITONV1 VSVN

VA ‘NOLdWVYH
"ONI ‘OS3an
d401004d "H a344d

NHOL1S 1SHNYOHOIN
8861 AINI LI
d3ANdQ
dHL 40 NOLLVINNIS TVOIHINNN

161 .

WG PAGE BLANK NOT FILMED

PrRECED



Q051 IANLITdNV Mv3d

TVOILHIA WX S°Z “TVLNOZIHOH WX S - NOISNIWIA
3STNdWNI TVYINHIHL TTvalod3ds

OH3Z FNIL LV NOLLVILINI 3AILOIANOD

| SLINIOd dIdO 9€ X €9 X €6

WX 0l LV W SZ¥ OL ANNOYHO IHL HVIN W 08 - TVIILHIA
W 00¢ - TVLINZOZIHOH

NOILNTOS3H TVYNOLLY.LNAINOD

WX 0L X INM 21 X INX 81 - 3ZIS NIVINOQ TVIISAHd

(LWD 0022 LV JHNLYHIWIL 30V4NS HO4 a3I4IAOW) LIND
0002 LV ONIANNOS HIAN3IQ @3IAHISHO WOHL SNOILIGNOD TVLLINI

SNOILJINNSSY / VLVd LNdNI

886L AINI | L H3IANIA

162

- L o o L




Z (KM

Z (KM

Z (KM

— WA ND WO
,O000O00D0C0O0OO

~— WA NDOO
oo R=R=YoReR=ReRoR=N=

—

—~NWa2UTOND OO
o000 OOLO

1

DEN 7/11

RRF

Y = -3.7

DEN 7/11 Y =

RRF

-4.5
TIME = 49.02
] ¥

TIME = 40.02
¥ i

1.9 .1 3.2 S$.2 7.2 8.2 11.2 13.2 t1s.2 17.2 19.2
X (KM)
DEN 7/11 Y = -4.3 DEN 7/11 Y = -4.6
RRF TIME = 45.02 RRF TIME = 51.02
1 ¥ T T T 1 T 1 T ] 1 1 1 - 1 1
= - -1
— P I -
1 L { K 1 1 1
7 1.3 3.3 S.3 7.3 9.3 11.3 13.3 15.3 172.2 4.2 6.2 8.2 10.2 12.2 11.2 16.2 18.2 20.2
X (KM X (KM)
DEN 7/11 Y = -4.4 DEN 7/11 Y = -4.6
RRF TIME = 47.02 RRF TIME = S4.02
1 ¥ I T 1 T 1 ] T T T T T 1 T T
B .
- .
] { .
1 2.1 4.1 6.1 8.1 10.1 12.1 14.1 16.1 183.7 5.7 7.7 9.7 1.7 13.7 5.7 17.7 19.7 21.7
X (KM X (KM)

163




-4.4
47 .02

Y
TIME

DEN 7/11
1

RRF

10.0

4.1 6.1 8.1 10.1 12.1 14.1 16.1 18.1

2.1

OO0 O0O0O0O0O00O0 000

OONOWITEFMOANN—

(W Z

164

X (KM



1°g1 1°91 1°%1 1°21 1°01 U°

(WA X

g8 1
-— = \Q\Ou .IO|0I0|.T|OIO|OI0 - - ot Pb‘l’ﬁl“‘l‘"‘
A RN N T e = e NN
P SN ﬂ ARSNGB
....\tr% ST S XN AR ES LK RN E T, N~
ot (ARSI D 2 1% & 6 S EETN S EXAK KR Ui
AR S LT RS LT C U R S N SRR s

‘9 1y 12 1

iy S . PP eI TN

..............................

............................

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

20" /b = IWIL | 44y
b b- = A 11// N3Q

ODONOCL = MO —

-«

OO0 0O0O000O0 0o oo

(WX Z

165



W X

702 2°81 £°91 %1 L°21 L°01 £°8 ['S L% /L2
_

(W) 2

OO OoONGOWMETEOMON —

]
OO0 0O0O0O000 00
«—

] 1 1 1 i ] l |
20725 = JWIL 444
g - = A 11/ N30

166



S/W 02

(WX X

A AN )

.(MM R TR E T RNUNONNE
N ACCRU X R R LN R

TR MRS AR
oo\, NN ARER A AR o s A A A

e 21 TP EARRRARNRRRARRRNAREN A R Setttttttt—ta— e ool
LRSS PR IR TS L X Tw .

[ £°%1 /721 [£°00 /'8 [°'S /L'y [°¢

20725 = AWIL 444
9°%- = A 117/ N3d

OO OoONOWLWETETMAN —

«t

OO0 0000 OO0 00

(WH Z

167



1°81

PAPAC AN AN I ¥ N 2R N R LN Y AN AF A AN A &Y & o 4

P Ak A AL LK N A A A A A A A A A A 4

1°91

PP ok K A Y A A A A A A ' 4

h Y
Y
A Y
h Y
A
b
-
h Y
-
[N
-
.
[
4
1}
)
)
\
b
\
A Y
h Y
h)

PP AP N R A A A B R R R R R AV R AP AP A
PAP AP Ar I i R N T I B A A A A A A 4
P A o A B NN I I A R A A A A A A 4

J
'
4
7
4
4
4

A3 T Y T Y T S Y
h T T T T T Y T Y Y Y
TN NN N NN WY
///fqlf//7////

1" b1

I I I I A A A A A A 4
' N A A A A A A A 4

7 /1
/7 41
PPV o o o o N i AN BN B I B BN A A A A A A A 4

PR o s
P A s

(WX X

121 1°01

PP PN o o o S A B B I N Y Y B B A A A A AN 4

PP Ik ok X A A R I R I B B I B A A A A a4
PRI P Ll ot o A I R B R B I B B B A B A A A

T s alakak ol oI N AN I RN I B I Y B A A A 4

//{/{W.—o—o-c0\‘\!.'!0“//’/
PP o T v ol ol 2L I Y Y Y A A 4 4

PP AP e ol ol ok S A A I B T I A A A a4
A e o oot ok N R N N S B N

AW IR Bl el ok o A N A I I I S IR I B A A A A
PRV o o an ok ok ol I N I I S R I Y B A A A a4

1°9

1° b

TN N NN NYNYN NN YN NYNNYNNYNNYNDN A Y
TN NNYNNYNNNYN YT YN NYN NN NNYNNLY N
NN NN TS ST TN N Y YYD NN

- o P PSS, o
... - s g T N N 9 NN .
~=cr2? ﬂW o I SCNEERNRN $° 8-
il 7228
AN | —in g YA YA S
.-a/* \ \ﬂwwrill
NNV PP PR .
.l'fc_-\\“l[('va*w,]/ r ml
“ Wgw g 4 % % " mp
Cme sl NN ™
VN me s sy
t AN - .
AN b
) ARR RN

b°2-

L 9°1

20
80"

LY

Z

dWIL

(WH A

168



A.l'
S/W 02 WD X

momwwﬂmmﬂmzmmﬁmoﬁmmm@mrmmmoT

ddiiﬁdd/d
//lf////II/I/////I/II//I///// »
A I R e R T T T O O N O O O GRS
A R N N R R R L T T T TR N e O O
L L R e R T I T T T T T T i S

™

LA
/
4
4
l
—aRa,,

A
ll‘l“\\“...t. """"""
- .

(3

~
-~ - o 2 DA d B T R R )
N -t P A A A A 4
o e o  ~rrr?
Yy - VIV IR AR §
. \‘.a
/ \-a/
P \.AI
'\ - .
. t e

/If’JI/frJO-——'J'III
P 2R AR B AN N A A I A
l,.."..,-.-..\\\\..."'l

PAR X SR SN AN N B N L B Y 3 A v

:‘,f'&tx\

Y
)
vy
LR
AR R
A RIS
N v NN
NSy NN
NN

P e ol
-

[T o

o

P

80" = Z ~ 11/4 N30

(WM A

169



.08
52.02

\\\\'l\\\\

L 200 I B |

L S O T I, -

F N N T N T S . L Y L S O N

(SN SRS N EN
LS N NS N
\
\
\
\
1

TIME

DEN 7/11

L S Y. N N N N

7 4.7 6.7 8.7 10.712.714.716.718.720.7

[ O R T T T S O T N N N N N N N N e N N N N U U U O S S N
LN S L L L O U N S S NN

4
4

—10.§2

X (KM



.08

/ =

DEN 7/11

o
olss
*|lv v
Wl
Ln"'/
I
L
>
b—
|\___

JII"Jrr——J—-'vJ'/

PAE A B A B B I

PR 2 A R B A N B I R A A

~N ~

- -
- -
LY

-
-
\ -

171

LA A4

t v v

PIEC TR W UL W O G N

- 0% NN N8N

LY U U UL O O S -

Pt NN N NN Yy

P S S U O O L S §
PP S S S N N N S Y

;1"

14.6 16.6 18.6 20.6 22.6

- n NN Ry

P .

-10.7

6.6 8.6 10.6 12.6

4.6

X (KM)



S/W 02
(W) X

M LDLIINN A

. . H . . . £ : u' ...r‘\WC_u..-du.vd.m,wd.:m...rm.. . . - -
Illlp-...r..( e 2 ok \\3\\-&‘.;.}.. “ 4 /4/g /4 PO N

AR SE SN R R A Sy ;.x.‘«wﬂ.‘\\ P I

SRR 4 M AR TAIRARL

NN XN\ O YU i 47 \.m RARAd

¢.|.¢.ﬂr4.4...l.., 2/ A/ \ A A

N VA

b RIS ST s ”

s U,Wﬂ.u : A 77 ! A VP e A

, IS “\tr22/ \ W\q\q\-\‘\-\.\q\-\q\-\\\ 4

p .~ rr7 A3 v mnnnslt P

Y \\\\4\1\‘““\“\1\.\1\;\0\\--

. * \\V‘- - s o o 4

NN I e o . -\ e

/ /b/’/« - I P e ) ) )
/y/lV!?YY]]J?YI,.
// RS NN A

OD /Illo'vvo-—.-—--o.--.._-_"',
i WP
22

N
Yl d & ._./.mb ”‘0////./ Noeeee Ny b
1 & N\ //////7////:
N\ 4 //v///////////,

\ Y /////l////:

\ //A V///llllfﬂf

A9 ///ﬂnnuuu

N YV VD

11/4 N3d

8" 9-

8° -

(WY A

8" 2-

8" -

21

172



0000S” SI VAY3INI HNOLINOJ

000" 4+ ol 00S° E¥ WOYd ¥NOLNOD
(W X
2°02 2°81 2°91 2°%1 2°21 2°01 2°8 2°'9 2% 2°¢
_ T T T 1 $*0i-
- g°g-
- 9°g-
| 9" 4~
_ 9" 2-
- — 4 g9°-
1 1 | . ..Anvgllhwnu 1

V13HL
11-Z N3d

NJ
o
-4
wr
i
wr
2
—
}—

173

(W A



0coo° e SI TIYAH3LNI HNOINOJ
000° 02 0l ‘0 WOY4 HNOLNOJ

(WY X

2°02 2°81 2°91 2°%1 2°21 ¢2°01 2'8 2’9 2+ 2¢2°¢

9°01-

9°8-

9°'9-

9% -

9°2-

174

(W A



0000° 2 SI VAY3INI HNOINOD
000" 02 0L ‘0 WOYd UNOLNOD

MW X

£°02 £°81 [L°ST £°%1 £°21 £°O1 £'8 L°S /I'% m.mw.oﬁ

- I
033dS
11-4 N30

¥ 1

175

DD A



000°0¢2 0L

0000° 2 ST TIVAY3INI HNOLNOD

(WX X

g9°22 9°02 981 9'S1 9°%1 9°21 9°01

0 WOYd4d HNOLNOD

9’8 9’9 9°¢
01~

|

L 8-

L9~

Ly

L e~

€1

033dS
IT-Z N30

(WM A

176



‘NI 20°0 NVHL SS31 STV1OL T1V4NIVYH

WHOLS DNILVLIdIOIHd - MOT
WX €/ SIN 0¥ - AV Mvad
TIANY INOHd 1SIONOHLS

S1SHNEOHIIN I1dILTNIN

SNOISNTONOD ANV AHVININNS

177




Session II. Airborne—Hazard Definition

11 July, Denver Wind Shear Encounters
Robert L. Ireland, United Airlines

179

PRECEDING PAGE B

1 AT

Y I B

NOT FILMED



s

11 JULY 1988 DENVER WINDSHEAR ENCOUNTERS N9]_ ~11 688

Robert L. Ireland
United Airlines, Inc.
Denver, CO 80207

ABSTRACT

On July 11, 1988, between 2207 and 2213 UTC (16:07-16:13 MDT), four successive
United flights had inadvertent encounters with micrcoburst windshear conditions
while on final approach to Denver Stapleton Airport (DEN), each resulting in a
nissed approach, subsequent delay, and uneventful arrival. A fifth flight
executed a missed approach without encountering the phenomena. There was no
damage to aircraft and no passenger injuries were incurrad. The term
"inadvertent" is used within United Airlines' windshear training materials and -
the FAA Windshear Training Aid to conndte an encounter with windshear after
vigilance and cautionary practices fail to identify and afford complete
avoidance of the hazardous area. No crew culpability is implied. A
comprehensive investigation for scientific purposes in the study of windshear
phenamenon is being conducted seperately under the guidance of the FAA with
involvement and cooperation from United, NTSB, National Center for Atmospheric
Research (NCAR), ALPA, APA, Boeing, Douglas, and NASA.
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Questions and Answers 18 October 1988

Mark, a question or two. One nice thing about questions at least you know the
people were awake when they listened to you. Mr. Biake, I hope 1 prénounced that
correctly, just a point of clarification you state that Doppler or Lidar can only détect
out flows. This is not correct. Lidar systems, uﬁlike Doppler systems which make
/?/011 clutter can be used in an up and down angle pointing mode to resolve ‘the
vertical wind velocity component. So, with that, we go to Rev. A. Vertical wind.

That’s what really what this was intending to do, was to promote discussion like that.

Second question from Howard Long at Delta. Q: Should the warning from TDWR

systems be transmitted to the cockpit and displayed through on board reactive systems?

A: Currently, there is nothing defined to do that, capability exists in ACAR systems
or possibly with TCAS COM CMCOM D, to do that type of work. You’d have to ..
if you wanted to light the red light determine what magnitude, I guess of a detection
that TDWR picked up to illuminate the red light. Maybe if we get into providing
GSD type displays in the cockpit, this might be a subset of that, whereas the GSD,
which is like the situational display would display the airport area and the events

surrounding it, however, once it reached a certain magnitude, like the light in the

‘cockpit, which would mandate a go around, that’s a 'pos'sibility. Does that answer your

question? Anything else?

Earl Dunham, NASA LaRC. .

I have seven question, some of them have more than one part to them and I looked

these questions over and I said they’re very good. There’s a couple of them I wish

191

_PRECEDING PAGE BLANK NOT FILMED



I knew the answer to. But let’s start with them and go through them as they come

up.

Questjon 1 - Wayne Sand and he asked the question, "How about some of the other
questions addressed by Jim Loors, such as the weight of water and the physics of why
CL is decreased, are these valid questions." Yes, they are valid questions as a way of
background information, I'm sure you’re aware of it because you used Mr. Loors
name. About 8 years ago, NASA had a contract with Jim Loors at the University of
Dayton Research Institute and once he did a little analysis that said that if he
considers all of the physics that he can think about and how rain would interact with
an airplane light, it increases the weight of the airplane because there’s a water film
on it. It increases the surface roughness which increases the skin friction on the
airplane, changes the drag characteristics and he Imade his hypothesis that there were
probably also some associated changes in lift performance. Well, his initial analysis
is what started us down as an experimental program because we looked at what he
did and says his argument are good, there may be something there, but there is no
data available to us and so that’s what was the genesis of what we’re involved in right

now, so yes, he did ask good questions.

Question 2 -.Question by Joe Yasafi, What is the expected affect of the inplate on the
test reSult, that is the drainage of the surface in water turbulence and what have you?
A: It turns out that we have run wind tunnel tests on complete wing configurations
if you like, finite aspect ratio air pull, we’ve run wind tunnel tests with inplates on the
air pull and the particular test that we're running on the large scale carriage, does
have inplates on it. There’s one of these difficulties that there’s only a finite size
structure you can place on this carriage and hope to run it down the track and not fly
the carriage off of the track. The purpose of the inplate is to minimize the effects

that we have by not using a full span wing. It’s an attempt by channeling the flow
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nice and straight down this little segment of wing that we have and basically, what you
wind up doing is generating an affecti{/e larger aspect ratio ﬁng. So, even though the
wing span between those inplates is only about 14 feet, the wing cord is about 10
feet, it effectively in terms of aspect ratio, looks like it’s a much bigger wing. The test
criteria for doing this says we will have low wind conditions or we will attempt to
make measurements in low wind conditions, I could share some of your concerns about
the influence of water on the inplateS itself. Most of these affects I think are going
to be very néar the end of the year for and not impact a major portion of the lift
taking through the, say 80 or 90% of the span of this model that we have. It turns
out, that what you would really like to have done was to put a 737 wing on top of this
carriage and shoot it down. You get rid of all the problems of having to do this kind
of modeling. Anyway I think it’s a pretty good aerodynamic approach to the situation.

Any more comments about it?

Question 3 - The question was asked about the mass flow of water coming down
simulating rain, does it drag air with it and make a significant down flow velocity. It
turns out that what we have tried to do in one little series of tests was to put an
anemometer on the top of the spray rig and look at air being entrained as it came
down and I hate to add, the anemometer didn’t even spin as I recall. There was no

measurable affect.

Question 4 - Jim Bull, Can you give the equivalence of rain water concentration, rain
fall rate and millimeters an hour? For example, what did that number of 46 grams
per cubic meter come out to in milliméters an hour? It’s about 1,000 millimeters an
hour. It turns out that the meteorologist do have an equivalency between liquid water
content and expected rain fall rate. It’s known as the Marshall-Palmer rain drop
distribution that relates liquid water concentration to rainfall rate. It’s fairly standard

and accepted especially amongst the meteorology community and the radar community
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because radars are somewhat calibrated against liquid water concentration. It’s about
this 46 grams per cubit meter. Now, there’s a problem when 1 make that statement.
1) The Marshall Palmer rain drop distribution was developed in the 40’s and it has
since been tested and reevaluated but most of the time, that measurement is made for
fairly low rainfall environments and it sort of gets extrapolated up to high liquid water
concentrations such as this, but using that standard, you would get about 1,000

millimeters per hour. Is that really what you wanted to know?

Q: I'm Jim Bull and I'd like to add the question have any standards been set as far
as what aircraft can operate in as far as rain fall rate. A: Well that’s so to speak

the final outcome of our program experiments and what have you. We don’t know.

Q: Greg Solatola - MTSB. Ear], there’s kind of a rule of thumb relating rainfall rate
to liquid water content, approximately your rainfall rate in inches per hour equals your
liquid water content. For instance, 4 inches per hour equals 4 grams per cubic meter.

40 inches per hour equal approximately 40 grams per cubic meter.

A: That’s true following the Marshall Palmer distribution which is really developed
the rainfall rate and liquid water concentrations down around the 1 to 2 inch per hour
stuff. You just extrapolate it on up and say well it applies on up here when it’s really

hasn’t been established that it does.
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You ought to point out the difference between rates avéraged over time as opposed
to instantaneous rates. You might relate that little effort, that storm that came

through the peninsula where you had your load cells operating.

Ok, well, it gets us involved in another issue of the probability of occurrence of a given
rain fall rate of occurring and exactly what are world record rain fall rates, the
established world record is like 79 inches an hour. It’s an enormous rain fall rate and
the statement that I usually make is you don’t expect that to last very long and it
didn’t last very long. What you concern yourself with for our stuff and for the
aerodynamics is the concentration of liquid water and the air mass that we’re flying
through. Now, there is a relationship that you can relate that to rain fall rate but, I'm
talking about a concentrated region in a storm where there might be divergence of
water so that the water gets concentrated in dne spot. It may not deposit that
particular concentration on the ground. We have measured during a thunderstorm,
rain fall rates in the neighborhood of 17-18 inches an hour, but that’s not what’s
accumulated on the ground because that only occurred over about a 15 - 20 second
increment. As a matter of fact, it got measured by the same calibration technique that
I showed earlier, not the coffee can, which I found out was sweet potato cans, I don’t
know how we got them, or where they came from, but anyway, it was measured with

the little box that’s just time derivative of accumulation of water.

Norm Gable - Aerospace Consultants - Q: Earl, what are your drop size distributions
look like and how do they compare with natural rain? A: Ok, what do you want to
talk, wind tunnel or this thing? The car wash. Alright, the car wash. We are in the
process of measuring those drop size distributions. We have done some photographic
measurements of them and they basically look like natural rain at that rain fall rate.

We've got large drops on them following the same sort of distribution. We got at

least two more.
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Greg Solatela - Q: Following the Southern 242 accident at New Hogue, Georgia in
the late 70’s, the NTSB recommended that the affects of rain on weather radar ray

domes be determined. Has this been done?

A: Well, what we did was we stuck a ray dome in the wind tunnel, and we measured
.. let me backtrack a little bit, the questions relates to is there enough of a water film
and mass of water on a ray dome since that the weather radar doesn’t really penetrate
out and see the hazards that are in front of it. With this particular accident, I think
that they are suggesting that maybe the pilot didn’t see how severe the weather was
a mile or so ahead of them because he had such intense water on the ray dome. OK,
what we did do at NASA LaRC was to do a small experiment in which we took a ray
dome, placed it in the wind tunnel in that spray environment that we did tests on
wings, aerodynamic testing on wings, tried to measure the water film thickness on that
ray dome and that very intense rainfall rate. Well, the test was somewhat inconclusive,
the results indicated some very small water film thickness. There was some discussion
about the size of the water drops that we were using, even though we had the right
concentration of water, whether it really would have sheeted up on the ray dome in
the proper fashion because we didn’t have the right size drops, because we used the
full scale ray dome on them. We used the ray dome off of a T39 I think it was. So
there were some questions about the way we scaled those tests in that result and then
we saw some things in the testing that would lead us to believe that there’s .. the rain
drops as they hit the ray dome splatter back out and there’s a certain mass of them
that come up and get swept back in the boundary there and there’s sort of a fog layer
standing off of the ray dome and the question was asked how does the radar
propagate through that because it’s obviously had a very high concentration of water
and even though the water film on the ray dome was small. We had decided at that

time that what we really needed to do was a better job of scaling rain and the way
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we’re doing it is with an outdoor facility, and downstream in our test program is
putting some sort of a ray dome on this test sled, doing some sort of a test that’s not

clearly defined yet but it hasn’t been dropped and-it is still being worked.

I've got four of them from Greg Ifel from Boeing - some of these are the easy ones.
Q: How is speed measured on the sled? A: Well that one’s pretty easy, all of our
data are TM backed to a control room and part of the TM is just speed right off the
carriages, just a tick every ten feet down the track. Just a magnetic pickup and every
ten feet down the track there’s a little piece of metal and it’s ticking it off, coming

back with a function of time and that gives you velocity.
Q: Is local area ambient wind measured and considered?

A: And of course it is because we really want to get back from basic force
measurements to aerodynamic lift and drag coefficients measurements, so we’re
operating in an environment in which the wind is blowing so we do have to consider
that. It does get cranked in to it, whenever we calculate the lift coefficient. For lots
of reasons we said we want to do most of our testing at low wind conditions, pointly
because of variability in wind, even if you take it into account. You’d have to measure

all the way down the track on the carriage.

Q: Am I checking the effect on air speed and angle of attack measuring systems. A:
We did a series of tests, actually, Jim Lewis at University of Dayton Research Institute,
did a series of tests in a little wind tunnel type facility that he had. There’s a report
available on what he did in the use of standard .. there’s two types of angle of attack
sensors in the industry. There’s a little turbo driven pressure nulling and there’s the

flow vein. He used the flow vein, didn’t look at the pressure nulling device but on the
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flow vein, he saw very little effects and angle of attack. Most of the operational air
speed heads that you use are set up for water drainage and seem to have little effect

on those.

Q: Since the sled starts at 0 air speed with the wing at a fixed angle of attack, how

are aerodynamics hysteresis to be accounted for?

A: I would like to talk to you a little bit more about that particular question. I'm not
so sure I really fully understand it. My impression was that for this type of air flow,
the hysteresis is very small, really only near CL. mac and we probably wouldn’t see it
in the type of testing that we’re doing. I'm aware of some work that was done by Dr.
Jim Marchman at DTI, when he was looking at the hysteresis effect in and out of rain
on an air flow, but he was looking at a ]aminaf air flow, which has a pretty large
aerodynamics hysteresis in it. I wasn’t aware with a leading edge slap, pretty turbulent
flow air foil that I would need to consider that type but maybe you and I ought to talk

about that a little bit later.

Q: If you'll consider the problem analogous to say the gust, indicial gust response,
who was the guy that asked the question, if you consider the problem similar to that
of a indicial response of an air foil that is starting out at 0 angle of attack, you look
at the classic solutions by cord lengths. You’re practically up 90 percent of steady
state. You go to 10 cord lengths, you know it is very close to steady state. So how
many cord of lengths do you run before you hit the rain, Earl? A: 40 or 50. Q:
Now, how long is your run through the shower? A: It’s 500 ft. Q: So there are a
considerable number of cord lengths elapsed. It’s not an exact answer because nobody
really knows what the hysteresis is on this thing, but we talked about this and thought
about this in designing this system and by very crude analogy, it’s 10 times bigger than

in the drive case, so it should be very close to steady state. It’s the best we can do.
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Yea but ... | need to talk to you because I thought about that too Norman, in light
of the transient analysis that we had done and looked at and also we’ve done some
wind tunnel tests where we instantaneously turned the rain on, we instanténeously
turned it off, looked at that. That’s a time dependent characteristic. Hysteresis is not
necessarily a time dependant phenomena. It’s going to a state coming back and the
path you took back. So I am aware of it for laminar flow air foil but one way after
this, and I don’t think really it’s a problem, but you and I, I think should talk about

this a little bit.

Don McClear, Boeing - Q: (tape difficulty) ...under a fixed angle of attack, an
equilibrium lift for example, shoot in the ride. A: I have no difficulty with the
transient effect. I think we’ve got enough run down the track, wet versus dry and
what we'’ve seen in the data, we do have the steédy state value. There’s no problem
with that. That hysteresis one is .. As I understand it, the second question you’re
asking is if you change the angle of attack in the heavy rain, is that a unique angle of
attack dependency L, or does it depend on past history. Is there a real issue there?
I don’t think there is. I think we have enough test track, enough time running in the
rain that it’s not really a problem. I would worry about it if I had a laminar flow air
foil, because .. I think I need to Greg a little bit. That’s one of the one’s I had a hard

time answering.

Don Bapin - I'd like to expand on that third question up there. Has anyone
considered the implications on the pilot training aides and so on and also on the
guidance, if the results from your tests and experiments sort of like the wind tunnel,
the lift from the drop (tape difficulty, various individuals speaking, not audible) A:
that’s the purpose of why we’re doing the tests. That’s what the interpretation of the
wind tunnel results are. That’s the way, if you just look at is and say, hey this is

what’s going to happen, based on that wind tunnel test. What I tried to allude to, you
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know, is that interpretation is based on some scaling laws that hasn’t been established
with regard to this type of testing, so we have to do large scale tests. If the large
scale test comes out like the wind tunnel test, then we have a problem I guess and
what you tell someone to do in a wind shear environment if he’s getting wet at the
same time, then the question comes up that like one of the other ones that I've got
on here, how wet is he getting at the time you have to be able you’ll have to be
telling him that. I've got another question .. Say Earl, before you go on, I have one
more question briefly again. This thing is really intermittent. Q: Maybe I
misunderstood, are the inplates actually connected to your wing section, A: No, they’re

free floating. Q: So there not part of your balance measurement. A: No.

Q: These are the last two questions I had and top one is regarding Delta flight 191
accident data, a sharp wing drop was recorded at an angle of attack much less than
stalled, has this event been correlated with the aircraft that gets exposure to heavy
rain. A: I’'m going to call a little bit on Dick Gray and I know he worked real closely
in this particular accident and looking at the record, I looked at them too and I set
down and I talked with Dick. It turns out that my .. as I recollect, the pilot did not
stay very long at a very high angle of attack from that data, and I'm not so sure that
even when he was at the high angle of attack that correlated with the region when
they said he was in heavy rain. We looked at that data set hoping we could learn
something from it as a sense of a full scale test and it turns out that the angle of
attack that he stayed at were very low and remember the curve and data that I
showed you, you would not have seen much in effect at the lower angles of attack.
The wing drop .. Dick do you remember when that occurred with respect with the rain
and was there something else going on at the same time. The questions that’s being

asked and let me repeat it for you because I'm sure you can’t see it from the back.
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. It says regarding the Delta flight 191 accident, a sharp wing drop was recorded at an
angle of attack much less than stalled. Has this event been correlated with the
aircraft’s exposure to heavy rain. I would say, based on our data, if it were much less
than stailed, we probably wouldn’t have seen much a change or change in lift in one
wing or either wing. The question, I guess, if you can help us out was do you recall
the wing drop, when did it occur? So basically the answer is that they think that most

of the motions were wind generated.

Howard Long - Delta Airlines. I've looked at that also very closely, and in that area
and from a pilot point of view, what I see happening right at that point is that the guy
has encountered the center of a vortex and it’s trying to roll the airplane to the right
very violently. The control forces that were put in at that point were pull controls to
the left for 2 full seconds. The effect that you're doing there is that you have
destroyed all the lift or as much as you could off the left wing to keep the thing from
rolling upside down, the right wing is in the down draft part of the microburst or part
of the vortex, and so you have effectively taken away a lift from both sides of the
airplane at the same point, thusly, the nose will start to come down. No body thinks
it was rain related. I think that’s the basic answer to that. And the last one is from
Bob here is, Q: Can you relate liquid water concentration to radar return, can you
correlate color weather radar returns with lift loss or reductioh in stall speed. A:
Well, basically, color weather radars do contour which means they are looking at the
concentration of liquid water in front of them and so yc.s, color weather radars are
correlated with liquid water concentration. The purpose of our test for these large
scale data is to do that correlation between stall speed reduction in lift with liquid
water concentration. Q: This is just as a matter of reference, the liquid water
contents that you were using up to 46 grams per cubic meter, are those already a long

ways into the red region in a color weather radar return or we looking at anything
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pilots might be flying into. A: It would definitely be well into the red region,

probably folded over a few times so to speak.

Bill Briar Q: Can you put the picture of the sled back, please for just a second, I
have a dumb question to ask. Is there leading edge equipment on that wing? A: It’s
a fallot double slotted flap. As I said, if you just cut a section right out of the L 1011

wing, it looks a lot like it.

First question from Wayne Sands, Q: Do you see any evidence of pulsing of the
microburst velocities in the model? A: No, I have not. I guess I would like to ask
Wayne, what if he has seen this on what scales would you usually see this. What’s the
horizontal scales. The reason I would ask this, ié because with this model that I am
using, this particular run, we used a grid size of 200 meters meaning that in order to
resolve the pulsing if it existed, it would have to be on a scale of at least 400 meters

or more, so do you have any ideas?

Q: The different microburst are not visible in plain view? Can you point them out?
You are referring to the simulated microburst. A: First, at 47 minutes there was
some smaller weaker microburst, I think you can see it up in this region and this was
prior to the very intense ones, and somewhat latter, at a later time, you can, of course
this was the more intense one in the simulation, there was also another one here and
there was one beginning to form in this region. Actually these two here, coalesce
together and about four minutes later, you get something that looks like this because

they expand into macroburst. So Wayne, does that answer your question?
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Q: Also by Wayne Sands. The dual doppler plot of the Denver micro burst seemed
more asymmetrical than the Wind fields generated by the model. Please discuss. Q:
Well first, I would start off asking the question to Wayne, what elevation are you
looking at and what’s your beam width at that particular point. A: We’re juSt looking
at the low level tilt and it’s a one degree beam width, it’s a few hundred meters off
the ground like 300 or thereabout, I might defer to Jim Evans for the number, but
that’s the right order. So, you would saybsomewhere from 200 to 300 meters. Well,
the reason I ask that is because as you go up in elevation, not only in this case but
in other cases that I have seen, the flow tends to become more asymmetric. The
microburst from other simulation that I've seen also appéar to have the most
- symmetrical qualities at my lowest level, and this level as you can see is 80 meters
off the ground. But, as you were to go up in elevation, it would appear more
asymmetrical, part of that being due to the def)ths of the out flow are somewhat
deeper iﬁ certain areas and the velocities may be more intense on certain sides so you
will see this. Unfortunately, I don’t have any plots with me of the outflow at 200 and
300 meters but there are differences. Too, I'll point out this is the elevation where
we do tend to see the most intense out flow speed anywhere in between say, 50

meters off the ground to about 100 meters above the ground for microburst.

Q: Question from an unknown author. There were a number of microburst in the
area, prior to and following the simulation. These did not show surface winds greater
than 20 meters per second, yet presumably, had the same sounding environment. Q:
How would this difference between microburst emerge from the simulation? A: Well
first of all, I would say, there probably is a lot of differences in the environment as
you would go across the area. Now, what I have used to initialize my simulation was
a moadification of the 20z Denver sounding, I modified it to agree in the barrender
layer with the observed 22z Denver temperature or temperature just prior to 22z it

was about that time. Now, I haven’t done any kind of sensitivities studies on say, what
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would happen if the temperature or the moisture in the boundary layer was a little bii
different. Now, that could certainly affect the intensity of the storm, or the structure
of the storm. And when I did run this simulation, I was a bit concerned also with
using the winds from the 20z sounding which was 2 hours prior to the event. In other
words, if there were some slight changes in the winds, they certainly could have
affected the structure of the actual storm, versus that of the simulated storm. But, I
think you have to keep in mind that this is not a replication of an observed event,
although, I think we’re simulating a lot of the features very well. Don’t look at it as
an embedded mesh forecast of the Denver area. I think that may have answered the
second question. Oh, the second question, how have you compared the simulation
results with radar measurements. Today, was the first day that I've seen any of the

observations so I haven’t compared anything yet. Does anyone have anything else?

Meeting concluded 18 Oct 88,
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' operating at X-band or above.

AIRBORNE DOPPLER RADAR DETECTION OF
LOW ALTITUDE WINDSHEAR

E.M. BRACALENTE, C.L. BRITT*, W.R. JONES
NASA LANGLEY RESEARCH CENTER, HAMPTON, VA.

23665

Abstract

As part of an integrated windshear program, the
Federal Aviation Administration, jointly with NASA,
is sponsoring a research effort to develop airborne
sensor technology for the detection of low altitude
windshear during aircraft take-off and landing. One
sensor being considered is microwave Doppler radar
Using a Microburst/
Clutter/Radar simulation program, a preliminary
feasibility study was conducted to assess the per-
formance of Doppler radars for this application.
Preliminary results from this study are presented.
Analysis show, that using bin-to-bin AGC, clutter
filtering, limited detection range, and suitable
antenna tilt management, windshear from a "wet"
microburst can be accurately detected 10 to 65 sec-
onds (.75 to 5 Km) in front of the aircraft.
Although a performance improvement can be obtained
at higher frequency, the baseline X-band system
simulated detected the presence of a windshear
hazard for the "dry" microburst. Although this
study indicates the feasibility of using an air-
borne Doppler radar to detect low altitude micro-
burst windshear, further detailed studies --includ-
ing future flight experiments -- will be required
to completely characterize the capabilities and
limitations.

Key Words

Aviation safety, windshear detection and avoid-
ance, windshear hazard index, alrborne remote sen-
sor technology, microwave Doppler radar.

Nomenclature

A/D Analog to Digital

AGC Automatic Gain Control

A/C Aircraft

c Speed of light, m/s

CsSD Clutter Spectral Density

CSR  Clutter-to-Signal ratio

D Rain drop diameter, mm

dB Decibels

dBw  Decibels relative to 1 watt

dBz Reflectivity factor in Decibels

F Hazard factor

Fp Radial component of hazard factor

g Acceleration of gravity, m/s

G Peak antenna gain

1&Q In-phase and Quadrature

k Boltzmann’s constant, Joules/Kelvin
ky Refractive index factor for rain

*Affiliation: Research Triangle Inst.,
Hampton, VA

This papeé is declared a work of the U. S. Government
and Is not subject to copyright protection in the United States
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1 One-way rain attenuation loss

1. Receiver bandwidth loss factor

1n Natural log (fo the base e)

n Total rain reflectivity per unit volume
NRCS Normalized Radar Cross Section

Py System noise power, watts

Py Reflected signal power, watts

Pe Peak transmitter power, watts

PRF Pulse Repetition Frequency

Rg Range bin distance from A/C, m

Ry Range to target, meters

SAR  Synthetic Aperture Radar

SCR  Signal-to-Clutter ratio

SNR Signal-to-noise ratio

T System Noise Temperature, deg. Kelvin

S
Tilt Antenna angle measured from A/C glide-slope
v Aircraft alrspeed, m/s
Ve Cell volume of rain target, m3

L% Vertical component of inertial wind, m/s
L Horizontal component of inertial wind, m/s
Za Reflectivity factor,‘mmslm

T Transmitter pulse duration, sec.

] Antenna 3 dB beamwidth, radians

A Wavelength, meters

I. Introduction

Low altitude microburst windshear {s recognized
as a major hazard during takeoff and landing of
aircraft. Microbursts are relatively small,
intense downdrafts which spread out in all direc-
tions upon striking the ground. When such wind-
shear 1s encountered at low altitudes during land-
ing or takeoff, the pilot has little time to react
correctly to maintain safe flight (Fig. 1). 1In the
United States during the period 1964 to 1985, there

were 26 major civil transport aircraft accidents

and four incidents involving 626 fatalities and
over 200 injuries for which windshear was a direct
cause or a contributing factor. As part of its
integrated windshear program, the Federal Aviation
Administration (FAA) jointly with NASA, is sponsor-
ing a research effort to develop airborne sensor
technology for detection of low altitude windshear
during A/C takeoff or landing. A primary require-
ment for an airborne forward-looking sensor or sys-
tem of sensors is to be capable of detecting both
heavy ("wet") and light ("dry") precipitation
mferobursts. One sensor being considered for this
application is microwave Doppler radar operating at
X-band or higher frequency. Since absolutely clear
air produces no radar return at microwave frequen-
cles except very slight scattering from gradients
in the index of refraction on the scale of the r.f.
wavelength, the emphasis in the present research is
on those microburst containing at least some liquid
water.

213

CESIRESY (U neea per XH _—
PRECEDINE PAGE BLANK NOT FILMED



Previous experimentsl and studies have demon-
strated, in a limited way, the capability of air-
borne Doppler radars to detect the presence of
vindshear. However, for A/C landing and take-off
applications, the problems of severe ground clut-
ter, rain attenuation, and low reflectivity levels
must be solved. To consider these problems, a
Microburst/Clutter/Radar simulation program has
been developed to aid in rhe evaluation and devel -,
opment of Doppler radar concepts. The simulation
program incorporates windfield and reflectivity
databases derived from a high resolution numerical
windshear model®, clutter maps derived from air-
borne Synthetic Aperture Radar (SAR) backscatter
data, and various airborne Doppler radar configura-
tions and signal processing concepts. The program
simulates the operation of a Doppler radar located
in an A/C approaching a runway, sensing signal
returns from a wvindshear microburst and an airport
clutter environment. A description of the Micro-
burst/Clutter/Radar simulation program is presented
along with examples of simulation outputs.

Using this program, a preliminary tradeoff and
assessment study was conducted to evaluate the per-
formance of Doppler radars to detect windshear dur-
ing A/C landing. Case study results for a straw-
man design are presented, illustrating airborne
Doppler radar capabilities. Results for both a
"wet" and "dry" microburst are included. This pre-
liminary study shows the feasibility of using air-
borne Doppler radars to detect windshear; however,
further detailed studies will be required, includ-
ing future flight experiments, to completely char-
acterize their capabilities and limitatioms.

D da
and Performance Tradeoffs

i Des R e

A preliminary set of performance requiremencs3
has been established for design of forward-looking
vindshear detection sensors. The sensors’ primary
requirement is to detect severe microburst wind-
shear during final approach to landing (Fig. 1) or
during takeoff, and to provide as a minimum, 15 to
40 seconds (approximately 1 to 3 km) warning to the
pilot. Advisory information on windshear condi-
tions 50 to 100 seconds (4 to 8 km) in front of the
A/C is also desired. The sensor or sensor system
must be able to detect vindshﬁgr caused by both
heavy and light precipitation microbursts. The
sensor must measure mean horizontal wind speeds
every 150 to 300 meters out to a range of 6 to 8 km
along the flight path and a small sector (approx.
20 deg.) on either side of the A/C, with approxi-
mately 1 m/s accuracy. These primary requirements
have been established as minimum guidelines for
developing sensor design requirements and evaluat-
ing potential concepts. The requirements to pro-
vide other {nformation and capabilities, such as
vertical wind speeds, rain reflectivity, wind tur-
bulence, microburst signature recognition, and var-
{ous display capabilities have not been estab-
lished. Guidelines for these requirements are being
developed.

A major area of radar design that requires
extensive development is the radar signal process-
ing technique, which will suppress clutter inter-
ference and provide maximum windshear detection
accuracy. Before these techniques can be developed
and evaluated, radar parameters must be chosen a:
evaluated. The radar parameters chosen by the
radar designer are those which go in the radar
equation to compute Signal-to-Noise Ratio (SNR)
performance. The SNR for a signal reflected from a
distant rain cell target is approximated by the
following equations:

Py P, G2121 32nvV.T -
SNR = — = (1)

P,  2Ln(2)(4m3 k Tg Rp*
where:

P, - k Tg/T (2)

n = 10°18 (75,34 lk,lz z, (3

2g = (1/4V)ED$ %)

4
Ve = (7/8) Rp? p2(c T/2) (5)

As seen from these equations a large number of
parameters affect the performance of the radar.
The designer, however, has control over only a few
of them, mainly transmitter power, antenna gain,
frequency of operation, pulse duration, and to a
minor degree, target range. There is, for airborme
operation, a number of factors which limits the
choice of values for these parameters. The use of
higher operating frequencies grovides greater sen-
sitivity to rain reflectivity 3) and higher resolu-
tion , but is subject to greater attenuation by
rain. Most operational Doppler weather radars
operate at frequencies of S-band (1-3 GHz), C-band
(3-8 GHz), and X-band (8-12 GHz.). Although negli-
gible attenuation occurs at S-band, the increase in
sensitivity and smaller cell resolution at X-band
outweighs the small increase in attenuation (2-5dB)
experienced for "wet" microbursts. For "dry"
uicrobursts, frequencies in the Ku-band (12-18 Ghz)
region could be considered since attenuation would
remain low. Windshear detection capability for
both "wet"” and "dry" microbursts could utilize dual
frequency operation, but practical considerations
make it desirable to find one frequency that can
provide acceptable performance for all microbursts.
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Airborne weather radars, operate in an allocated
frequency band around 9.3 GHz and utilize solid
state transmitters of about 100 watts. They are
presently in use to display rain reflectivity and
wind turbulence advisory information to the pilot.
Therefore, it is of interest to assess airborne
Doppler radar concepts for windshear detection
operating in this frequency band utilizing rela-
tively low powers. Space limitation in the nose
radome of passenger A/C limit the maximum antenna
size to about 30-36 inches (.76-.91 m) in larger
A/C and about 18-20 inch in smaller A/C. This
makes it more important, from a resolution and sen-
sitivity standpoint, to operate at the higher
frequencies. It is desirable to keep transmitter
pover requirements low so that solid state trans-
mitters can be considered. Other radar parameters
such as pulse repetition frequency (PRF), and pulse
width are chosen to minimize velocity and range
foldover problems and to provide acceptable range
resolution. Table 1 lists the range of radar par-
ameter values being considered in the feasibility
study, and which represent state-of-the-art air-
borne Doppler radar hardware implementation capa-
bility. Also listed is a baseline set of values
used i{n the initial radar simulation case studies.

Table 1 Wind shear Doppler radar parameter values

| Baseline | Tradeoff
Parameter | Value | Range

Pulse repitition freq. (PRF)| 3030 12000-5500

Pulse width (TAU) u-sec.----| 1.0 {1.0 -3.0
Max. det. range, km -------- { 10 j 5 TO 10
Range gate resolution, m ---|{ 150 1150 TO 450
Range sampling window, km --| 1-9 | 1-10
Max. unambiguous ws, m/sec.-| 24 |24 TO 45
Wind speed accuracy, m/sec. | 1.0 | .5 T0 2
Operating frequency, GHz ---| 9.3 19.3 - 15
Antenna dlameter, m -------- | .76 | .46-.91
Antenna gain, dB ----------- | 35.5 |31 TO 48
Antenna beamwidth, deg.----- | 3 | .8 TO S
Sidelobe level, dB ------- | < -25 |-20 TO -35
Antenna polarization ------- | LINEAR H | DUAL POL
Ant. tilt angle range, deg. | 0 to 2 | 0 to 20
Azimuth angle range, deg. --] +OR- 21 | +0R- 45
Minimum det. signsl, dBZ ---| 0 |-15 TO 10
Transmitter peak power, kv -| 2 | .2 to 10
System noise figure, dB ----| 4 | 3 TO 6
Return sig. dynam. range ,dB| 70 | 60 - 80
Receiver dynamic range, dB -| 50 {45 TO 55
Xmit/rec. phase jitter,d.rms} .5 | .1 TO 2
Number of A/D conv. bits----}{ ° 12 | 10 TO 14
Clutter filter type -------- | 2 pole | TBD
Processing technique ------- | PP | FFT, PP

SNR Performance

Using selected values of parameters found in
table 1, a set of SNR performance curves were com-
puted using (1). Sample plots of these SNR curves
are shown in figures 2 & 3. The SNR is computed in
a bandwidth equal to 1/T. A SNR in this bandwidth
of greater than unity (0 dB) is generally required
to obtain adequate Doppler processing performance.
These curves show that SNR performance exceeding O
dB can be obtained for relatively low reflectivity
levels (0 to 10 dBz) for ranges out to 10 km.
Reflectivity values range from 60 dBz in the core
of "wet" microbursts, to 10 to 40 dBz in the out-
flow region. The performance curves for both the
9.3 GHz (fig. 2) and 15 GHz (fig. 3) show more than
sufficient SNR performance for these ranges of
reflectivities. For "dry" microbursts the core
reflectivity can be in the range of 20 to 30 dBz
range, falling to -20 to +5 dBz in the outflow
region. The 9.3 and 15 CHz performance for a -10
dBz reflectivity falls below 0 dB SNR at about 3 km
and 6 km respectively, which are still acceptable
ranges for this application. An increase in trans-
mitter power would be required to operate down to
the -20 dBz level.

Clutter Performance

The X and Ku-band SNR performance was shown in
the previous section to be more than sufficient to
allow adequate Doppler processing. However, one of
the major problems associated with the sensing of
microburst using an airborme Doppler radar is the
presenceé of ground clutter. To assess the magni-
tude of this problem, an analysis of clutter spec-
tra and clutter-to-signal (CSR) ratios was con-
ducted, using ground clutter maps derived from
well-calibrated SAR Normalized Radar Cross Section
(NRCS) data as described in section III. A set of
clutter maps has been produced for a number of dif-
ferent airports from existing sets of SAR data.
Figures 4 & 5 show sample clutter-to-signal (CSR)
ratio results, assuming a 10 dBz rain reflectivity
signal level, for a few sample radar configurations
approaching Willow Run airport. Plots are shown
for a 5 km A/C range from touchdown, antenna tilt
angles of 0° and 2° (antenna angle measured up from
the A/C glide-slope of -3°), and antenna azimuth
angles of 0° and 10°. Table 2 lists the radar
parameters used in these analyses. Figure 6 shows a
histogram plot of the range of NRCS levels which
exist in the clutter map used. The NRCS levels
larger than -10 dB come primarily from urban areas
and high level discrete targets.

Table 2 Radar parameters used in clutter analysis

A/C range from runway -- 5 & 7 km

A/C ground velocity ---- 77 m/s

A/C glide slope -------- 30

Frequency ------=------- 9.3 GHz
Antenna Dia., ----------- .76 m (30 in.)
Antenna edge illum. ---- -10 dB

Rain Reflectivity ------ 10 dBz

Pulse width -----------. 1l u-sec.

PRf ----c-cmcccccenaanan 5000

Ant. tilt angle -------- 0 & 2 deg.
Ant. azimuth angle ----- 0 & 10 deg.
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The results of this preliminary clutter analysis
show that the highest clutter levels (CSR of 30-60
dB) occur where the pulse in the main beam inter-
sects the ground, from the urban areas, and for
antenna tilt angle of 0°. Two significant results
are shown by these analyses, vhich can be utilized
to greatly reduce the effects of clutter. First,
lower CSR values occur at short ranges in front of
the A/C, at range gates where the pulse in the main
beam has not touched the ground. At these ranges
the clutter is coming primarily from sidelobes,
wvhich if sufficiently low will suppress the clutter
signals. For a 3° beamwidth antenna pointed down
at a 02 tilt angle and a 5 km A/C range, the -3 dB
point of the main beam first touches the ground at
about 3.5 km, and the first sidelobe null point at
about 2.7 km (a point about 35 seconds ahead of the
aircraft). For a 2° tilt these points are about 6
and 4.3 km respectively. Note in figure 4 the
increase in CSR at a range of 2.5 km. This point
corresponds to NRCS levels of -5 to 0 dB from a
residential area about 2.5 to 3 km from the runway.
The clutter level would have been much higher had
the main beam been viewing this area rather than
the beam sidelobes.

A second fact that is very evident in the data
is the significant reduction in clutter that occurs
vhen the antenna is tilted up from 0° to 2°. Thus,
by limiting the range of data processing and
employing proper antenna tilt control, CSR levels
can be kept below 40 dB (well within the dynamic
range capabilities of present day Doppler radar
receiver design technology). Clutter suppression
techniques can then be employed to reduce clutter
to acceptable levels. Figure 7 shows a sample
clutter spectral density plot for the 2.5 km range
gates of figure 4 (ant. Tilt=2%, Az=0°, A/C at §
km). The density levels are plotted against velo-
city relative to the A/C’'s ground velocity. With
the most significant clutter spectrum energy levels
contained between zero and about 4 m/s, a high pass
filter with maximum attenuation at zero velocity
can be employed to significantly reduce the clutter
levels. The CSR shown in figure 7 will be reduced
by over 25 dB if the energy below 3 m/s is filtered
out. Since the most severe wind velocities of
interest exist at much higher speeds (5-30 m/s),
this filter will have little effect on the wind
speed velocity estimation. Studies are underway to
evaluate filter processing techniques which can
provide optimum results. Section IV presents sample
case study results of windshear detection perfor-
mance, using the radar simulation program.

. DAR SIMULATION

General Description

The radar simulation program is a comprehensive
calculation of the expected output of an airborne
coherent pulsed Doppler radar system viewing a low-
level microburst along or near the approach path of
the aircraft. Figure 8 is a block diagram showing
the major features of the simulation. Inpurs ..
the program include the radar system paraueters an’
large data files that contain the characteristics
of the ground clutter and the microburst. The
ground clutter data file consists of high-resolu-
tion (20m) calibrated Synthetic Aperture Radar
(SAR) data of selected airport areas. The micro-
burst data files provide reflectivity factors,
x,y,z wind velocity components, and other meteoro-
logical parameters with a resolution of 40 meters.
This database is genetated by a numerical convec-
tive cloud model? driven by experimentally-deter-
mined initial conditions, and represents selected
time periods of the microburst development.

For each range bin, the simulation calculates
the received signal amplitude level by integrating
the product of the antenna gain pattern and scat-
tering source amplitude and phase over a spherical-
shell volume segment defined by the pulse width,
radar range and ground plane intersection. The
amplitude of the return from each incremental scat-
terer in the volume segment is proportional to
either the square root of the normalized cross-sec-
tion of the ground clutter (from the clutter map)
or the square root of the reflectivity factor of
the water droplets in the microburst (from the
microburst data base). The phase of each incremen-
tal scatterer-is the sum of a uniformly distributed
(0 - 2m random phase term, a phase term due to
relative aircraft-scatterer radial velocity, and
normally-distributed random phase terms represent-
ing transmitter/receiver phase jitter and ground
clutter random motion. The random phase terms sim-
ulating phase jitter and ground clutter motion are
updated for each transmitted pulse, while the uni-
formly-distributed pliase terms are updated for each
sequence of pulses in a range bin. The phase terms
representing aircraft-scatterer relative motion are
linear functions of time.

Path attenuation for each incremental scatterer
is determined by integrating the path losses over
the transmission path. Empirical formulas” are
ysed to determine the incremental path losses from
the liquid water content of the microburst. Air-
craft ground velocity is assumed to be known accu-
rately so that derived Doppler frequencies can be
referenced to a value of zero corresponding to that
velocity.

Antenna patterns simulated include a generic
parabolic antenna with size and aperture illumina-
tion taper specified by input data, and a flat-
plate array antenna with a pattern similar to that
found in the current generation of X-band airborne
wveather radars.
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In the simulation, a sequence of N pulses of in-
phase (I) and quadrature (Q) signal amplitudes are
calculated for each range bin as discussed above
and subjected to AGC amplification and A/D quanti-
zation. A simulated fast-acting AGC is used to
adjust the gain of the system on a bin-by-bin basis
to achieve a wide dynamic range and to prevent sig-
nal saturation (due to clutter) prior to and during
A/D conversion. The I and Q pulse stream is then
digitally flltered to suppress ground clutter near
zero Doppler frequencies and processed using both
conventional pulse-pair and spectral averaging
algorithms to derive the average velocity and spec-
tral width of the scatterers in the range bin.
Further processing of the velocity data provides
information on windshear and aircraft hazard fac-
tor.

Provision {s made in the simulation to generate
returns from a specified number of range bins over
a8 specified azimuth scan so that simulated color
displays of reflectivity, velocity, windshear,
spectral width, etc., can be examined. Other out-
puts of the simulation include plots of power lev-
els, velocity, spectral width, windshear hazard
factor, and AGC levels vs. radar range. Doppler
spectra of ground clutter and moisture as derived
from the I and Q signals from each simulated range
bin are also plotted.

Microburst Model

As mentioned above, the microburst model is a
detailed numerical convective cloud and storm model
that calculates the time history of the development
of a microburst. The model uses a nonhydrostatic,
compressible and unsteady set of governing equa-
tions which are solved on a three-dimensional stag-
gered grid. The computation can be initiated from
observed data and generates realistic wind filelds
that compare favorably with observed data such as
that obtained in the JAWS studys. For the radar
simulations to date, a 4x4 km lattice of 40x40
meter grid spacing increments (two-dimensional axi-
symmetric version) has been generated at selected
time periods. OQutput parameters include the radar
reflectivity factor (dBz), wind velocity compo-
nents, temperature, equivalent potential tempera-
ture, pressure and moisture content (water vapor,
ice, cloud droplets, rain, snow and hail/graupel).
The model developed under NASA sponsorship is
described in detail in references 2 and 5.

For the radar simulation cases discussed in this
paper, a typical "wet” microburst and a typical
"dry" microburst were selected and used to investi-
gate radar performance at a particular instant of
time. Figure 9 shows the reflectivity factors and
velocity fleld of the axisymmetric "wet" microburst
used in the radar simulation. The "dry" microburst
is similar in form but with smaller dimensions,
lover wind speeds, and much lower reflectivity lev-
els. The "wet"” microburst data are taken at 1l
minutes after initiation of the microburst calcula-
tion and the "dry” microburst data are 23 minutes
after initiation. The "wet" microburst resembles
an axisymmetric version of the 2 August, 1985, Dal-
las-Ft. Worth storm® and the "dry" microburst is
based on soundings taken on 14 July, 1982, within
the JAWS network near Denver.

Clutter Model

The ground clutter model used for the present
simulation cases is a high-resolution X-band SAR
map of the Willow Run, Michigan, airport area pro-
vided by the Environmental Research Institute of
Michigan (ERIM).

The SAR image files produced by ERIN provide
calibrated NRCS data with a resolution of 20m.
Figure 10 shows a high resolution (3m) SAR image of
Willow Run airport from which this data was derived
and the runway (9R) used in the simulation runs.

In the simulations, the afrcraft is positioned at a
selected distance from the runway touchdown point
on & three-degree glide slope.

A problem with the use of existing SAR data is
associated with the vdtiation of cross section with
depression angle. These data were taken at depres-
sion angles ranging from approximately 18 to 50
degrees, vhereas for the operational airborne radar
simulated the depression angles of interest are
approximately 1 to 20 degrees. To partially
account for this difference, ERIM supplied an
empirical depression-angle correction function that
corrects the NRCS to the angle seen by the airborne
radar. Since clutter sources from urban areas have
cross sections that do not decrease significantly
with depression angles in the ranges of interest,
urban areas of the clutter map are excluded from
this depression angle correction and the originally
measured cross-section values are used in the simu-
lation. Also, areas of the map with NRCS values
equal to or greater than 5 dB are not corrected.

The corrections for depression angle are not
entirely satisfactory, and cause an uncertainty in
the clutter calculations of the preliminary cases
discussed in this paper. Flight experiments using

the ERIM SAR instrument will be flown in the summer-

and fall of 1988 to collect more representative
airport clutter data with depression angles corre-
sponding to those that would be seen by an airborme
radar on the approach path. These data will pro-
vide better information of depression angle varia-
tion of NRCS for urban environments as well as
other surfaces.
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IV. STIMULATED _RADAR PERFORMANCE

"Wet"” Microburst

To examine the expected radar performance in
specific situations, several cases have been simu-
lated, as illustrated in figure 1, using the base-
line system parameters given in table 1 and the
ground clutter map from the Willow Run airport
area. Figure 11 plots the SNR and SCR vs. radar
range for a "wet" microburst that would be seen by
the radar at a distance of 7 km from the runway
touchdown point with the antenna tilted up 2 deg
from the projected aircraft path. The microburst
axis is located on the projected path 2 km from the
touchdown point. The calculated reflectivity fac-
tor of the water droplets along a line correspond-
ing to the projected aircraft path is also plotted
in figure 11 for comparison to the simulated radar
measurements. For this case, the SNR and SCR are
high over the entire region of the microburst, with
a minimum value of SCR (10dB) occurring at approxi-
mately 3 km from touchdown. This minimum value is
due to high clutter power from an urban area at
this location. The SNR exceeds 20 dB over the
range, with approximately 18 dB difference between
the near side and far side of the microburst due to
path attenuation and geometrical factors (in this
plot, the power levels are not corrected for the
RTZ loss).

Figure 12 shows the calculation of the radial
component of wind velocity derived from both pulse-
palr and spectral averaging algorithms operating on
128 simulated I and Q pulses from the radar. This
figure also plots, for comparison, the "true" wind
speed, defined as the velocity component along the
center line of the antenna beam. It should be
noted that the true velocity, as defined, will
always differ somewhat from the radar-measured
velocity because the true velocity is measured
along a line (the antenna center line), whereas the
radar system measures a weighted (by reflectivity
and antenna pattern) average of the velocity over a
finite volume of the microburst.

A two-pole high-pass Butterworth filter was used
to filter the I and Q pulses to suppress ground
clutter. The 6 dB frequency response cutoff point
is located at a Doppler frequency --relative to the
A/C ground velocity-- corresponding to a radisl
component of wind velocity of 3 m/s, and the filter
has two zeros at zero Doppler frequency. The
effect of the clutter filter can be seen in figure
13, which is a plot of the Doppler spectrum in s
range bin 4 km from the radar calculated with and
without the clutter filter. For simulated velocity
measurements, a processing threshold of 4 dB is
used (i.e., the pulse-pair and spectral averaged
velocities are set to zero if the radar received
povwer is less than 4 dB greater than the noise
threshold).

The simulated velocity measurements are within 2
m/s of the "true" velocity for velocities greater
than 5 m/s and indicate clearly the potentially
hazardous windshear associated with the microburst.
To more closely indicate the windshear hazard fo
the aircraft, a measure called the F-factor or
hazard index has been defined by Bowles.3 This
index -1s defined by the equation:

Wy wh
P = . _h 6
g v

vhere Wy is the rate of change of the component
of wind velocity alopg the aircraft path, g is the
acceleration of gravity, Wy 1s the vertical compo-
nent of wind velocity and V is the aircraft velo-
city. Values of F greater than 0.1 to 0.15 are
considered hazardous to jet transport aircraft,
considering aircraft type, configuration, and range
of gross weights.

Although a forward-looking radar sensor cannot
directly measure the vertical wind component, the
radial velocity component is measured directly.

The first term in the equation for the F-factor can
be derived from radar measurements of radial velo-
city as follows:

: Wy
Let Wy = V ¢
ékg

then
vV 0¥,

FR = — —— (8)
g8 ORg

where:

6Vx = change in radial velocity between adjacent
range bins

6R8 = distance between range bins

FR = the radial component of the hazard index

This radial term is calculated in the simulation
from the velocity measurements as shown in figure
12 by averaging velocity differences over 5 range
bins, and results in outputs as shown in figure l4.
The radial term of the hazard factor reaches a max-
{imum value of 0.1 for this microburst, and both
Jbulse-pair and spectral averaging algorithms give
good measurements of the factor.
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"Dry" Microburst
Simulation runs similar to those discussed above

were also made with the "dry" microburst discussed
previously. Figure 15. shows the hazard index
derived by these runs using the baseline system
parameters operating at 9.3 GHz. The figure indi-
cates that although the windshear was detected, the
velocity measurement with the baseline set of sys-
tem parameters was somewhat noisy.

To improve the performance on the "dry" micro-
burst, several system parameters can be changed.
These trade-off studies have just been initiated.
For example, to illustrate the radar performance at
Ku-band, the dry microburst case discussed above
was simulated using the same set of baseline par-
ameters, except the operating frequency was changed
to 15 GHz and the PRF was changed to 4878 pulses
per second. Results for the Ku-band system with the
dry microburst are shown in figures 16, 17, and 18.
As may be seen, even though the SNR and SCR values
are much lower than those with the wet microburst,
the wind velocity was successfully measured over
the hazardous part of the microburst. The hazard
factor calculation clearly indicates the windshear
hazard associated with this microburst.

Simulated Displays '

The radar simulation program provides for an
azimuth scan mode and the generation of simulated
displays of several variables of interest., Figure
19 shows a black and white copy of a simulated
(color) display of radial wind velocity for the
"wet" microburst with the baseline set of radar
parameters. Figure 20 is a simulated plot of the
radial term of the F-factor and clearly indicates
that a potential windshear hazard lies on the air-
craft path. These displays should not be inter-
preted as recommended displays for the aircrew,
since the specific method of alerting the crew to a
hazard requires extensive study, which is presently
under way, and will most likely consist of a warn-
ing light or alarm which may be supplemented by
displays of additional information to aid the air-
crew’s decision-making process.

Future Simulation Development

The simulation program will be improved in the
near future by incorporating more sophisticated
signal processing techniques, models to represent
moving ground clutter, and techniques for estimat-
ing true, nuisance, and missed hazard alarms. Con-
siderable effort is planned to incorporate and
investigate a full range of microburst/clutter
environments, provide improved displays of simula-
tion output data for evaluating performance, and to
conduct extensive tradeoff and optimization
studies.

V. Concluding Remarks

A preliminary tradeoff and assessment study was
conducted to evaluate the performance of airborme
Doppler radar sensors to detect hazardous micro-
burst windshear during A/C landing. Using a prelf-
minary set of performance requirements for the
design of forward-looking sensors, a baseline set
of radar parameters was developed for use in
assessing windshear detection performance using a
radar simulation program. A description was given
of the simulation program, which includes excellent
models of microburst wind fields, realistic clutter
maps of airports, and accurate models of Doppler
radar operation and signal processing.

For the baseline Doppler radar sensor configura-
tions modeled, preliminary analyses of the computer
simulation case studies show that windshear can be
accurately detected 10 to 65 seconds in front of
the aircraft approaching a hazardous microburst
positioned in the flight path of landing aircraft
This was accomplished using a bin-to-bin AGC, clut-
ter filtering, limited detection range, and suit-
able tilt management. The sensor is highly effec-
tive for the "wet" microburst where very high SNR
and SCR are obtainable due to large reflectivity
levels. For the "dry" microburst, with low reflec-
tivity levels, windshear was detected, however,
more tradeoff analyses and signal processing
studies are needed before the performance for the
"dry" microburst case can be fully assessed.

Initial simulations were conducted with a spe-
cific airport, selected microburst time instants,
and the baseline radar parameters. These simula-
tions clearly show that in realistic situations,
downward-looking airborne radar sensors have the
potential to detect windshear and provide informa-
tion to the aircrew that will permit escape or
avoidance of hazardous shear situations. Plans are
underway to investigate a full range of micro-
burst/clutter environments, conduct extensive tra-
deoff and optimization studies, and investigate
various signal processing and clutter filtering
concepts which can provide reliable windshear
detection capability.

The initial simulation studies were confined to
the landing approach, since it presents the most
severe signal-to-clutter situation. Studies of the
takeoff case are planned. Since the antenna can be
tilted up, therefore providing high signal-to-
clutter ratios, acceptable detection performance is
anticipated for this case.
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Although hazardous windshear can be detected by
Doppler radar, the pilot must be alerted in a
timely manner to avoid the hazard. A hazard index
has been developed3 which establishes when a threat
to the performance of the A/C exists. The simula-
tion studies showed that a Doppler radar sensor can
detect the horizontal component of this index with
sufficient accuracy to indicate in a timely manner
that a threat exists. Further studies using this
index will be conducted for various microburst
types and locations relative to the A/C to assess
the missed and nuisance alarm rate. Displays of
additional advisory information for the alrcrew
will probably be required, and are under study.
Output display examples from the simulation studies
represent scne of the information that could be
provided.

The present and future simulation studies will
provide a good foundation to determine the capabil-
ities and limitations of Doppler radar concepts for
the detection of microburst windshear. Flight
experiments are needed to evaluate the simulation
modeling and performance estimates. A flight
experiment program is planned for the 1990-91 time
period. The first phase of flights will involve
measuring the clutter environment from selected
airports during landing approaches. These data will
be used to evaluate the clutter map models derived
from the SAR data. A second phase of flights will
collect data from severe convective storms at alti-
tudes above 2000 feet. These data will be combined
with the clutter data to be used to evaluate the
performance of various signal processing concepts.
Flight tests for candidate concept evaluation and
demonstration would follow.
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DETECTION OF
WINDSHEAR

Sketch i{llusfrating the microburst wind-

Fig. 1
shear hazard for an approaching A/C, being
probed by a radar beam. Potential impact
path 1s shown if escape or avoidance
maneuver is not activated.
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Fig. 2 Signal-to-Noise performance for different
reflectivity levels, A/C 10 km from touch-
down, 9.3 GHz, Pp=2 kw, T=1 us, Ant.
Dia.=30 in., Tilt=0°
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Fig. 3 Signal-to-Noise performance for for 15 GHz.
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All other conditions the same as in Fig. 2.
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Fig. 4 Clutter-to-Signal (CSR) vs range from A/C,
using Willow Run clutter map. A/C 5 km from
touchdown," Ant. Az angle=0°, Z,~10 dBz. See
table 2 for other parameter values.
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Fig. 5 Clutter-to-Signal (CSR) vs range from A/C
for same conditions as fig. 4 except Ant.
Az angle = 10°

Urban Targets

NO. OF OCCURENCES (Thousands)
Y
1

0

34 .31 -28 -25 22 -19-16 -13-10 -7 4 -1 2 5 8 11 14

i v NRCS, dB

Fig..' [ :.Hisﬁvégram plot of range of NRCS levels con-
tained in the Willow Run Airport clutter
map.
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Fig. 7 Normalized clutter spectral density plot
for 2.5 km ramge bin. A/C 5 km from touch-
down, Ant. Tilt=2°, Az=0°, Z,~10 dBz
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Fig. 8 Block diagram of the radar simulation pro-
gram showing the major features of the sim-
ulation.
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Fig. 12 Radar wind velocity measurement vs range to
touchdown; same conditions as in figure 11.
In this plot, positive velocities represent
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Fig. 10 High resolution SAR image of the Willow
Run, MI airport area. NRCS map, produced
from this image data base, is used to cal- l l J
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Fig. 13 Plot of Doppler spectrum from radar range
60 — bin 4km from touchdown, prior to wind velo-
city estimation, showing effect of 2-pole
- filter used to suppress ground clutter.
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down point, freq.= 9.3 GHz. differences over 5 range cells (750m).
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Fig. 15 Hazard index vs. range to touchdown derived
from the "dry" microburst velocities using
the baseline parameters, and conditions
listed in fig. 11, freq. = 9.3 GHz.
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Fig. 16 Plot of calculated SNR, SCR and reflecti-
vity factor vs range to touchdown for the
"dry" microbyrst, and conditions listed in
fig. 11, except freq. = 15 GHz.

30 —

——— PULSE-PAIR
....... SPECTRAL AVR.
—-—: TRUE
20 —
w
E 10—
= A
§ "] 3 N
o - - P
g o ‘\‘/,f" AN
\‘\—NoiuSpﬂm—\
10 |—
20 | l
6 4 -2 0 2 4

HAZARD INDEX
o

RANGE TO TOUCHDOWN, km

Fig. 17 Radar wind velocity measurement vs range to
touchdown under same conditions as those of
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SCR from urban clutter (-3km), and other
clutter sources (+3km) where reflectivity

levels are low.

Pulse-Pair
...... .- Spectral Avr.
—eee True

- N

Noise Spike

-6

Fig. 18 Hazard index vs. range to touchdown derived
from the "dry" microburst velocities shown
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Wind Speed

(m/s)
Fig. 19 Range-azimuth display of wind velocity con-
tours for the "wet" microburst, baseline
radar parameters, and conditions listed in
fig. 11. The large head to tail velocity
and wind direction change is clearly shown.
F-factor

Fig. 20 Range-azimuth display of hazard index
(F-factor) contours for the "wet” micro-
burst, same conditions as fig. 19. The
potentisl shear hazard area is clearly
shown.
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ANALYSIS OF SYNTHETIC APERTURE
RADAR (SAR) DATA FOR WINDSHEAR
RADAR CLUTTER MODELLING

D. Gineris, ERIM
S. Harrah, NASA
V. Delnore, PRC
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Analysis of Specific Areas

“Input:
« specific areas in the image which can be classified
are located and extracted from the image

Process:

« statistical analysis of each image 'dump' are
performed. This analysis calculates the mean,
skew, and kurtosis of the 'dumped' area. A
probability density function is fit to the data.

Output:
« statistical summaries of each particular clutter
group in the image.
 bar charts of the statistical data

« histograms of each type of clutter group in the
image |
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Probability Density Function
of Building Clutter Arecas
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Probability Density Function

of Urban Clutter Areas
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Results of Inter-Ilmage Analysis

- similar clutter areas in all images have similar
clutter characteristics; mean values may change
from image to image because of differences in
incidence angle, but the probability density
functions which describe a particular type of clutter
are similar from image to image.

 point target clutter does not seem to change over
the range of incidence angles present in the
images.
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Results of Intra-image Analysis

 the majority of the clutter areas with returns greater
than -5 dB are located around the airports and in near
range. Roughly 2% to 3% of the image has returns
greater than 0 dB. The areas of lowest return (other
than water) are also located at the airport.

o distributed targets such as forests, fields, runways,

and urban areas rarely have a mean ¢° greater than
-5 dB.

. urban areas and forested areas have similar clutter
characteristics. The percentage of point targets in an
~urban area is only about 5% to 10% of the total area.
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Preliminary Airborne Wind Shear Detection Radar-Assessment Study
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RADAR SIMULATION

Input | Radar Parameters
Data Antenna Patterns
A/C Pos., Microburst Pos.
Calculate Microburst
A Rain Return Data Base
y
Calculate Clutter Map
Clutter Return Data Base
v
Add System
Noise & Jitter
New
Range Bin Y
T Calculate
| & Q Pulses
Simulated AGC &
A/D Quantization
| & Q Pulse
A i Stream

Signal
Processing

~ 3

Plot
Outputs

l

J

( Signal Levels
Clutter Levels
Derived Velocity
Shear Hazard Index
Turbulence

( Doppler Spectra
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CLUTTER FILTER DESIGN CONSIDERATIONS

FOR :3()
°

AIRBORNE DOPPLER RADAR DETECTION OF WINDSHEAR

Ernest G. Baxa, Jr.
Clemson University
Clemson, SC 29634-0915

ABSTRACT

The problem of clutter rejection when processing down- looklng
Doppler radar returns from a low altitude airborne platform is a
paramount problem. With radar as a remote sensor for detecting
and predicting windshear in the vicinity of an urban airport,
dynamic range requirements can exceed 50 dB because of high
clutter to signal ratios. This presentation describes signal
processing considerations in the presence of distributed and/or
discrete clutter interference. Previous analyses have considered
conventional range cell proce551ng of radar returns from a rlgldly
mounted radar platform using either the Fourier or the pulse- pair
method to estimate average windspeed and windspeed variation
within a cell. Clutter rejection has been based largely upon
analyzing a particular environment in the vicinity of the radar
and employing a variety of techniques to reduce interference
effects including notch filtering, Fourier domain line editing,
and use of clutter maps. For the airborne environment the clutter
characteristics may be somewhat different. Conventional clutter
rejection methods may have to be changed and new methods will
probably be required to provide useful s1gna1 to noise ratios.
Various considerations are described. A major thrust has been to
evaluate the effect of clutter rejection filtering upon the
ability to derive useful information from the post filter radar
data. This analysis software is briefly described. Finally, some
ideas for future analysis are considered including the use of
adaptive filtering for clutter rejection and the estimation of
windspeed spatial gradient directly from radar returns as a means
of reducing the effects of clutter on the determination of a
windshear hazard.
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CLUTTER FILTER DESIGN CONSIDERATIONS
FCR , :
AIRBORNE DOPPLER RADAR DETECTION OF WINDSHEAR

Ernest G. Baxa, Jr.
Clemson University
Clemson, SC 29634-0915

OUTLINE

I. The Clutter Problem
A. Radar antenna sidelobes causes high clutter levels
B. Moving radar platform influences spectrum widths
C. Discrete clutter sources in the urban environment

II. Review of Past Clutter Rejection Research
A. Notch filtering at zero Doppler
B. Fourier line editing
C. Geographical clutter maps

III. Clutter Rejection for Airbourne Radar
A. Notch filter requirements
1. zero gain at zero Doppler
2. transient response short
3. notch width considerations
4. dynamic range requirements
5. non-stationarity
B. Fourier line editing
1. mid-band discrete clutter
2. computational load
C. Geographical clutter maps
1. poor repeatability
Antenna Steering
Adaptive Filters
Non-conventional Signal Processing
1. estimating windspeed gradient directly
2. hazard detection and estimation

mmo

IV. Effects of Clutter Rejection On Signal Parameter Estimation
A. Computer software development
1. filtering in time or frequency domain
2. repeated trials
3. simulated or real data
B. Pulse-pair estimation of spectral parameters
1. ideal notch filter
2. simple IIR filters
3. phase response constraints
4. the pulse canceller

V. Summary and Conclusions
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Clutter Filter Desfign Considerations
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Airborne Doppler Radar Detection of Windshear

by

E.G. Baxa, Jr.
Clemson University
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University

1

OUTLINE

® The Clutter Problem

® Review of Past Clutter Rejection
Research

e Clutter Rejection for Airborne Radar

o Effects of Clutter Rejection On
Signal Parameter Estimation

¢ Summary and Conclusions

Radar Systemr Laboratory

Electrical and Computer Engi i =
D 2nd CMTAW meeting sctrical and Computer Engincering Oct. 19, 1988 E_-I
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Airborne Doppler Radar Detection of Windshear

Clutter Filter Design Considerations For

October 19, 1988
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The Clutter Problem EH
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Fourier Line
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New Approaches to Clutter Rejection

Antenna
Steering

Adaptive
Filtering

Estimate
Windspeed
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Gradient
Hazard

Detection and

Estimation
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PULSE-PAIR MEAN ESTIMATE

Mean Estimate versus True Mean
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Loy =Y
SUMMARY

® Airborne Environment Has Unique Problems

large clutter to signal ratios
dynamic range requirements
non-stationarities
lack of repeatability

e Optimized Signal Processing Schemes are

Needed and are Feasible
Radar Systems Laboarato:
ET! 2nd CMTAW meeting mﬂric-g.-nréo?:::rr 'z:':a:l.m. Oot. 19, 1988 !‘,lj
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Session I. Airborne—Sensors

~

"y
Ramifications of the Recent FAA Rule for Wind Shear Systems on the
Development of Forward-Looking Systems
H. Patrick Adamson, TPS

313 e g
RECED L e s pop SR Liny



PROG. L e 0 Dy vy

£37 909

N91-11691
e

RAMIFICATIONS OF THE RECENT FAA RULE
FOR WINDSHEAR SYSTEMS
ON THE
DEVELOPMENT OF FORWARD-LOOKING SYSTEMS

H. Patrick Adamson
Turbulence Prediction Systems
Boulder, Colorado 80301

ABSTRACT

The recent FAA rule requiring windshear systems with flight
guidance may have severe ramifications for the development of
Infrared and other forward-looking systems. The industry needs
to have and can have a more cost effective option through the
use of a forward-looking system with a reactive backup instead
of a reactive system with flight guidance. However, because
of the short time for compliance with the new FAA rule, it is
possible that existing transport aircraft will be in full
compliance before a comprehensive investigation of all forward-
looking systems can be completed. If this occurs, it is possible
that the market for forward looking systems will be severely
reduced, thereby eliminating the economic incentive to develop
these much needed systems. Thus, to assure that this option
is available for the airlines, it behooves the industry to
immediately support an in-service evaluation of all available
forward-looking systems.
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COST BENEFIT OF OPTIONS

Option A Airborne reactive Low Level Wind Shear system with f1i1ght
guidance or

Optién B A3 rborne reactive Low Level Wind Shear system and

Jurbulence Preciction Systems' Airborne predictive Low
Level wWind Sheazr and Clear Air Turbulerce system
COST Ooption A <ion
Equipment
Reactive System $ 25,000. $ 25,000.
Flight Guidance 10,000.
Predictive System 50,000.
Miscel laneous Materials 10,000. 15,000.

Installation

Reactive System 123 hrs § £50/nhr 6,250. 6,250.
Flight Guidance 125 hrs § $50/hr 6,250.
Predictive System 125 hrs § $50/hr €,28C.

Re-Certify

Flight Guidance 20 hrs § $100/hr 2,000. C.
Training
Simulator Modifications 20.0C0.
Flight Guidance 4 hrs/persornr ;
X 2 people/crew ‘e
Xx 5 crews/aircratt
x $500 per hour $ . 20,000, s 9.
Total Pirect Cost per aircraft ist yr $ 92.500, 102,520,
Down Time
Reactive System 125 hrs § $500/hr €2,500. 62,5C0.
Flight Guidance 125 hrs § $500/hr 62,500,
Pregictive System 125 hrs § $£500/hr 62,500,
Total Indirect Cost per aircraft 1st yr 125,00 $125.000,
Total Ccst per aircraft 1st year $224,500, $2271,500.,

ANNUAL SAVINGS DUE TO CAT AVO]DANCE

$814.25/flights x 2,000 flights/yr 3 9, $ 28,500,

* Cost of CAT $6.00/f1light expressed in 1964 dollars "Report of
the National Committee For Clear Air Turbulence': U.S.
Department of Commerce; December 196¢, pp 37.
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AIRBORNE PASSIVE INFRARED SYSTEM FOR THE
ADVANCE WARNING OF LOW-LEVEL WINDSHEAR AND CLEAR AIR TURBULENCE:
1988 IN-SERVICE AND THEORETICAL WORK

H. PATRICK ADAMSON®
TURBULENCE PREDICTION SYSTEMS
BOULDER, COLORADO

Abstract

Air turbulence is the leading cause
of weather-related fatalities for
commercial airlines. Air turbulence
is classified as either Clear Air
Turbulence (CAT) (high altitude) or Low-
Level Wind Shear (LLWS) (low-altitude),
which is the most dangerous. Currently,
there is no method available to provide
sufficient advance warning to the
flight crew of either impending CAT or
LLWS. Flight research, supported later
by laboratory research and computer
simulation, indicates that a micro-
processor based passive infrared system
could provide an adequate advance
warning for both CAT and LLWS.

The effectiveness of this infrared
system will be determined during an in-
service evaluation on a commercial air-
line(s). This evaluation is scheduled
to begin in September 1988 and to
continue for up to 12 months. At that
time, the system is expected to be
certified by the Federal Aviation
Administration and made available to the
aviation industry. This system coupled
with present avionic aids and pilot
training will substantially reduce the
probability of an accident due to air
turbulence.

Introduction

As the leading cause of weather
related air carrier accidents in the
United States, air turbulence has been
recognized as a national problem.!
Consequently in 1987, the US government
instituted an Integrated Wind Shear
Program administered by the Federal
Aviation Administration (FAA).? The
airborne sensor segment of this program
is jointly administered by FAA and
NASA. The focus of this paper is to
describe our work in assessing the
effectiveness of an Infrared Remote
Sensing System (Infrared) as a viable
airborne sensor within this program.

Air Turbulence

Air turbulence is defined as the
rapid change in the air/wind speed
and/or direction that can have a dynamic

*Principal Investigator

Copyright ¢ 1988 by H. Patrick Adamson. Published
by the American Institute of Aeronautics and
Astronautics, Inc. with permission.

effect on the performance of an aircraft.
Such turbulence has been classified as
either Low-Level Wind Shear (LLWS) or
Clear Air Turbulence (CAT), with LLWS
presenting the most serious threat to
aircraft and passenger safety.

Low-Level Wind Shear -

Low-Level wind shear is defined as air
turbulence occurring between 1500 feet
above ground level (AGL) and the surface:
These events may be from 7 - 8 kilometers
to 25 or 30 kilometers wide to thousands

of meters high.?

"The meteorological phenomenon produc-
ing low-level windshear are, primarily,
thunderstorms, gust fronts, fast-moving
frontal zones, and less frequently,
low~level inversions."3 "The most
threatening types of wind shears are
downbursts, or microbursts - descending
shafts of air..."4 Microburst
lifecycles are typically 10 - 15 minutes.

Clear Air Turbulence -

"clear air turbulence, often termed
CAT, is a region of high turbulence
encountered by an aircraft without visual
or radar warning. CAT includes all forms
of turbulence occurring in clear air
which does not involve convective
forces."$

"Two separate conditions are known
which result in CAT. The first condition
is created by a standing wave found in
the lee of a mountain barrier which
occurs when statically stable air is
carried over the mountains. The second
condition results from waves formed in
statically stable layers in the atmos-
phere that are subjected to sufficiently
strong vertical wind gradient (shear)”3

Airborne Sensors/Systems - LLWS

There are two basic types of
airborne sensors/systems used for
detecting impending LLWS; they are
reactive and predictive. To ascertain
the danger to the aircraft from air
turbulence, a8 number of factors must be
congidered. Since these factors can
occur in different combinations, a hazard
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index is used to ascertain the extent of
the danger to the aircraft. Both
systems need to characterize the hazard
to the aircraft. One accepted formula
to calculate this hazard is:

o
WX/g - V/AS = Hazard Index

- A positive (+) number represents a
hazard.

- ﬁ& is the rate of change in hori-
zontal winds in knots per second and
a positive (+) number indicates a
tailwind.

- & equals the gravitational constant
of 19.04 knots per second.

- V equals vertical wind velocity in
knots and a minus (-) number indi-
cates a downdraft.

- AS equals airspeed in knots.

Reactive (In-Situ) Systems -

These systems utilize the aircraft as
the sensor to ascertain when the
aircraft is entering wind shear. At
this point, immediate action is required
by the flight crew to escape the event.

Predictive (Forward Looking) Systems,
LLWS -

These systems are comprised of any
sensor(s) that would provide advance
warning to the flight crew of impending
windshear. If the warning is provided
more than five miles (approximately 1.5
minutes) before the aircraft would
encounter the LLWS, the warning is
classified as "advisory”. Less than
five miles, it is an "executive”
warning. An executive warning indicates
that immediate action must be taken by
the flight crew to avoid encountering
LLWS.

Airborne microwave doppler, laser
doppler (LIDAR) and infrared techniques
have been and are currently being tested
to ascertain their effectiveness in
providing advance warning of impending
LLWS.

Airborne Sensors/Systems -~ CAT

Since encountering CAT has not
traditionally been considered a crisis
event, no effort has been conducted to
develop a reactive CAT system. However,
because of the inconvenience and cost
associated with CAT, various techniques
have been tested for the purpose of
providing advance warning of impending
CAT. Other than Infrared, none have
been considered successful.

Infrared Application - LLWS

The application of Infrared to
provide advance warning of air turbu-
lence is based upon meteorological
dvnamics which causes the event. Based
on meteorological research conducted by
Byvers and Braham® in their Thunderstorm
Project and research conducted by
Fawbush and Miller? which demonstrated
that down drafts (microbursts) were
colder than the surrounding air, Drs.
Peter Kuhn and Fernando Caracena’
concluded that infrared technology could
be used to detect these cold downbursts.

This hypothesis was subsequently
substantiated by airborne research
conducted by Dr. Kuhn in the Joint
Airport Weather Study (JAWS).®
During the study, 42 microbursts were
penetrated at altitudes of 300 -~ 800
feet AGL with 100X success in advance
identification of these events. Later
flights proved that infrared will
function properly in light rain and dry
air.?

An analysis of this research and
other studies enable us to ascertain,
from perceived temperatures, an estima-
tion of the wind velocities that the
aircraft is expected to encounter.

Thus, the extent of the impending danger
to the aircraft can be estimated through
the use of infrared technology.

Infrared Application - CAT

Although others had, with limited
success, used infrared to detect CAT,
Dr. Kuhn conducted the most extensive
and successful program from 1978 through
1982. 1In approximately 700 flight
hours, he obtained a 98% success rate in
detecting CAT with advance warning
ranging from 2 to 9 minutes.!?®

Infrared Current Status

As an extension of the instrument
design and development work conducted at
the Instrument Development Laboratory at
the University of Colorado, we have
developed an airborne passive infrared
system that provides advance warning of
both LLWS and CAT. This system is now
in the pre-production phase ready for
aircraft installation. The system
meets military specifications. It
weighs approximately 30 pounds and the
dimensions are 11 1/4" X 8 1/2" X 6
1/2". The production model, on which
construction has begun, is approximately
2/3 of the weight and size of the pre-
production model.
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To validate the performance of the
pre-production instrument, the following
are in progress:

1) Laboratory simulations
2) Computer simulation
) In-service evaluation

Laboratory Simulation - LLWS

The purpose of the laboratory
simulation is to establish the accuracy,
sensitivity and reliability of the

instrument. To accomplish this, a test
facility has been constructed to
simulate atmospheric conditions. This

facility allows for the calibration and
the testing of the instrument at various
temperatures to detect varying tempera-
tures at both near and far distances.
These tests assess the system's capacity
to detect small change in temperatures
at various distances and to reliably
repeat these tests.

Since the functions of the optical
and mechanical components are controlled
by a microprocessor, the software must
also be tested for accuracy and reli-
ability. 1In addition, the instrument
must be tested for suitability in an
aircraft environment.

Laboratory Simulation - CAT

Based on the in-flight research
conducted by Dr. Kuhn, we do not
anticipate that CAT simulation will be
necessary. However, depending on the
results obtained in the in-service
evaluation phase, CAT simulation could
be conducted later.

Computer Simulation - LLWS

The purpose of these simulations is
to simulate flying our instrument
through NASA generated microburst
weather models. This involves selecting
1} an atmospheric model, 2) a particular
look distance (calculate infrared
transmittance), and 3) a flight path
(landing or takeoff). These parameters
are used to calculate the expected
hazard index.

These atmospheric models include a
complete thermodynamic profile of the
event in the spatial realm of five
kilometers on either side of the event
and four kilometers in altitude. That
is, the model provides temperatures,
pressure, rain, water vapor, snow, &nd
vertical/horizontal wind profiles.:!

NASA has generated two models that
they consider represent the conditions
contained in a microburst. These are
the "Wet"” and "Dry" models.

ORIGINAL PigE in
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These axisymmetric models, by design,
include the most extreme atmospheric
conditions that an aircraft could be
expected to encounter. That is, they
range from the wettest to the driest
microburst with cold or warm downdrafts.

The Wet model includes rainfall of
approximately 4.5 inches per hour at the
center of the microburst and has a
decreasing temperature profile, i.e. a
cold downdraft relative to the ambient
air. The rain rate and temperature
profile approximate the conditions
encountered by Delta 191 at Dallas in
1985. This model appears to accurately
represent meteorological conditions as
observed by in-flight researchers as
well as reported by aircraft digital
flight data recorders.

The Dry model does not include any
precipitation and has a cold downdraft
that becomes warmer near ground level.
While some ground based research indi-
cates neutral or positive temperatures
for the radial winds associated with
microbursts, empirical airborne research
data supports only decreasing tempera-
ture profiles. For example, in JAWS
only decreasing temperatures were
recorded in all 42 microbursts that were
penetrated at 300’ to 800’ AGL.®
Furthermore, almost all of these were
dry micro-
bursts. To our knowledge, the only
increasing temperatures recorded to
date in a microburst were from ground
measurements.!2:» 13 The problem with
ground based data, however, is the
measurement can be affected by the warm
air next to the ground.

Computer Simulation Procedures - LLWS

Infrared Transmittance Calculations -

To calculate the effective look
distance of the instrument, transmit-
tance of infrared power in the
atmospheric conditions presented in the
model must be calculated. The LOWTRAN 6
computer program is used for this
purpose. This program was developed by
the Air Force Geophysics Lab (AFGL) and
is the standard used by the infrared
industry.14¢

Aircraft Flight Path -

The model assumes a normal landing
and takeoff pattern for a typical air
transport. For each simulation, the
flight profile is determined first. For
landing, the aircraft flies horizontally
from 10km to within 3.6km of the micro-
burst’s axis at an altitude of 300
meters AGL. At this point, which is the
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outer edge of the microburst, the
aircraft descends at a 3 degree glide
slope through the microburst and lands
2 km beyond the microburst axis.

For takeoff, the aircraft remains on
the ground during the simulation with
the planned rotation point located at
the near edge of the microburst.

After the flight pattern is
established, the next step is to deter-
mine the hazard by establishing the
vertical and radial winds that will be
encountered.

Hazard Index -

Two separate hazard indices are
calculated. One is the hazard index
computed by the system (system’s index)
using proprietary algorithms and the
other is the hazard index computed using
inertial data (inertial index). By
including data from the inertial index,
it is possible to assess the accuracy of
the system.

The system index is computed by using
LOWTRAN 6 to calculate the transmission
of infrared power along the proposed
flight path. The power is calculated
on the spatial grid by an analytic
expression. Once the total power is
computed, the perceived temperature can
be calculated. Assuming an air speed
and knowing the change in perceived
temperature, vertical and horizontal
winds can be inferred and thus, the
hazard index is determined.

The inertial index is computed from
inertial data experienced by the air-
craft. That is, the rate of change in
horizontal winds, vertical winds and air
speed. The formula to calculate this
index is:

°
wWX/g2 - V/AS = hazard index.

The process of calculating both the
system index and the inertial index
involves flying a normal takeoff or
landing profile into a specific micro-
burst model and then calculating, at one
second intervals, the specific hazard
index. By time tagging each index
(system and inertial) the system index
at a given point in time can be compared
to the inertial index that the aircraft
would encounter seconds later. This
comparison provides the opportunity to
assess the accuracy of the system index.

Computer Simulation Results - LLWS3
Wet Cold Microburst -

In the landing profile, depicted in
Figure 1, the system, using a hazard
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index alert of 0.15, would have provided
a warning 33 seconds prior to that
provided by the inertial index. That
is, the inertial index exceeded 0.15
alert level, approximately 33 seconds
after the system index exceeded 0.15.

At .125 the warning would have been
approximately 40 seconds.

Warning time can be determined by
counting the number of boxes that occur
after the instrument line crosses the
alert line (0.15) to the point where the
pluses (+’s) cross the alert line
{0.15). Each box or plus (+) equals one
second. The selection of 0.15 for an
alert level is based on assumed levels
of aircraft performance. The level
could be set either higher or lower.

The problem with high settings is the -
danger of encountering a dangerous
microburst without providing a warning.
A low setting however, may result in a
warning when the air turbulence is not
dangerous (nuisance alert). This is one
of the answers the in-service evaluation
will provide.

WET MICROEURST KUN #63 TiME 11:00 MIN

LANDING. 300 m, MORIZ LOOX
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Figure 1

In the takeoff profile, depicted in
Figure 2, the system, using an alert
level of 0.15, would not have provided
an advance warning, but at .125 it would
have provided a warning approximately 13
seconds prior to that provided by the
inertial index.
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When it is determined, by all parties
involved, that the system is operating
properly, two more systems will be
installed and evaluated by all parties
for up to 12 months. The FAA has
expressed an interest in the analysis of
this data and it is anticipated that the
data obtained from this in-service
evaluation will be a significant factor
in obtaining FAA certification.

Conclusion

Assuming the successful completion of
the in-service evaluation, we expect
that this AWS will be available to the
aviation industry by the later part of
1989, With the availability of an
advance warning system coupled with a
reactive system and continued pilot
training, the probability of avoiding a
LLWS accident is almost 100%.

We are looking forward to making
continued progress in assisting the
aviation industry in increasing aviation
safety.
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Dry Hot Microburst -

In this NASA provided model, in
neither the landing nor takeoff profile
did the system index provide a warning
earlier than the inertial index. This
would always be the situation because
the system index is based on encounter-
ing a cold downburst in either the wet
or dry microburst.

Dry Cold Microburst -

In order to assess the accuracy of
the instrument in the dry microburst
model, we combined the Dry microburst
model with the cold temperature profile
(decreasing temperature) of the wet
microburst model. This temperature
profile is representative of the
airborne temperature changes recorded
for the dry microbursts encountered in
the JAWS progran.

In the landing profile, depicted in
Figure 3, the system index, using an
alert level of 0.15, would have provided
a warning approximately 27 seconds prior
to that provided by the inertial index.
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Figure 3

In the takeoff profile, depicted in
Figure 4, the system index, using an
alert level of 0.15, would have provided
a warning approximately 39 seconds prior
to that provided by the inertial index.
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Figure 4

Actual Flight Data -

While computer simulations and
modelling are excellent analytical
tools, it is desirable to use real data
whenever possible. Consequently, we
have taken the actual flight data from
several flights: Delta 191, 1lberia 933
(Logan) and an incident occurring over
Atlanta, and simulated what warning, if
any, the system index would provide at
an alert level of 0.15. In each
situation, the actual hazard encountered
coincided closely with the system hazard
index. For example, in the Delta 191
accident the system index set at 0.15
alert level would have provided a 30
second advance warning in the landing
profile.

In-Service Evaluation -~

In conjunction with Sperry Commercial
Flight Systems, a division of Honeywell,
Inc., we will conduct an in-service
evaluation of our system for advance
warning of CAT and LLWS. This advance
warning system (AWS) will be installed
with a dedicated flight recorder and a
Honeywell reactive systesm.

This evaluation will be conducted in
two phases. The first phase, involving
one system, will be flown either on a
commercial airline or a corporate
aircraft for a period of at least 30
days.

ORIGINAL PAGE IS
OF POOR QUALITY
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STATUS OF THE DELCO SYSTEMS OPERATIONS

FORWARD LOOKING WINDSHEAR DETECTION PROGRAM /"?F

Brian J. Gallagher
Delco Systems Operations

Milwaukee, Wisconsin 53201

ABSTRACT

Delco Systems Operations, a division of General Motors Hughes Electronics
Corporation, is developing a Forward Looking Windshear Detection System based
on the integration of infrared remote sensing and accelerometer reactive
sensing technologies. The IR sensor is a multi-spectral, scanning radiometer
operating in the 8 to 14 micron region. A 2 x 5 detector array with parallel-
serial scanning produces 60 degrees horizontal and 10 degrees vertical-fields
of view. Using multiple wavelength signals, azimuth temperature gradients
are analysed for characteristic signatures of thermally induced windshear
phenomena. Elevation temperature gradients are processed through an atmosphere
model to continuously compute a stability index for arming microburst
detection criteria. The atmosphere model and proprietary computer processing
algorithms combine to generate coarse estimates of disturbance ranges based on
multiple wavelength radiance data with different extinction coefficients.
Computer outputs of atmospheric stability, disturbance intensity, and azimuth
and range information provide a situation display capability. A ground
operated, experimental radiometer has been developed and is being used to
verify our detection and discrimination concepts at an atmospheric and
simulated rain test facility in Milwaukee. A prototype airborne radiometer is
being developed for flight test evaluation during the summer of 1989.
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Infrared Thermal Imaging of Atmospheric Turbulence

David Watt and John
William Pfeil, Kollsman

cHugh, University of New Hampshire

349



574
N91-11693

P et
INFRARED THERMAL IMAGING OF ATMOSPHERIC TUBULENCE f:[‘s

David Watt and John McHugh
University of New Hampshire
~ Durham, NH 03824
William Pfeil
Kollsman
Merrimack, NH 03054

) ] ABSTRACT

A technique for analyzing infrared atmoshperic images to
obtain cross-wind measurements is presented. The technique is
based on Taylor's forzen turbulence hypothesis and uses cross-
correlation of successive images to obtain a measure of the
cross-wind velocity in a localized focal region. The technique
is appealing because it can possibly be combined with other IR
forward look capabilities and may provide information about
turbulence intensity. The paper describes the current research
effort, its theoretical basis, and its applicability to wind
shear detection.
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Image Cross-Corelation for
Atmospheric Wind Measurement:
Review of Work in Progress

David Watt
John McHugh
Department of Mechanical Engineering

The University of New Hampshire
Durham, N.H.

William Pfeil

Kollsman Instrument Co.
Merrimack, N. H.
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GOALS

Primary goal is to develop a
predictive on-board windshear

detection device

The desired specifications of a
future detection system include

1. Capable of detecting 1-2
kilometers ahead of plane

2. Capable of obtaining some
measure of the NASA/FAA

hazard index.

3. Monitor crosswind by
Image anaylsis.

353




APPROACH
Image Cross-correlation Velocimetry

Quasi-steady——%

Flow Image

\ \Lens (magnification M)
Detector :

Taylor's "Frozen Turbulence" Assumption:
1) Flow image moves at dominant velocity scale.
2) Fine scales change slowly, Flow image steady

Velocity determined comparing two successive
images within short time interval.

Comparison mechanism is cross correlation
function.

Continuously monitor cross-wind velocity.

Images generated by various optical phenomena.
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Quasi-Steady Turbulence Generated Images

Laser Speckle

Gated
detector

Scattering
Aerosols

e X

’\_jﬂsed
laser

* Speckle is coherence artifact

* Steady Scattering and Refractive Index Field

* Requires laser & gated detector for ranging

* Ranging by time of flight during gating interval

*  Could be integrated with lidar

355
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Quasi-Steady Turbulence Generated Images (cont'd)

Thermal Emission

\ly

FLIR

-Passive Detection

-IR intensity variation driven
by temperature fluctuations

-lmages may provide other relevant information:
Turbulence Intensity
Temperature gradient

-Compatible with other aircraft
forward-look needs

-Signal strength to be evaluated in detection region
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Passive IR Imaging In
Absorbing-Emitting Media

~
—
P

Far field

—_—
e

Intermediate ——

Detector Afocal region /
Focal region

Need to Isolate Focal Region
Far-field signal attenuated by atmospheric absorbtion

Signal from intermediate range is defocused.
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Imaging Model

Radiative Transfer Eguation

N = B(o,T) 6v) 5 t(v,2) dzdwed v
0z
vV z 0]

B(w,T) = Emitted and incident radiation
(V) = Spectral transmittance of lens.
a_T_(V,Z) = Differential transmittance of
oz atmosphere.
® = Solid angle
N = Radiant flux onto detector pupil

Model Imaging Equation

i(x,y)= jjj h(x,y,z)* (eeb N (%,7,2)exp(— az)) dxdy dz

w(X,y,2) \\/’/

Model RTE
h - point spread function
€ - pointwise emissivity
e — spectral emissive power

e “w(x,y)—aperture solid angle

* —convolution
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Emittanc Calculation

—

Wavenumber (cm-l)

2200 21]00 2000 19100 161001 1131001 ) l-"'1000 9?0" 8?0 ) 7?0 6?0 600 530

| ] 0.999-
/ / I -0.01
| - .
A
f, 09 ., &
A 0%t &
! \ / PR T, ® ] ]
\ e g s
— 1 km g Lo &
3 R — 2 o.so--z.g »
' . 1 -5. 1]
" ' ,/5 0.80310.0%F
’ ~ 0.704 3
J & 0.604
) / 0.507 100.0 '
' 0.30

A5 5.0 8.0 7.0 8.0 9.0 10,0110 12.0 13.0 14.0 15.0 16.0 170 18.0 19.0
. Wavélengt.h (um) ' Lo

(@) Transmittance of uniformly mixed gases (CO,, N,O, CO, CH,, O,)

(4.5 t0 19.0 um). _

Transmittance-Beer's Law
Ty (z)=exp (- a 7\.7‘)
Absorptance -emittance
g = Oy= (1- ’C;\’)

Local Emissivity
e =1-exp(-a &)

3 .
0z = volume of resolution cell
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Image Localization by Defocussing

Incoherent Imaging MTF, with atmospheric absorbtion

Target Distance- 1000m, 50cm f.l., /1.0

0.5—
Range
500 m
/ 750 m
1000 m
MTF 1250 m
1500 m

0.0 A/ N=

0.2 0.4 0.6 0.8 1.0
Normalized Spatial Frequency, f/2 fO

-At higher spatial frequencies, focal
region contains most signal energy

-By high-pass spatial filtering
signal can isolate focal region

-Upper limit imposed by sensitivity,
spatial resolution of FLIR
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maging Simulations

'y

4
A

Model Features

--2-D Fractally Generated Temperature Field
- --2 X 1 kilometers deep (1024 x 512 nodes)
--Uniform Emissivity and Absorptivity

--Intensity variation due to
temperature fluctuation only

--50 ecm f.l., f /1.0 lens

- Ao14 B
-- Separate MTF calculated for each z location

-- Convection by rigid motion of all or part of
361



HNS alenbape ulejqo 0} J0j08lep Y|4 91-pD-bH pasN

‘aouewlIollad anoudwi o) papsau  HBuus)jly |eneds ssed
ybiy pue jeaowas puall buipnjoul saunnol jusweoueyus abew

flesseoou os|e si Buusyy reubip ‘uoibal
1861e) o)e|0s! 0] J8}|l} |eleds ajenbepe ue jou SI suoje sua’

yead uoOlB|84I00-X JO JuBwaoe|dsSIp Ul }NSa) S80P UOI08AUO)D

suoIsnouo) Areuiwijaid

362



Future Work

Assess the effects of refractive turbulence
Adapt TASS Model for Imaging Simulation
--Develop Model of sub-grid temp. fluctuation

--Use standardized radiation model (HITRAN) to
Account for precip. broad spectra.

--Several Flight Paths

Obtain experimental FLIR images to assess
suitability for this application.

Simulate laser speckle imaging

363



Session I. Airborne—Sensors

Investigation of Airborne Lidar for Avoidance of Wind Shear Hazards
Russell Targ, Lockheed
Roland L. Bowles, NASA LaRC
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INVESTIGATION OF AIRBORNE LIDAR
FOR AVOIDANCE OF WINDSHEAR HAZARDS

Russell Targ
Lockheed Missiles & Space Company, Inc.
Research & Development Division
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and
Roland L. Bowles
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INVESTIGATION OF AIRBORNE LIDAR

i"OR AVOIDANCE OF WINDSHEAR HAZARDS

Py

Russell Targ
Lockheed Missiles & Space Company, Inc.
Research & Development Division
Palo Alto, California 94304

and

Roland L. Bowles
NASA Langley Research Center
Hampton, Virginia 23665-5225

Abstract

A generalized windshear hazard index is defined, which
is derived from considerations of wind conditions at the
present position of an aircraft and from remotely sensed
information along the extended flight path. Candidate
airborne sensor technologies based on microwave
Doppler radar, Doppler lidar, and infrared radiometric
techniques are discussed in the context of overall system
functional requirements. Initial results of a performance
and technology assessment study for competing lidars
are presented. Based on a systems approach to the
windshear threat, lidar appears to be a viable technology
for windshear detection and avoidance, even in condi-
tions of moderately heavy precipitation. The proposed
airborne CO2 and Ho:YAG lidar windshear-detection
systems analyzed in this paper can give the pilot
information about the line-of-sight component of
windshear threat from his present position to a region
extending 1 to 3 km in front of the aircraft. This
constitutes a warning time of 15 to 45 seconds. The
technology necessary to design, build, and test such a
brassboard 10.6-um CO3 lidar is now available. How-
ever, for 2-um systems, additional analytical and
laboratory investigations are needed to arrive at optimum
2-um rare-earth-based laser crystals.

Nomenclature

= system bandwidth

= telescope diameter

aircraft drag force

= total aircraft energy (or laser pulse energy)
= aircraft specific hazard index
(nondimensional)

acceleration of gravity

= aircraft potential altitude (energy height)
aircraft altitude

round-trip extinction for range R

= distance between adjacent range gates

= range of return

= aircraft thrust force

= aircraft airspeed

aircraft weight

= vertical component of inertial wind

= horizontal component of inertial wind

= backscatter cross section

mmgyga w
]

= o
hel
#

=z
Z
u

x
1

Bggg<dmr

This paper is declared a work of the U. S. Government and is not
subject to copyright protection in the United States.

= flight path angle relative to air mass
= laser wavelength

detection and mixing efficiency

= forward-look alert time

= gradient operator

1. Background and Introduction

Low-altitude windshear is recognized by the commercial
aviation industry as a major hazard. In the United
States, during the period 1964 to 1985, windshear has
been a contributing factor in at least 26 civil transport
accidents and 3 incidents involving 500 fatalities and
over 200 injuries. Numerous methods of reducing the
low-altitude windshear hazard have been proposed by the
airlines, airframe manufacturers, and the Government.
The Federal Aviation Administration (FAA), as lead
agency for civil aviation safety, has established an
integrated windshear program plan which addresses the
windshear problem through focused research and
development efforts over a 5-year period. The National
Aeronautics and Space Administration (NASA) has
responded by signing a memorandum of agreement with
the FAA (July 1986) to pursue a cooperative research
program which addresses technical factors related to
airborne detection, avoidance, and survivability of severe
windshear atmospheric conditions. Key elements of the
NASA research effort include characterization of
windshear phenomena in the aviation context, airborne
remote-sensor technology that provides forward-looking
avoidance capability, and flight-management system
concepts that promote risk-reduction piloting through
timely and accurate transfer of information to flight
crews. The NASA research thrust is directed at develop-
ing system concepts which embrace forward-looking
sensor technology, thereby providing the flight crew with
awareness of the presence of windshear with enough
time to avoid the affected area and escape from the
encounter.

q4 33 >
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This paper emphasizes the analysis of competing lidars
for use in an airborne forward-looking system, to enable
aircraft to avoid the hazards of low-altitude windshear.
The analysis includes a definition of lidar sensor
requirements, the formulation of a system to meet these
requirements, and an investigation and simulation of the
capabilities and limitations of such a system, together
with recommendations identifying the most feasible and
cost-effective laser for use in a lidar system for
windshear detection and avoidance.
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The two lidar systems invesugated, sohd-state Ho:YAG
at 2.1 um and COz at 10.6 um, appear able to meet the
windshear warning requirements as determined by
computer simulations of the 1983 Dallas/Fort Worth
mucroburst event. The performance of Ho:YAG is
potentially superior to that of the COp lidar. but
Ho:YAG is far from being available at this time. On the
other hand, the CO; technology is quite mature, and has
been tested extensively in both airborne and ground-
based wind-field mapping applications.

2. The Threat From Windchear

National attention has focused on the criucal problem of
detecting and avoiding windshear since the crash on
August 2, 1985, of Delta Air Lines Flight 191, &
Lockheed L-1011, at the Dallas/Fort Worth International
Airport. Other crashes and near misses caused by
windshear have occurred almost annually.

The hazard of windshear arises principally from its
deceptive nawre: In a windshear situation, from a
microburst or any other source, the pilot is confronted
with a performance-increasing headwind, followed a few
seconds later by a powerful, performance-decreasing
tailwind. To cope with the headwind, the pilot may take
actions to prevent the plane from climbing. These
actions are then compounded by the lack of lift caused
by the tailwind and downdraft, so that it may be
impossible to keep the plane in the air. The downburst
shown in Fig. 1 can be entirely invisible to the pilot and
the ground controllers, and it need not be associated
with any rain on the ground. In 2 NASA/FAA study of
186 windshear occurrences in 1983, the average change
in wind speed was approximately 40 knots.*

The NASA/FAA Joint Airport Weather Study (JAWS):
observed and measured windshears at the Denver/
Stapleton Airport over a 3-month period. The principal
finding confirmed that “... low-altitude wind variability
(or windshear) presents an infrequent but highly signifi-
cant hazard to aircraft landing or taking off.” From
analysis of aircraft accidents where low-altitude
windshear was a factor, it appears that the greatest
hazards are caused by downdrafts and outflows produced
by convective storms.

Pilots now receive inconsistent windshear warnings that
are of questionable reliability. The ground-based data
from anemometers must first be interpreted by trained
meteorologists. The tower antempted to warn Flight 191
of windshear a full 2 min after it crashed. The
Windshear Training Aid? produced by the NASA/FAA
Integrated Program in 1986 carries the warning, “Maxi-
mum windshear capability of jet transports at heavy
weight. for a windshear encounter at a critical location,
is 40 10 50 knots wind-speed change. Some windshears
cannot be escaped successfully [once they are actually
entered]!”. For this reason it is essential to emphasize
avoidance rather than recovery. An onboard forward-
looking windshear-avoidance system can warn the pilot,
at the location marked “windshear eniry” in Fig. 1, that
he is approaching a wind hazard. When the plane is at
the lccauon “recover or crash,” it can be too late to
inform the piiot that he is in windshear.

3 _Requirements for an Airborne Windshear Detection
Sictem

The fundamental requirement for a forward-looking,
airborne windshear detection system is realtime remote
sensing. This implies the ability to reliably measure
line-of-sight and vertical components of wind velocity
and to alert the crew when they are approaching a
windshear hazard. The system should monitor the
approach path, the runway, and the takeoff path, in both
rain and clear-air conditions. This alert should be
provided with enough warning time to allow the pilot to
increase the energy of the plane and safely transit or
avoid the microburst. The quantitative technical require-
ments are given in Table 1.

Table 1. Quantitative Technical Requirements

Minimum sensing range 1t 3 km
Advance warning time 15to 40 s
Range resolution 0.3 km

Velocity resolution Approximately 1 m/s
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There are additional functional requirements for any
airborne system: It must not interfere with other
instruments on the aircraft; it should be as small as
possible; it should operate reliably in an aircraft environ-
ment for 2000 hours with little or no maintenance; and
it should not require any expendable supplies that would
have to be replenished. All these factors should work
together to make a system that is almost free from faise
or nuisance alarms. The first specific hazard that should
trigger a windshear alarm is a performance-decreasing
wind (tailwind) which increases its velocity at a rate of
2 knots/s in the direction of travel of the aircraft. A
second threatening condition is the downburst, which is
considered a hazard when the vertical velocity reaches
1500 fvmin. A numerical hazard index “F” has been
derived by NASA using both these factors, where

F > 0.1 is considered a potential aircraft hazard.

4. Definition of Hazard Index

The key to the development of airborne windshear
detection, warning, and avoidance systems is the
identification of a hazard index. This index should
exhibit a functional dependence on atmospheric states
that can be reliably sensed, and scale with available
aircraft performance in such a way that the index .
predicts impending flight-path deterioration. The hazard
index must also account for factors such as the statisti-
cal nature of the windshear threat, fusion of present
position and “forward-looking™ sensor capabilities, and
the development of objective methods for determining
system warning thresholds which consider the potential
for nuisance alerts. A hazard index which has the above
properties and is based on accepted fundamentals of
flight mechanics and current state of knowledge of
windshear phenomena has been derived.

An analysis was conducted which revealed the impor-
tance of aircraft energy balance for flight in spatially
and temporally varying windfields. This energy-state
analysis showed that aircraft motions should be refer-
enced to the accelerated and nonhomogenous airmass
which typifies windshear phenomena. The concepts of
airplane total energy and rate of change of total energy
are useful in interpreting the impact of windshear on
aircraft performance. The airplane total energy is
defined as the sum of the air-mass relative kinetic
energy and the inertial potential energy. Air-mass kinetic
energy is used since only airspeed, not ground speed,
describes the airplane’s ability to climb or maintain
altitude. Inertial potential energy is likewise used since it
is altitude above the ground that is useful to the air-
plane.

Therefore, airplane total specific energy (energy per unit
weight), or potential altitude, is defined as:

E Vv?
= —_— e— 1
hp W3 +h (1

where V is airspeed, W is aircraft weight, and A is
aircraft altitude. The rate of change of specific energy—
also defined as the potential rate of climb of the
airplane, assuming negligible energy loss when trading
airspeed for climb rate—is given by:

.

hy = V+h (2
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]
% | <

371

When combined with appropriate aircraft equations of
motion,? the potential rate of climb given by Eq. (2)
reduces to:

WINDSHEAR "HIT"

A ——E.— T-D_ W"cos Wi W v,
p—w W P y+Tsmy—T L (3)

where (T - D)/W is the ratio of aircraft thrust minus
drag to weight, W, and W, are the horizontal and
vertical wind velocity components, respectively, and vy is
the tlight-path angle relative to airmass.

The dot notation in Eq. (3) indicates the substantial
derivative with respect to time, since the wind velocity
components depend explicitly on aircraft position.

For representative numerical values of windshear
gradients, and for flight-path angles compatible with
stabilized flight, i.e., for y =~ 0, the hazard index labeled
as windshear “hit” in Eq. (3) is accurately approximated
as

W o W )

g %

and Eq. (3) takes the approximate form:

h'p=%=[-r—;v—2—F]V. (5)

Equations (4) and (5) explicitly define the quantitative
impact of windshear on aircraft energy state and the
rate-of-climb capability. The analysis reveals that the rate
of change of specific energy (potential climb rate)
depends linearly on a nondimensional parameter F,
which contains only information regarding air mass
movement. Further analysis indicates that the subject
parameter can be physically interpreted as the loss or
gain in available excess thrust-to-weight ratio due to
downdrafts, updrafts, and horizontal windshear. thus
providing an aircraft-specific index on which to base
annunciated warnings.

The derived hazard index given by Eq. (4). referred to
as the F-factor, exhibits the following properties:

1. [t scales with available aircraft performance in such
a way as to predict impending flight-path deteriora-
tion.

2. It shows a functional dependence on atmospheric
states that can be reliably sensed.

3. It is applicable to both in-situ and remotely sensed
windshear information.

4. It is compatible with stringent nuisance-alarm
requirements.

Positive values of F indicate a performance-decreasing
situation for the aircraft, whereas negative values
indicate a performance-increasing condition due to
atmospheric disturbance. Considering jet transports in
take-off configuration and the current state of knowledze
regarding windshear phenomena, typical numerical



values for the terms under hazardous conditions making
up the F-factor are:

- . ]
0.1 < U DsO.S; | W, | = 03¢ |

| < 0.25.
w V

Note that a headwind loss of W, = 0.1 g (2 knots/s)
has the same impact on aircraft performance (F value)
as a downdraft W, = ~15 knots (-1500 fumin). consider-
ing a reference airspeed of 150 knots. Figure 2 shows
the “safe operations” conditions as a function of the
F-factor variables. )
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Fig. 2 Definition F-factor hazard index.

A possible airborne windshear detection, warning, and
avoidance system architecture, which flows from the
application of the F-factor concept, is shown in Fig. 3.
The proposed architecture is compatible with a single-tier
warning system (no amber caution) and provides for
fusion of “present position” information, F(t), with
“forward look” information, F(t + 7). The prediction
interval 7 is determined by a preselected and interro-
gated range gate divided by current aircraft ground
speed. A preser hazard threshold F, is incorporated,
which, when exceeded below a specified aircraft altitude,
provides an alert to the flight crew. Any combination of
horizonta! windshear and/or vertical wind that results in
F less than the threshold value indicates safe aircraft

W /g (HOPIZONTAL
X9 ! ! FLICHT CUIDANCE

AIR DATA
SICNAL THRESHOLD [ALERT
INERTIAL  b=ed0 O s ING @wmo SHEAR | [0 —
Fomee———— 4 FACTOR F(t)
ENERCY STATE
T {cownvoLuTion
W,V (VERTICAL)
Fat -
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REMOTE SENSOR/
PROCESSING

I s SITUATION
DISPLAY

Fig. 3 Fusion of present-position and predictive informa-
tion.

operation in relation to available excess thrust-to-weight
ratio for that aircraft. A threshold exceedance that
persists for a sufficient period of ume warrants the
annunciation of a windshear warning, which indicates 0
the crew that the affected area should be avoided or an
escape maneuver should be initiated. The alert and
warning threshold is determined by considering the
maximum permissible F in relation to available aircraft
performance capability while minimizing potential for
nuisance warnings. Research indicates that threshoid
values for F between 0.1 and 0.15 are representative for
landing and take-off phases of flight for jet transport
aircraft, considering factors such as aircraft tvpe,
configuration. and range of gross weights. Figure 4
illustrates average values for windshear F-factors derived
from five aircraft accidents. The data presented indicate
that, in all cases. the average F-factor exceeded the
ability of the airplane at maximum weight to accelerate
in level flight.
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Fig. 4 Accident windshear F-factors compared to
airplane capabilities.

The F-factor concept can be extended to forward-looking
sensors through utilization of spatial wind measurements
along a given line-of-sight direction, a characteristic
which is typical for pulsed-Doppler detection and ranging
systems. The substantial derivation expressed in Eq. (4),
assuming a “frozen wind field" hypothesis, can be
approximated as:

W, W
9 ‘-a__"v

0X (®)

W=V W, Vs

where V, is the inertial velocity vector of the aircraft. If
Eq. (6) is substituted into Eq. (4) and the result
linearized about the ith. range gate along a ray of the
forward-look sensor, one obtains the recursion

Fli+1) = F() +—‘—/- (W, (i+2)
8L M

W, (i+1)

LA R A

The quantity L is defined as the distance between any
two adjacent range gates along a line-of-sight ray of the
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active sensor. Typical values for L are between 130 m
and 500 m, depending on sensor pulse width. The
realtime calculation of Eq. (7) predicts the distribution
of hazard index based on absolute wind measurements
at predetermined range gates. Note that £(0), W, (0). and
W, (0), which can be determined from present position
in sity measurements, are required to initialize the
iteration. Application of the algorithm described above,
in a variety of simulation studies, has demonstrated the
need for presmoothing the spatial wind measurements in
order to suppress small-eddy turbulence, otherwise an
unacceptable incidence of nuisance warnings may occur.

3. Approaches 10 Airborne Windshear Detection

3.1 Lidar Svstems

For more than two decades, optical heterodyne detection
has been successfully used to measure the frequency of
Doppler-shifted laser light scattered from moving
aerosols. This technique has been pioneered by many
researchers, including those working with both NASA
and NOAA. Although wind-velocity measurements are
routinely made with good accuracy to ranges of more
than 10 km in clear air, the range is seriously degraded
by rain. The artenuation from radiation in the infrared is
approximately 9 dB/km per inch of rain per hour.*
Thus, a moderate-size airborne lidar system, which may
have 3- to 5-km range in clear air, will have its range
reduced t0 1 km in a rain of 3 in./h, such as one might
find in the core of a wet microburst. However, even
under these severe conditions, 14 s of advance warning
can be provided.

Although the subject of this paper is the analysis of lidar
approaches to windshear detection, it is useful to put
lidar into context with two other candidate systems
which are presently under active development to meet
this goal.

5.2 Microwave Svstems

High-power ground-based Doppler radars operating at
C-band and X-band are able to measure wind velocity at
ranges of 10 to 20 km by measuring the scattered
radiation primarily from precipitation, ice crystals, or
other debris in the air. Microwave systems receive only
minimal returns from dry air. Although windshear is
usually associated with violent thunderstorms in the
southern United States, 80 percent of the observed
windshear events in the Denver study (JAWS) were dry
at ground level. If the wind data for the flight paths
could be rapidly updated and made available to the
pilots, flight safety could be greatly improved. A major
problem with on-airport radars—and to an even greater
extent airborne radars—is the appearance of ground
clutter. For the airborne system, the clutter return from
the moving terrain along the flight path has a much
greater amplitude (approximately +60 dB) than, and a
frequency in the same band as, the hoped-for Doppler
return from the wind. In comparing airborne radars with
the ground-based systems such as those participating in
the successful JAWS measurements, one must take into
account the reduction in transmitter power that such an
airborne system will have available, as well as the
reduced antenna aperture, leading to a beam divergence
of several degrees. All these factors have a significant
impact on the ultimate achievable signal-to-noise ratio
(SNR) (-30 to -40 dB as compared with a ground-based
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system). Details regarding the NASA airborne windshear
radar research efforts are found in Ref. 5.

3.2 Radiometer

Measurements indicate that there is a temperature
gradient associated with the formation of a windshear. It
appears that this gradient can be measured by an
airborne infrared radiometer. The radiometers which
have been used for this purpose measure emission tfrom
the 14-um band of atmospheric CO3. The technique
compares emission from CO;z in the immediate neighbor-
hood of the aircraft to the emissions from the CO3 in
the air 2 or 3 km away. It is conjectured that the more
negative this temperature gradient, the steeper the gust
front causing it. Although it appears that radiometers of
this type can detect temperature gradients associated
with microbursts under favorable conditions, the question
of nuisance alarms has not been addressed, since it has
not yet been determined what other types of atmospheric
phenomena cause similar gradients. Industry initiatives o
exploit infrared technology for airborne windshear
detection are discussed in Ref. 6.

6. Successful Lidar Wind-Velocity Measurements

Since early work in the 1970's, there have been many
advances in airborne laser velocimetry. James Bilbro. at
NASA's Marshall Space Flight Center, has successtully
measured wind velocity from an aircraft using a modu-
lated CO3 continuous wave (cw) laser followed by a
large high-power amplifier that produced 10 mJ at

10.6 um.” Bilbro's Doppler lidar operates in clear air
and has a range of more than 5 km. A compact and
reliable laser system has been flight-tested for several
years by J. Michael Vaughan of the Royal Signals and
Radar Establishment.? His lidar used a cw CO2 laser
focused 300 m in front of the airplane to measure
backscatter coefficients at many European and American
test sites and airports. Vaughan also uses optical
heterodyne detection to determine the plane's velocity
from the Doppler shift in the radiation scattered from
the aerosols illuminated by the laser. Because it is a cw
focused system, rather than pulsed, it is difficuit to
extract range information, and its look-ahead is limited
to a warning of only a few seconds. In recent years,
pulsed transversely excited atmospheric pressure (TEA)
COg lasers have been made increasingly reliable for
long-term operation. Such a system has been used with
good success by R. Michael Hardesty at NOAA to
measure wind velocity and map wind fields over a 20-km
range with a lidar system located in a van.® From these
studies it is clear that similar systems using smaller
lasers can be developed for airborne applications.

7. Simulati n forma vsis of th
Ho:Y. n idar

The approach simulated in our study is that of a pulsed
laser which is focused 3 km in front of the aircraft and
is then coherently detected to yield the Doppler shift in
the light scattered back to the aircraft. A typical optical
heterodyne transceiver is shown in Fig. 5. More than 100
lidar simulation runs have been made for NASA by
Coherent Technologies, Inc., computing end-to-end
signal-to-noise ratios and velocity errors for two candi-
date lidars as a function of distance from the core of ihe
Dallas/Fort Worth microburst. A simplitied form of the
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Fig. 5 Typicai optical heterodyne transceiver.

lidar equation used for these calculations 1s shown
below.
S AED*Bin K (R)

N 8R* Bh
where
E = laser pulse energy
D = telescope diameter
B = backscatter cross section
A = laser wavelength
n = detection and mixing efficiency

K(R) = round-trip extinction for range R
range of return

B = system bandwidth

h = Planck's constant

Representative results from these analyses are presented
by Huffaker.!® A conclusion of this work is that, in
order to demonstrate a windshear threat, it is sufficient
for a sensor system to determine that there is a perform-
ance-increasing wind followed spatially by a perform-
ance-decreasing wind, where these changes are of the
order of 10 to 20 knots per half kilometer. An initial
assumption has been that 30 s of warning time was a
requirement of an airborne windshear-detection system.
Using the Ho:YAG or COz lidars examined in this
study, this warning time is achievable in most, but not
all, microburst situations. In the Dallas/Fort Worth
microburst, the peak rain rate was 3.85 in./h at the core.
The starting parameters for the two lidars are shown in
Table 2.

Table 2. Base-Case Lidar Parameters

Lidar System
Ho:YAG(2.1 um) COz(lo.s um)

Parameters

500-m Backscatter 1.28 x 107¢ s x10°
Coeff. (1/(m-sr))

Efficiency (nT = non:nq) 0.1 0.1
Arttenuation (dB/km) 0.1 1.0
Pulse Energy (m]) 5 s
Bandwidth (MHz) 10 1.0
Pulse Length (us) 0.5 1.0
Mirror Diameter (cm) 15 15

Using the lidar equation to calculate SNRs. we find that
a £-mJ COj3 lidar on board an aircratt 4 km from the
core center will be able to penetraie approximately

220 m into the core. This lidar will completely sense the
performance-increasing portion of the winds. but only
the start of the performance-decreasing winds in the
1933 Dallas Fort Worth example.

If an aircraft 1s 2 km from the microburst core center,
the CO3 lidar can penetrate approximately 700 m into
the core of the microburst. This increase in penetration
allows the lidar to show clearly a significant portion of
the performance-decreasing winds. Reducing the look-
ahead disiance from 4 km t0 2 km reduces the warning
nme to ~12 s before the aircraft reaches the near

"edge” of the microburst. We have examined what
energv-increasing strategies a pilot can employ, for
example, in a Boeing 727 with 12 s in which to prepare
for an encounter with a microburst. If the pilot has
confidence in the warning he receives from the lidar-
based windshear alarm, he can initiate a “go-around”
procedure with the aircraft throttle setuing advanced 10
full thrust and a pitch attitude of 13° at a rate of 4°/s.
It is then possible for him to gain 300 ft of alutude
within the available 12 s. If the go-around was initiated
at an altitude of 400 ft the microburst transit would be
accomplished safely. With a warning representative of
that which might be obtained with an n situ reactive
system, the aircraft would not achieve any altitude
margin prior to windshear encounter. All of these data
were obtained from a simulation carried out on a 727-2A
flight simulator, for a plane with gear down and 30°
flaps.

Figure 6 shows the signal-to-noise ratio (SNR) as a
function of range from the Dallas/Fort Worth microburst
for a 5S-mJ CO3 lidar for two aircraft locations. It also
shows the radial wind velocity profile associated with
this microburst. The Ho:YAG system has a reduced
atmospheri¢ attenuation of approximately 0.1 dB/km as
compared with 1.0 dB/km for COg, as a result of this
initially greater SNR, and it has somewhat superior
penetration into the rain-filled core of the microburst as
compared with CO2. This performance is shown in
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Fig. 7. The effect of differing SNRs of the 10-um system
is again apparent when we calculate velocity error as a
function of range. This calculation is plotted in Fig. 8
for dry-air conditions. The velocity error o(v) is based
on Zrnic's analyses as recently described by Kane. !}
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It is well known that lidar has the potential for measur-
ing wind velocity in clear air. One of the overriding
concerns of the NASA program has been to determine
the performance of lidar systems under conditions of
precipitation, both light and heavy. We have made use
of the measurements of attenuation in rain by Chu and
Hogg* and the backscatter measurements of Rensch and
Long!! to calculate the range in rain for unity SNR of
our base-case lidar as a function of rain rate. Unity SNR
is chosen because the system still has a satisfactory
velocity error for that SNR. The data in Fig. 9 show that
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even in @ homogeneous rain field of 3 in./h. the base-
case lidars can measure wind velocity a kilometer in
front of the aircraft. It shouid be noticed that for
moderately heavy rain (2 in./h) both lidar systems have
approximately the same penetration capability, 2 km.
This is because the attenuation in rain is very large as
compared with the differences in the two lidars. At a
rain rate of 3 in./h, the round-trip attenuation is ~48 dB/
km.

The performance degradation of lidars in rain raises
several important questions, key among them being,
what range of forward-look alert times is required to
assure aircraft survivability and flight-crew acceptance of
the attendant windshear cockpit automation? A definitive
answer to this question is not available at this time,
because of the complex issues involving human factors
and piloting technique, flight guidance and windshear
information display, and considerations of aircraft
performance capabilities. Figure 10 shows the change in
aircraft energy height accrued from the time of annunci-
ated warrning to shear exit, as a function of forward-look
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Fig. 10 Change in energy height as a function of -
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alert ume, for several values of hazard index F. Nega-
tive values of 7 represent reactive windshear alerting
svstems (or no alert at all), whereas positive values of 7
represent advanced warning times achievable with
remote sensing of aimospheric windshear conditions.
Figure 10 clearly demonstrates the benefits and payoff
attendant to forward-look windshear detection and
warning system concepts. The aircraft selected for this
analysis 1s tvpical of a modern, medium-range twin
turbojet transport. Prior to windshear encounter, the
aircraft was assumed to be in approach configuration
with a microburst windshear located between the
aircraft’s current position and the runway threshold.
Simpiifving assumptions used in the calculations were
constant F-factor once the shear is encountered, no
change of aircraft configuration, and inclusion of
representative latency for engine spool-up characteristics
once the crew has elected to execute a windshear escape
maneuver. Comparison of Figs. 9 and 10 suggests that
lidar performance in moderate to heavy rain is adequate
to significantly enhance aircraft survivability, although
for short forward-look alert times, complete avoidance of
microburst windshear may not be possible. Preliminary
results of piloted simulation studies, jointly conducted by
Boeing and NASA, tend to confirm the data presented in
Fig. 10. Tentative results of the simulator study indicate
that short alert times (15 to 30 s) can enable aircraft to
antain safe altitude prior to shear entry, and are assessed
as timely by the simulator test subjects.

Performance of the Ho:YAG and COz2 lidar systems has
also been evaluated for the “dry” microburst case, of the
type typically encountered at Denver/Stapleton Airport.
Such a case might include virga, but no rain reaching
the ground. Figure 11 shows the SNR for the two lidars,
as a function of aircraft distance from the core of the
microburst. The true wind velocities are also shown. The
velocity error for each system is less than 1 m/s for
ranges out to 7 km in front of the aircraft.
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Fig. 11 Signal-to-noise ratio and true wind velocity
versus distance from core of a dry microburst.

idar Hardw v ion

One of the goals of the program was to evaluate the
state of the art with regard to laser performance and
reliability. Together with our subcontractors, Spectra
Technology of Seaule, Washington, and Lightwave
Electronics of Mountain View, California, we have made

detailed performance estimates for CO2 and Ho:YAG
lasers. Both laser systems appear 0 have the capability
1o meet the program objectives, with the COy laser
having a significant advantage in technical maturity. A
3.mJ radiofrequency pumped waveguide CO3 laser
represents the state of the art for compact. reliable CO3
lasers and, in the Q-switched mode of operaton, appears
1o be a very low-risk solution to our system require-
ments. This type of compact, long-lived laser has already
demonstrated adequate frequency siability in airborne
applications. We have carried out a schematic op- _
tomechanical design of an airborne CO; lidar using this
laser and other commercially available components. The
resulung opiical package, including laser rransmirer,
local oscillator, detector, and beam scanner, has a
volume of approximately 3 ft°.

The theoretical performance of the 2-um lidar appears
superior to that of the 10-um lidar; however, only very
low laser output efficiency has been seen 10 date for
room-temperature, Q-switched, 2-um lasers. There are
also several remaining scientific and technological
questions for the solid-state 2-um lidar: (1) Will
single-mode oscillation be possible? (2) Will efficient
Q-switching be possible? (3) Will practical detectors with
adequate frequency response reach the market? (4) Will
pump diodes meet their projected lifetime? Efforts were
made to identify the potential 2-um system components
together with their likelihood of success. using inputs
from the several researchers. Unlike the CO» situation,
there are no Ho:YAG vendors, only researchers. There-
fore, if we had to select which laser system should be
incorporated into the windshear lidar today, we would
have no choice but to select the 10-um system. A
conceptual design layout for the optical head of an
airborne windshear is shown in Fig. 12.

10. ncl

Lidar appears to be a viable approach to windshear
detection and avoidance, even in conditions of moder-
ately heavy precipitation. The technology necessary to
design, build, and test a brassboard 10-um CO2 lidar is
available. The airborne lidar windshear-detection systems
analyzed in this program can give the pilot information
about the line-of-sight component of windshear threat
from his present position to a region extending 2 to

3 km in front of the aircraft. Techniques to measure and
display vertical wind components and spatial distribution
are a significant part of the windshear problem, and will
be addressed in our continuing investigation. Although
an eye-safe lidar at 2 um enjoys some performance
advantages, the lasers and detectors for such a lidar
have not yet been sufficiently developed to support their
use in a near-term system. In the long term, diode-
pumped solid-state lidars could well supplant COx2.

Although both CO2 and Ho:YAG systems are shown
feasible for airborne windshear detection in this study,
several important questions remain to be answered
before final decisions on development are made.
Specifically, additional simulation studies are needed to
investigate techniques to measure both the radial
(line-of-sight) and vertical winds. A “dry” microburst
case will be examined in the same way the present
“wet” microburst was analyzed. Lidar scanning tech-
niques will be investigated to allow modeling of the
spatial extent of the threat, as well as radia!l and vertical
components. The signal-processing algorithms to define
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Fig. 12 Conceptual design of an airborne CO7 laser radar.

the windshear threat must be examined along with
recent advances in lidar signal processing. Developments
in CO2 and solid-state technology should continue to be
monitored. A more fully developed windshear hazard
analysis and warning criterion should be developed and
incorporated into the computer simulation.

Finally, some of these questions can be answered
definitively only through an airborne sensor-validation
program. Such a program would be aimed at determin-
ing lidar performance against a windshear threat,
characterizing that threat, examining lidar system
performance in turbulent flows, and collecting valuable
data on windshear phenomenology.
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