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1. INTRODUCTION AND EXECUTIVE SUMMARY
(J. Evans, editor)

The Federal Aviation Administration (FAA) Terminal Doppler Weather Radar
(TDWR) program conducted an aviation weather hazard measurement and operational
product evaluation program during 1989 around the Kansas City International (KCI)! and
the other Kansas City area airports. The objective of the 1989 measurement program was
to test and refine techniques for the automatic detection of low-altitude wind shear
phenomena (specifically, microbursts and gust fronts), turbulence, tornados and heavy
rain in a Midwest storm environment characterized by squall lines with "supercell”
storms and tornadoes.

From 19 June to 15 August and from 15 to 30 September 1989, an operational
evaluation of the TDWR products took place at KCI. The TDWR testbed radar located
near Leavenworth, Kansas executed the TDWR scanning patterns and automatically
generated the TDWR microburst, gust front/wind shift and precipitation products. These
products appeared on displays at the KCI control tower and terminal radar control room
(TRACON) for dissemination to aircraft landing or taking off at KCI and for the control
facility supervisors to better manage the use of the airspace. Additional developmental
products (e.g., storm movement forecasts) were tested in the second portion of the
operational evaluation period.

The specific objectives were to evaluate:

Microburst detection performance,

The TDWR warning function,

Gust front detection and wind shift prediction performance,
The TDWR planning function, and

New products, such as storm movement predictions.
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This report provides a preliminary summary of the results of the measurement and
product evaluation program. Subsequent reports will describe the results of detailed
investigations into various issues that arose in the testing. In this section, we provide
background information on the measurement program, experimental systems, and present
some salient results. Detailed results are presented in the subsequent chapters and the
appendices.

A. BACKGROUND

Low-altitude wind shear is a major cause of fatal air carrier accidents, and
turbulence causes a number of injuries every year to air carrier passengers and flight
crews. A major goal of the TDWR program is to provide automatic detection and
warning of microbursts, the most hazardous form of wind shear for aircraft approaching
or departing from airports. A microburst is produced by a small-scale but powerful
downdraft of cold, heavy air that can occur beneath a thunderstorm or a relatively
harmless-looking cumulus cloud [1, 2, 13]. As this downdraft reaches the earth's surface,
it spreads out horizontally, like a stream of water sprayed straight down on a concrete
driveway from a garden hose. An aircraft that is flying through a microburst at low
altitude first encounters a strong head-wind, then a downdraft, and finally a tailwind that
produces a sharp reduction in airspeed and a sudden loss of lift. This deadly sequence of
events has caused at least 30 aircraft accidents and incidents that have killed more than

IThe abbreviation KCI is used here to conform to the standard usage by the Kansas City ATC personnel.
The official code for the airport is MCL.



500 persons in the United States since the mid-1960s. The most recent air-carrier disaster
caused by wind shear was the 1985 crash of a wide-body jet airliner at Dallas/Fort Worth
that took 137 lives.

Based on wind shear measurement programs in Memphis (1985), Huntsville
(1986), and Denver (1987-1988) and a successful operational evaluation at Denver in
1988, the FAA has awarded a contract for the production of 47 TDWR systems [1, 3, 4].
These systems will be used for operational wind-shear detection and warning at major US
airports (including KCI) in the early 1990s.

B. MEASUREMENT SYSTEM

Figure 1-1 shows the locations of the various ground weather sensing systems
used in the 1989 measurement program. The TDWR. developed and operated by the

Figure 1-1. Wind shear detection radar locations for 1989 tests in Kansas City.



Lincoln Laboratory of the Massachusetts Institute of Technology (M.L.T.), was the
primary data collection tool for the TDWR measurement program. This S-band radar
(designated by the letters FL-2 in Figure 1-1) uses a 28ft.-diameter antenna and a
powerful signal processing system to record, process and display the Doppler
measurements. The signal processing techniques used (e.g., digital ground clutter
rejection filters and automatic selection of signal waveforms) are functionally equivalent
to those which will be used in the operational systems which the FAA is procuring. A
system of several computers executed the TDWR wind shear detection and product
generation algorithms in real time and presented the results on a variety of displays at the
FL-2 site.

A C-band Doppler radar system operated by the University of North Dakota
(UND) also participated in the summer measurement program. This radar (designated
UND in Figure 1-1), located about seven miles east of KCI and five miles northwest of
the Downtown airport near Gladstone, Missouri, provided additional confirmation of
wind shear events near KCI and the Downtown airport as well as data on the effects of
wavelength on the characteristics of various weather phenomena.

The air surveillance radar (ASR) testbed developed and operated by Lincoln
Laboratory was located adjacent to the FL-2 sensor near Wolcott, Kansas. This S-band
radar (designated by the letters FL-3 in Figure 1-1) uses an ASR-8 antenna and
transmitter and a wideband recording system to record all of the data measured by the
system on the antenna upper and lower beams. A Lincoln-developed signal processing
system produced estimates of the storm reflectivity and surface wind velocities as well as
microburst alarms generated by an experimental algorithm [14]. The ASR provided rapid
update measurements (several per minute) on storm reflectivity and on some of the
microburst outflows near the FL-3 site.

A network of 40 automatic weather stations (one of which is shown in Figure 1-2)
located in open areas collected data on temperature, humidity, pressure, wind speed and
direction, and rainfall 24 hours a day. Data were transmitted from each of the stations to
the GOES-East geostationary satellite every half hour. The data were downlinked and
recorded for analysis. The wind data from the weather stations will be used to validate
the wind shear detection performance of the Doppler radars and for the TDWR/Low-level
Wind Shear Alert System (LLWAS) integration studies, while the other weather station
data will be used for meteorological analyses of the wind shear events.

Additional information on the surface wind characteristics during wind shear
events was provided by data from six FAA LLWAS anemometers located around KCI.
From 22 June to 15 August, NSSL personnel made soundings of the atmosphere vertical
structure during periods of significant weather using the NSSL-developed weather
balloon sounding system.

From 1 April to 15 June and 15 August to 4 September, UND operated its Cessna
Citation II jet aircraft equipped with instruments to measure the wind, temperature and
humidity conditions near storms as well as the numbers and sizes of cloud droplets and
raindrops encountered within storms. The Citation aircraft furnished the data on the near
surface and upper air environments associated with wind shear events, as well as direct
measurements of turbulence to confirm the accuracy of Doppler-radar-based wind shear
and turbulence-detection algorithms.



Figure 1-2. Weather radar measurement program surface weather station.



C. OPERATIONAL CONCEPT/CONTROLLER PRODUCTS

A very important component of the TDWR development program was the
refinement of the operational concept to ensure that the TDWR information will meet
user needs. Since the characteristics of the wind shear phenomena can differ in various
regions of the country and there are differences in airport configurations, it is important
that the planned products be operationally evaluated in a variety of environments. The
KCI testing permitted the evaluation of the products tested operationally at Denver in
1988 as well as the assessment of certain product/user interface refinements that grew out
of the Denver tests [5].

In the initial implementation, TDWR data will be directly disseminated to
controllers and supervisors using two types of displays. These displays are:

1. A ribbon (alphanumeric) display which displays wind shear hazard messages
to controllers for relay to pilots, and

2. A geographical situation display (GSD) which presents weather data in a
graphic format to air traffic supervisors for planning purposes.

1. Ribbon Display

Ribbon displays were provided at several locations in the KCI control tower and
at the supervisor's position in the TRACON. Wind shear alert information was presented
to the controllers on the ribbon display in alphanumeric format that could be read directly
to pilots without any interpretation, as shown in Figure 1-3. The alert message describes
the affected runway, type of wind shear (strong microbursts are described as a
"microburst," gust fronts and weak microbursts as a "wind shear"), the expected
headwind change, and the location at which the wind shear will first be encountered
along the runway corridor. The specific codes used on the display for alerts are (1) MBA
for microburst alert and (2) WSA for wind shear alert.

Based on the User's Working Group [5], the location information was quantized
into six locations: the runway itself and rectangular boxes centered on the runway
centerline located 1, 2, and 3 nmi from the approach runway end and 1 and 2 nmi from
the departure runway end. The width of each rectangle about the extended runway
centerline could be varied based on operational experience. A width of 1 nmi was used
for the KCI testing. The specific codes used on the display to indicate location are
(1) MF for miles final, (2) MD for miles departure, and (3) RWY for on the runway.
When a microburst (or gust front) shape overlapped at least one rectangular region, an
alert a\;ras issued for the location at which the wind shear would be first encountered by an
aircraft [7].

2. Geographical Situation Display (GSD)

The GSD was available to air traffic supervisors for planning purposes, both in
the tower and in the TRACON. All of the TDWR products (microburst, gust front, wind
shift prediction, and precipitation intensity) were available on these displays. Selectable
features included range from the airport, background maps, and precipitation intensity
levels to be displayed. The wind shift product, which can be selected to be either on or
off, provided a prediction of the location of a gust front for 10 minutes and 20 minutes in
the future. In this way air traffic supervisors could anticipate wind shifts that could
change runway usage patterns, rather than reacting to a wind shift that had already
impacted airport operations. A GSD also was provided to the Central Weather Service



Unit (CWSU) meteorologist at the FAA enroute control facility in Olathe, Kansas for
interpretation of the precipitation display information.

18:56: 43
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Figure 1-3. Ribbon display for Kansas City testing. The LLWAS winds data (shown as 99 99) are not
valid. The message for departures on runway 19D is "microburst alert, expect 30 knot loss at 2 miles on
departure.”

Figures 1-4 and 1-5 show GSD displays for a wind shear incident which occurred
on 24 June during the operational evaluation period. Six microbursts (depicted by open
and filled red areas) are active south of the airport. Two microbursts (one with an
estimated 30 kt headwind loss) are impacting the N-S runway corridor warning boxes that
are 2 and 3 nmi, respectively, from the runway end. These runway corridor regions are
shown in red to indicate that they are in a microburst alert status. The leading edge of the
outflows from these microbursts have created a gust front (indicated by a purple line)
which is impacting the E-W runway corridor (shown in purple to indicate that a "wind
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Figure 1-4. Kansas City geographical situation display (GSD) on 5 nmi scale for a wind shear
event which occurred on 24 June 1989.
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Figure 1-6. Kansas City GSD with experimental storm track vector display for a storm which
occurred outside the operational evaluation period. The cells are shown to be moving to the
northeast at approximately 35 ki. Approximately 20 minutes after this time, a US aircraft hit a

power line on an attempted approach through rain to runway 9A.
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at range intervals defined by the PRF used to collect the sample volume in question,
distant weather signal strengths which exceeded a site-adaptable distant weather
threshold. The comparison between the first trip signal strength and the estimated distant
weather contribution was made on the basis of a site-adaptable obscuration threshold.
The obscuration threshold was dynamically adjusted for the age of the distant weather
information and for the difference in elevation angle between the sample volumes being
edited and the distant weather information. The time- and elevation-based adjustments
were incorporated in an attempt to compensate for the limited distant weather data
collection allowed by the TDWR scan strategy, in light of probable distant weather
variations with time and altitude.

Although it was not possible to perform a thorough analysis of the site adaptable
parameters controlling range obscuration editing, it was determined that the following
provided adequate performance:

1. Distant weather threshold was 5 dB. This was lower than the 8 dB used for
PRF selection because of the linear interpolation used to resample the 480 m
distant weather gate spacing into 120 m gate spacing for use in editing first-
trip data5, and was intended to provide better distant weather information at
the boundaries of significant distant weather regions.

2. Nominal obscuration threshold was 1.5 dB. This meant that the first-trip
weather had to exceed the estimated distant weather contribution by at least
1.5 dB or it would be flagged invalid.

3. The nominal obscuration threshold was decreased 1.5 dB per 10 minutes of
age of the distant weather information and was increased (or decreased) 3 dB
for each degree of elevation that the distant weather data were above (or
below) the data being flagged.

Post-demonstration analysis of distant weather spatial/temporal distribution was
performed on three day's of data collected during the 1989 season. On the days chosen,
data contamination due to range aliasing was known to be present and could have
affected wind shear detection (significantly biased velocity estimates) at or near the

airport.

Figures 4-1,4-2, and 4-3 represent the actual Kansas City geometry (Sector A), a
simulated geometry with a pseudo-airport to the south of the radar (Sector B), and a
simulated geometry with a pseudo-airport to the northwest of the radar (Sector C). They
show the relationship between the level of potential distant weather contamination
(percent of first-trip sample volumes contaminated, quantized in decades), and the length
of time (based on the total number of minutes analyzed over the three data cases) a given
level of contamination was in present. This relationship is shown for the runway,
microburst, and gust front regions, at the optimal S-band PRF for each region. It should
be noted that the histograms represent potential, as opposed to actual, obscuration; actual
obscuration depends upon the relationship between first trip and distant weather
strengths.

5 Limitations on the total number of gates which could be processed by the testbed front-end necessitated a
minimum range gate spacing of 480m when data collection to 420km was required. The TDWR will use a
gate spacing of 150m out to 135 km, and 300m for the remaining gates out to 460 km.
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Figure 4-1. Composite contamination levels - Sector A, KCI (airport sector).
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Figure 4-2. Composite contamination levels - Sector B (assumed airport to south).
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The figures suggest that a radar location to the north of the airport would have
provided the lowest probability for range obscuration, given the weather patterns during
the 1989 season. A radar location to the northeast of the airport would probably have had
a similarly low level of contamination and would have been better for gust front detection
and headwind-tailwind shear estimation.

C. POINT TARGET REJECTION (R. Hallowell)

The point target rejection algorithms developed by the TDWR contractor were
tested off line to see if they would be effective in reducing microburst false alarms. This
filter processes the reflectivity field, using a one-dimensional spike test to identify the
presence of a point target (such as an aircraft). The current Raytheon technique looks at
several spatial scales (3, 5, and 7 range gates).

A number of data cases containing obvious aircraft interference echoes were
identified for use in evaluating the performance of the two algorithms. The basic
characteristics of these aircraft echoes are being characterized to determine the most
appropriate spike strength threshold to be used at each spatial scale. Preliminary analysis
indicated that a five-gate spike amplitude threshold of roughly 20-25 dB would be quite
effective at detecting most aircraft targets, while removing minimal weather cells.

The implementations of the rejection algorithms was used to validate the
performance of the techniques against these aircraft cases and will also be applied to a
larger set of microburst algorithm scoring cases. These experiments will serve to
evaluate the ability of each algorithm to reject typical point target sources without
adversely affecting the desired weather event signatures. Processing of these cases and
analysis of the results is just beginning and should be ready for formal reporting in 1990.
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Figure 4-3. Composite contamination levels - Sector C (assumed airport to northwest of radar).
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A basic example of the operation of the TDWR point target algorithm is shown in
Figure 4-4. This set of images shows the raw radar reflectivity (upper left) and radial
velocity (upper right) fields from a radar scan with no significant weather echoes in the
vicinity of the Kansas City radar on 15 August 1989. The small-scale interference region
from an aircraft can be seen in these images, as indicated by the arrow. The lower two
images show the results after the TDWR algorithm was applied. The majority of the
aircraft echo was identified and removed from the reflectivity field, and the velocity
contamination was filled with data from adjacent uncontaminated range gates. A few
gates of residual contamination can be seen in this case, where the interference echo is at
rather low signal strength (but still enough to perturb the velocity estimates). Threshold
settings for the spike thresholds will require adjustment to achieve the proper balance
between target rejection and weather signal degradation.
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Figure 4-4. Effect of the TDWR point target rejection algorithm on an aircraft signature measured
in Kansas City on 15 August 1989. The raw radar data (reflectivity - upper left, and velocity - upper
right) show significant perturbations in their respective fields caused by the aircraft (indicated on
image with arrows). The bottom pair of images illustrates the same fields after point target
rejection. The reflectivity is essentially cleared while the velocity still shows some residual
perturbations.
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