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Figure I. Geographic Situation Display (GSD) (left) and ribbon display terminal (RDT) (right) that convey information on wind shear
and other weather phenomena to controllers.



1.0 INTRODUCTION

Under Federal Aviation Administration sponsorship, Lincoln Laboratory has developed a
prototype Airport Surveillance Radar Weather Systems Processor (ASR-WSP). This prototype
has been used for field measurements and operational demonstrations since 1987. Measurements
so acquired provide an extensive database for development and validation of the algorithms used
by the WSP to generate operational wind shear information for Air Traffic Controllers. In this
report we assess the performance of the current versions of the WSP’s microburst and gust front
wind shear detection algorithms on available data from each of the locations at which our
prototype system has operated. Evaluation of the associated environmental characteristics (e.g.,
storm structure, radar ground clutter environment) allows for generalization of these results to the
major U.S. climatic regimes where the production version of WSP will be deployed.

The WSP addresses two forms of thunderstorm-generated low-altitude wind shear.
Microbursts occur when intense, small-scale downdrafts from thunderstorms reach the earth’s
surface and diverge horizontally in a roughly cylindrically symmetric pattern. Aircraft
penetrating the resulting surface wind outflow encounter a dangerous headwind to tailwind
velocity transition (i.e., loss of airspeed) and may experience additional control problems
associated with the core downdraft or other smaller scale circulations in the microburst.
Microburst onset times may be extremely short, with the divergent outflow reaching peak
intensity within a few minutes of the downdraft first reaching the surface.

Gust fronts are the leading boundary of larger-scale thunderstorm outflows which may
propagate tens of kilometers away from the generating precipitation. Convergent wind shear
(i.e., an increasing headwind) encountered by an aircraft penetrating a gust front is considered
less hazardous than the loss associated with a microburst. The winds behind the front, however,
are turbulent and the long-term change of wind speed/direction following passage of the front
affects runway operations. Tracking and predicting gust front arrivals before they reach an
airport allows for more efficient use of runways.

Figure 1 shows the dedicated displays by which the WSP conveys information on wind shear
and other weather phenomena to controllers. Runway-specific microburst alerts (losses equal to
or exceeding 30 kts or approximately 15 m/s ) or wind shear alerts (losses less than 30 kts and all
gains) are displayed on an alphanumeric ribbon display terminal (RDT) to be read verbatim to
affected pilots by the Tower local controller. A color Geographic Situation Display (GSD)
provides ATC supervisory personnel general information on convective weather in terminal
airspace, showing the location and movement of thunderstorm cells and gust fronts and the
position of microbursts. This information is generated in a totally automated fashion using
computer algorithms that:

1. Process the “raw” echoes received by the radar to generate base data, which is
imagery of precipitation reflectivity and Doppler spectrum content; and

2. Recognize operationally relevant features in the spatio-temporal structure of these
base data images; for example, the presence, intensity and movement of low-
altitude wind shear.












Figure 3. The host ASR-9 and prototype WSP at their current locations on Albuquerque International Airport. @
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2.2 Synopsis of Relevant Algorithms
A. Base Data Generation Algorithms

The principal elements of the base data generation algorithms are described in Weber [1987,
1989]. For each radar resolution cell, these algorithms suppress ground clutter and estimate the
reflectivity, mean low-altitude Doppler velocity and spectrum width of the meteorological
echoes. High- and low-beam signals are processed on alternating scans of the antenna. Ground
clutter suppression is accomplished using a data adaptive approach that minimizes distortion of
the weather echo spectrum in the filtering process. The output of the clutter suppression module
is passed to an auto-correlator that generates estimates of the signal auto-correlation function for
both high and low beams at delays from zero to four times the average pulse repetition interval.

The precipitation reflectivity factor, Doppler velocity and spectrum width are calculated
using the output of the auto-correlator. Data quality flags are generated where contamination
from ground clutter breakthrough, out-of-trip weather and velocity folding occur and are used by
the meteorological product algorithms in assessing the validity of associated base data.

B. Microburst Detection Algorithm

The WSP microburst detection algorithm is a two-stage process. The first stage, described by
Newell and Cullen [1993], searches for candidate divergence signatures in the low-altitude
Doppler velocity field. A straightforward radial-by-radial search is performed for the
characteristic increasing (with range) velocity signature associated with microburst outflows.
The resulting shear segments are then subjected to scan-to-scan continuity tests, grouped
azimuthally and passed on to the second stage verification process that ensures that the candidate
microburst detections are physically plausible. This verification process utilizes advanced image
processing and expert system technology to assess whether the spatial and temporal structure of
the liquid water (i.e., reflectivity) field associated with candidate microburst detections is
consistent with physical expectations.

C. Gust Front Detection Algorithm

The WSP’s Machine Intelligent Gust Front Detection algorithm [Delanoy and Troxel, 1993]
exploits image processing/expert system technology developed at Lincoln Laboratory originally
in the context of Automatic Target Recognition. MIGFA employs multiple, independent
functional template correlators that search the WSP’s reflectivity and Doppler velocity imagery
for features that are selectively indicative of gust fronts. Because the ASR-9’s intrinsic
sensitivity is often inadequate to directly measure the convergent radial velocity pattern
associated with gust fronts, MIGFA’s feature detectors are designed to recognize manifestations
of the thin line echo along a front’s leading edge. This subtle feature can be recognized as a
slight enhancement in radar reflectivity relative to background and/or as a line of spatially
coherent Doppler velocity estimates embedded in a noise background where gate-to-gate
estimate variance is much higher. Movement of thin lines through a background of stationary
ground clutter residue and slower moving storm cells aids in their identification.

The outputs of the feature detectors are expressed as interest images, whose values (0 to 1)
specify the degree of evidence that a gust front is present. The multiple interest images are fused
to form an overall map of evidence indicating the locations of possible gust fronts. From this






3.0 WIND SHEAR DETECTION PERFORMANCE
AT PROTOTYPE OPERATING SITES

3.1 Huntsville, Alabama, 1987-1988
A. Testbed Configuration

One channel of a Navy ASR-8 was deployed to a site just west of the airport in Huntsville,
Alabama in the summer of 1986. The radar and associated quadrature video recording system
were operational by autumn, and the first Doppler weather imagery from the testbed was
generated (off line from the recorded raw radar data) over the winter. Based on the successful
summer 1987 off-line demonstration that microburst and gust front signatures could be extracted
from the testbed signals, a first implementation of a real-time signal processor was deployed in
1988. This facilitated effective data collection, monitoring, and scoring.

The net effect of the ASR-8 parameters and the WSP receive chain configuration was to
substantially reduce receiver sensitivity relative to that of the current prototype and the
production WSP. Net reduction in low-beam sensitivity was 16 dB at 5 km and 6.5 dB at 15 km.
In Huntsville, this would not likely have affected results for the microburst detection function
since essentially all microbursts at this site are “wet” and therefore exhibit high radar reflectivity.
Detection of the much less reflective thin-line signatures associated with gust fronts is
substantially degraded, with the net lowering of system sensitivity. For these reasons we have
not attempted to quantify WSP gust front detection capability at the Huntsville site. The later
Orlando data sets, collected with a more appropriate set of radar and receive chain parameters,
provide gust front detection results representative of what would likely be achieved at Huntsville
with the WSP.

B. Truth Sensors

Figure 4 shows the location of relevant sensors during the Huntsville field measurements.
An essentially co-located C-band 1.4° pencil-beam weather radar (operated under subcontract to
the MIT Center for Meteorology) provided the primary source of truth for evaluation of the WSP
algorithms. This is a coherent-on-receive magnetron system, providing good sensitivity—we
estimate that the radar can measure reflectivity and Doppler velocity to 30 km for weather
exceeding 0 dBz reflectivity.

C. Environmental Characteristics

Huntsville typically has 57 thunderstorm days per year with about one-half of these occurring
during the summer months (June-August). The combination of significant low-level moisture
and strong daytime surface heating in the absence of significant vertical wind shear leads to the
occurrence of “air-mass” thunderstorms during the summer months. From fall to early spring,
however, thunderstorms here are induced by strong frontal systems associated with considerable
vertical shear due to the proximity of the polar jet stream. Microbursts in Huntsville are “wet,”
i.e., characterized by core radar reflectivities greater than 30 dBZ and measurable surface
precipitation.
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Figure 4. Map showing locations of FAA/Lincoln Laboratory ASR-8 testbed, supporting C-band pencil-beam “truth radar” and Mesonet
anemometer during 1987-1988 Huntsville campaign.
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Figure 5. Map showing locations of FAA/Lincoln Laboratory WSP and TDWR testbeds at Kansas City and supporting University of North Dakota radar.



A more significant difference relative to these southeastern U.S. sites is the presence of
strong, vertical speed and direction shear in the ambient horizontal wind field in which
Midwestern thunderstorms form. This shear serves to organize the convection into long-lived,
meso-scale complexes that propagate rapidly and for long distances. Associated “sloping” of
precipitation shafts is a significant issue for low-altitude wind shear detection with the ASR-9’s
fan beams. In some circumstances, reflectivity aloft may exceed that at the surface by many
orders of magnitude, making it virtually impossible for the radar to measure the near-surface
wind field accurately. This circumstance does not directly affect the ability to detect microbursts
since, as indicated above, these are predominantly associated with surface rain. However, false
divergent velocity signatures may result when changes in wind with altitude are “interpreted” by
the fan beam as horizontal wind shear.

D. Microburst Detection Performance

False divergence signatures generated by the sloping storm structures described above are
most prevalent near the edges of storm cells, or in other regions where the vertically integrated
reflectivity seen by the ASR’s beam has a significant horizontal gradient. To reduce the
occurrence of false alarms from this mechanism, the verification stage of the WSP’s microburst
detection algorithm aggressively filters out divergence signatures that are centered outside the
significant reflectivity contours in a storm cell. Although this and other image processing
techniques are effective in holding false alert probabilities down, in some cases they may also
eliminate alerts for true divergent shears.

Detection and false-alarm statistics from the Kansas City database are listed in Table 2. Data
are from a representative set of thunderstorm episodes, acquired on ten different days. The
database encompasses six hours in total, and 45 discrete microbursts. Forty-three hundred
images of WSP and “truth” radar were scored. These periods include most of the significant
convection that occurred at the test site during the Kansas City campaign.

ASR-9 Microburst Detection AIgI?i?tI\?nZScoring Results for Kansas City
Event Strength Pd Pfa
210 m/s 0.67 0.21
>15 m/s 0.87 0.15
>20 m/s 0.99 0.09

Relative to southeastern U.S. airmass thunderstorm environments, the Pq at Kansas City was
lower, particularly for divergent wind shears below the “microburst alert” threshold. Overall,
about two-thirds of all divergent shears were detected by the prototype, rising to almost
90 percent at the 15 m/s “microburst threshold. Higher detection probabilities in this
environment could readily be attained if Pfa were allowed to rise.
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3.3 Orlando Florida, 1990-1992
A. Testbed Configuration

The WSP testbed was moved to Orlando, Florida in the spring of 1990, along with the
TDWR prototype and other supporting sensors. The WSP testbed occupied the former on-airport
site of the FAA’s operational radar (ASR-8) which had been vacated upon commissioning of its
ASR-9. During the Orlando field program, the host radar for the WSP prototype was upgraded
from an ASR-8 to an ASR-9, and the WSP receiver’s dynamic range was increased substantially.
Gust front detection was identified as a system requirement so that, in contrast to previous
operations, a database was acquired that was appropriate for quantitative evaluation of WSP gust
front capability.

B. Truth Sensors

Figure 6 shows the locations of supporting sensors deployed during operations in Orlando.
As in Kansas City, the FL-2 TDWR prototype was generally the preferred reference for scoring
of WSP products. For operations in Florida, this radar was converted to the C-band operating
frequency used in the production TDWR. Because FL-2 was not co-located with the WSP
testbed, radar viewing angles for some wind shear events differed significantly between the two
radars. When there was concern that asymmetry in the strength of microburst outflow winds
might be a factor in differences between WSP and TDWR testbed measurements of a microburst,
we examined data from either the University of North Dakota or MIT C-band weather radars
(whichever had a viewing angle to the event most similar to the WSP testbed) to arbitrate.

C. Environmental Characteristics

Orlando averages about 80 thunderstorm days per year. More than fifty of these occur during
the summer months. Precipitation is measurable on 116 days per year on average, and the mean
annual total is approximately 50 inches, most of that received in the summer. Average daily high
temperatures during summer months are in the low 90’s, while daily lows range from 70 to 75
degrees, corresponding to the highest summertime dewpoints in the continental U.S. Thus, air-
mass thunderstorms form almost daily at this time of year, often aided by the propagation of sea-
breeze fronts that migrate eastward and/or westward over the Florida peninsula. Since these
phenomena are instigated by daytime surface heating, most summertime microbursts in Florida
occur during the daylight hours, with a few lingering into the early evening. As mentioned
previously, all microbursts in the southeastern U.S. are classified wet. Median core reflectivities
in Orlando microbursts were measured to be 50dBz.

Gust fronts observed in Orlando were characterized by low to moderate thin line reflectivity
values and weak convergence strengths. Median gust front thin line reflectivity was 15 dBz.
Seventy-two percent of Orlando gust fronts exhibited maximum convergence strength less than
10 m/s.
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Figure 6. Map showing locations of sensor deployed in Orlando, Florida during TDWR and WSP field measurement programs there.
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Figure 7. Map showing locations of WSP testbed, MIT “truth” radar, and anemometers at Albuquerque.




On average, 42 thunderstorm days per year occur in Albuquerque. More than one-half of
these occur in late summer (July-August) in conjunction with the monsoon season in the desert
Southwest. Measurable precipitation is received on only 61 days per year on average, and the
mean annual total precipitation is only about 8.5 inches, most of which falls during the monsoon.
Average daily high temperatures in summer are consistently around 90°, with average daily low
temperatures falling to the upper 50’s and low 60’s. Summertime thunderstorms are air-mass
type, but peak occurrence is in early evening, possibly delayed by a “deficit” of atmospheric
moisture, relative to other testbed locations.

This relative lack of moisture is also evident in the frequent occurrence of dry microbursts in
Albuquerque which have relatively low radar reflectivities and little or no surface rainfall.
Approximately 25 percent of Albuquerque microbursts exhibit core reflectivities of less than
30 dBz. Such events exhibit radar cross sections that may be many orders of magnitude smaller
than the severe ground clutter sources that are prevalent at this site. Compounding the difficulty
of radar-based microburst detection at this site is the presence of significant vertical shear in the
ambient wind field caused by topographic effects and the frequent proximity of synoptic fronts.
We described the effects of vertical shear on WSP microburst detection capability in discussing
the Kansas City results.

The arid ABQ environment is also manifest in the radar reflectivities of gust front thin lines.
Essentially all of the gust fronts observed had reflectivities less than 10 dBZ, and 35 percent had
reflectivities less than 0 dBz. The speed of movement and convergence strength associated with
many of these fronts were strong, however. In particular, “Canyon Wind” events—outflows from
thunderstorms east of the Sandia Mountains, which are funneled through the Tijeras canyon onto
the airport—are normally very strong, with maximum convergence strengths greater than 15 m/s.
Radar detection of these events is extremely difficult until they clear the intense ground clutter
from the mountains.

D. Microburst Detection Performance

Table S summarizes detection and false-alarm probabilities for the WSP prototype’s
microburst detection function at ABQ. Data evaluated were from 38 representative thunderstorm
days during the 1993 and 1994 storm seasons. Approximately 35 hours of data are included,
involving 120 separate microburst events. Twenty-five thousand scans of WSP and truth radar
data were scored in generating these statistics.

The environmental challenges of this site—severe ground clutter, low cross section
microbursts and a high-wind, vertically sheared ambient atmosphere—resulted in significant
reduction in P( relative to the other sites evaluated. Two-thirds of all divergent wind shears were
detected by the WSP prototype, rising to approximately 80 percent at the microburst alert

threshold. Higher false-alarm probabilities also were incurred, particularly for weak shear alerts
near the 10 m/s threshold.
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