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1. INTRODUCTION

In recent years a number of aircraft accidents have
resulted fromasmallscale, low altitude wind shear phenomena
known as amicroburst. Microbursts are produced within thun-
derstorms and are characterized by intense downdrafts which
spread out after impacting the earth’s surface, displaying
strong divergent outflows of wind. They are often associated
with heavy rainfall, but can occur without surface rain-
fall(Wolfson, 1988).

The Terminal Doppler Weather Radar (TWDR) pro-
gram is the first system developed to detect microbursts from
a ground-based radar in the airport terminal area. Improving
safety isits primary goal, and testoperations in Denver, Kansas
City, and Orlando have shown it to be highly successful in
identifying microbursts. Ingeneral, thisidentificationhas been
performed with a > 90% Probability of Detection (POD) and
a < 10% Probability of False Alarm (PFA) (Merritt et. al.,
1989).

The Integrated Terminal Weather System (ITWS)
will introduce several new low-level wind shear products.
These products include the Microburst Prediction product, the
Microburst Trend product, and an improved Microburst
Detection Product. The Microburst Prediction product will
provide estimates of the future location, onset time, and peak
intensity of microbursts before their surface effects are evident
(Wolfson et. al., 1993). The Microburst Trend product is re-
sponsible for warning users about expected increases, over a
twominute interval, in wind shear intensity along theapproach
and departure corridors of arunway. This two minute time pe-
riod approximates the delay between pilot receipt of an alert
and the time of actual encounter with the event. The trend
product should serve to improve pilot information when mak-
ing decisions involving a wind shear event. This is particularly
important for currently weak, but rapidly intensifying, wind
shears.

The Improved Microburst Detection Algorithm be-
ing developed under the ITWS program attempts to build on
the performance of the TDWR Microburst algorithm by im-
proving POD and PFA and providing finer localization capa-
bilities. More importantly, enhancements to the TDWR algo-
rithm are necessary in order to

1. provide a consistent input to the microburst
trend algorithm.
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2. closelyrelate the microburst alert to the energy
loss that the aircraft will actually experience
and to alerts from an on-board forward-look-
ing Doppler radar.

The TDWR algorithm does a good job detecting the
microburst impacted airspace, but makes no attempt to deduce
the number and centers of the events. Since the resultant alert
shapes are uncorrelated over time, performing amore detailed
meteorological analysis, suchaslocationtracking, andsize and
intensity projections required by the microburst trend product,
are compromised. This motivating factor for the improved
Microburst Detection Algorithm is discussed in more detail in
other works (Dasey, 1993a, Dasey, 1993b).

The focus of this paper is on the second motivating
factor listed above: relating the microburst alert more closely
with actual aircraft performance. Much of this understanding
has evolved from the analysis of data from instrumented air-
craft penetrations of microbursts within the Orlando terminal
area, coincident with TDWR testbed operation (Matthews and
Berke, 1993, Campbell et. al., 1992). The microburst penetra-
tion flights were conducted by NAS A Langley, the University
of North Dakota (UND), and several manufacturers of for-
ward-looking wind shear detection systems, including Ben-
dix, Rockwell-Collins, and Westinghouse. Use of this data
has allowed comparison of the alert representation from the
TDWR Microburst algorithm with that of the initial ITWS al-
gorithm in terms of its relationship with aircraft performance.

Section 2. describes a wind shear hazard index,
called the F Factor, and its estimation from a ground-based
Doppler radar. The estimated F Factors from the TDWR alert
shapes are described in section 3. Direct use of TDWR base
data for computing shear is explored in section 4, as is the cor-
relation of that data with aircraft F Factor measurements. Es-
timation of the F Factor from alert shapes output from the ini-
tial ITWS detection algorithmis explored insection 5. Section
6 examines the results and emphasizes future research.

2; THE WIND SHEAR HAZARD INDEX

Inrecentyears, the aviationresearch community has
moved from theclassification of microburstintensity interms
of headwind/tailwind loss, to therate of change of aircraften-
ergy loss. This is especially true in the development of the air-
borne windshear sensors which need to relate the instanta-
neous impact of a microburst on the aircraft. This numerical
microbursthazardindex, called the FFactor,is adimensionless
measure proposed by Roland Bowles (Bowles, 1990) of
NASA Langley Research Center. The Total F Factor(F,) is
composed of two terms, the horizontal term (Fy, effect of head-
wind/tailwind loss on aircraft performance), and the vertical
term(F,, effect of the downdraft on aircraft performance). On
board the aircraft, a reactive system uses the wind measuring
instrumentation to calculate the F Factor and issues an in situ
alert if the F Factor rises above a defined threshold.



The straightforward way to verify the accuracy of
ground-based windshear measurements is to fly an instrum-
ented aircraft into wind shear under the observation of a
ground-based detection system, then compare the measured
performance impact of the aircraft with that of the ground-
based system. The deployment of a testbed TDWR system by
MIT Lincoln Lab and the need to test predictive airborne sys-
tems by NASA Langley Research Center presented a unique
opportunity to validate the ground-based system against the in
situ aircraft measurements on a large scale. Initial testing in-
volved comparing the peak F Factor experienced by the plane
with that reported by the TDWR.

3. TDWR ESTIMATION OF F FACTOR

Estimation of F Factor can be done using amodified
version of the F Factor equation (Bowles, 1990):

_ AV(GS | 2h )\ _
FT‘KAR(g +TAS) Fy+F @)

whereK' is aconstant, AV isthevelocity difference,
AR is the distance over which the velocity difference is com-
puted, GS is the groundspeed of the aircraft, TAS is the true air
speed of the aircraft, g is the gravitational constant, and his the
heightof theradar beam. Since the Dopplerradarisonly capa-
ble of measuring the wind component along aradial, the verti-
cal component needs to be estimated using the Doppler data.
This was done by using a simplified version of the mass conti-
nuity equation. To do this the outflow region is assumed to be
acylinder with the radar beam acting as the top of the cylinder
and the ground acting as the bottom. Therefore, what flows
into the top of the cylinder (downdraft), must flow out the sides
of the cylinder as outflow. With this model, the outflow is di-
rectly proportional to the downdraft depending upon the ra-
dius of the cylinder and the deceleration profile with height.

The TDWR microburst algorithm defines a micro-
burst outflow region by fitting arace track shaped icon around
groups of radar radial velocity segments that show sufficient
velocity differential along theirlength. Site adaptable param-
eters control the maximum size of a shape, the minimum shape
radius, and other shape characteristics. Each icon is assigned
a value denoting the peak—to—peak velocity difference con-
tained withinthe shape. The peak—to—peak velocity difference
oftheicon represents the largestvelocity difference for any ve-
locity segment within the icon. This value is used as the AV
term of equation (1), while the length of the segment with the
largest peak—to—peak loss is used as the AR.

For each of the 118 microburst penetrations, an F
factor was calculated from the outputof the Lincoln version of
the TDWR microburst algorithm using the techniques de-
scribed above. Figure 1 is a plot of the TDWR estimated total
F factor (TDWR Fr), compared to the in situ F factor. From the
figure it can be seen that the computed TDWR Ft was consis-
tently higher than the in situ F factor. Most notable is that the
estimation was biased especially high for the NASA events.

The unexpectedly high values of TDWR Frmay be
due to several factors, the most obvious of which is that the F
factor computed from the microburst alarms assumes that the
shear has a constant value at all points within the alarm’s
boundary. This assumption is incorrect, and since the aircraft
sampled only asmall portion of the areaenclosed by the micro-
burst alarms, it is quite possible that on many occasions they
missed the localized “hotspot” of shear that caused the large
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Figure 1. TDWR algon'thm output vs.
aircraft total F factor
value reported by the TDWR. The test pilots indicated during
interviews that they occasionally avoided the most severe por-
tion of astorm intentionally due to flight safety considerations.
This limitation of the TDWR microburst algorithm, required
the development of a method to calculate F Factor on an along
track basis. Work in the airborne windshear community
pointed to using radial shear to compute an F Factor.

4. TDWR SHEARMAP ESTIMATION OF F FAC-
TOR

Ffactors can be computed from the TDWR testbed’s
radial velocity data by creating a map of the radial shear. To
do this, the radar base data were first subjected to a data quality
editing process and then velocity dealiasing. The data quality
editing consisted of clutter removal, point-target editing, and
range obscuration editing. Next, the velocity field was median
filtered using a sliding window of approximately 500 meters
x 500 meters. The actual radial shear computation for each
range gate was calculated by performing a least squares fit on
seven gates centered about the point. Withthe TDWR radar’s
150 meter gate spacing, this resulted in a fit over a radial dis-
tance of 1050 meters. This general method of shear computa-
tion is similar to work done by Britt (Britt, 1992) for NASA’s
airborne Doppler windshear detection system.

The peak F factor can then be estimated along the
trajectory of the aircraft by using the closest radial shear value
as calculated from the TDWR base data. To do this analysis,
the F Factor was broken down into it’s two terms, horizontal
and vertical. From equation 1, the horizontal term can be cal-
culated directly from the TDWR shear map data using the fol-
lowing formula (Note: K’ isequal to one because the shear map
is a one kilometer shear):

ry - AY(GS)

~ AR\ 8 2)

Figure 2 compares the horizontal term of theF fac-
tor as estimated from the TDWR shear map and the aircraft.
The shearmap provides a fairly good estimate of the horizontal
F factor, but tends to overestimate. A possible explanation for
an overestimated F factor from the shear map is the difference
between the altitude of the aircraft and the radar beam. For
most of the events, the aircraft penetrated the microburst at a
much higher altitude than the radar beam. Physical observa-



0
0 002 0.04 0.08 008 010 %1& &14 018 0.18 020 0.22 0.24

Figure 2. TDWR shearmap vs. aircraft
horizontal F Factor at F total peak time

tions and modeling results suggest that the horizontal shear in
amicroburst typically decreases with altitude. Thus, it would
seem prudent to attempt to compensate for the discrepancy be-
tween theheightat whichthe TDWR antenna beam and the air-
craft measured the microburst intensity.

The Oseguera and Bowles (Oseguera and Bowles,
1988) analytical microburst model includes a vertical shaping
function for the horizontal wind velocity thatis a good fitto ex-
perimental data. Correcting for altitude, Figure 3 shows that
there is a marked improvement in the shear map estimates for
horizontal Ffactor. Therefore, using the shearmapandcorrect-
ing for altitude seems to provide an acceptable estimation of
the horizontal F factor.

From formula (1), the vertical term of the F factor
is estimated using the following formula (Again: K’ is equal
to one because the shear map is a one kilometer

shear):
AV( 2h )

Fy = AR\TAS

3)

Figure 4 shows the shear map estimated vertical
term versus the in situ F factor. The vertical estimation perfor-
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Figure 3. TDWR shearmap vs. aircraft horizontal F Factor
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mance is sufficient when penetrating the center of a weak to
moderate microburst. However, when the aircraft penetrated
the edge of a microburst there was some overestimation, and
when the aircraft encountered a strong microburst, there was
some underestimation.

While the current TDWR microburst algorithm per-
forms extremely well in detecting microburst hazards, some
enhancements are needed to improve its ability to characterize
the impact the windshear will have on aircraft performance.
Research has shown that the current TDWR microburstshapes
overestimate the hazard if the aircraft does not encounter the
core of the microburst. A shear-based approach was devel-
oped that, after altitude compensation ,provided an acceptable
means to estimate the F Factor. This research, along with re-
search in the airbome community, has demonstrated that using
radial shear as ameans to characterize the impact a microburst
will have on an aircraft is more accurate that methods currently
used.

5. ITWS ESTIMATION OF F FACTOR

The ITWS microburst detection algorithm uses the
shearmap data from the TDWR base data, as discussed in the
previous section, as its primary data source. It operates by lo-
cating segments of radial shear with an average shear above
defined threshold levels (Dasey, 1992a). Currently, the algo-
rithm thresholds at4 shear intervals(4.0, 6.0, 8.0, and 10.0m/s/
km). These segments are constrained to avoid containing too
many bad data points or negative shear values. Then for each
threshold level, segments on adjacent radials are associated
with one another into regions of shear. For each region a loss
value is determined from the radial velocity by taking a veloc-
ity difference between two points for which the average shear
is above 2.5m/s/km. Next, acircular shape is optimized to best
fitthe resulting regions, and is tested for sufficient peak shear
and loss for a wind shear alert (minimum 15 knots, 5.0 m/s/km)
or a microburst alert (minimum 30 knots, 10.0 m/s/km).

One of the goals of the ITWS microburst detection
algorithm is to more accurately characterize the strength, in
terms of F Factor, of a microburst. Estimation of F Factor can
be done for the ITWS algorithm by using the horizontal equa-
tion of the F Factor(Equation 2.) and substituting the AV/AR
term with the shear value of the microburst as detected by
ITWS. Before doing this an altitude compensation can be ap-
plied to the data, similar to that done when computing F Factor
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from the TDWR shearmap. Figure 5 is a comparison of the
horizontal F Factor after altitude compensation as estimated
from ITWS with the in situ horizontal F Factor.

From equation (1), the vertical term can be calcu-
lated from output icons from the ITWS algorithmusing the fol-
lowing formula:

Fy = K,éx(zh )

D \TAS @

whereK’ is aconstant, AV isthe velocity difference,
D is the diameter of the ITWS shape, TAS is the true airspeed
of the aircraft, and h is the height of the radar beam. Figure 6
demonstrates that the ITWS microburst algorithm estimates
the vertical F Factor as accurately as the TDWR shearmap.

Another goal of the ITWS microburst algorithm is
tomoreaccurately characterize the size of thehazard presented
to an aircraftfrom windshear. To do this the along—track trajec-
tory total F Factor can be compared to the estimated F Factor
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at every second. Figure 7 is a comparison of the F Factor for
the TDWR microburst algorithm, the ITWS microburst algo-
rithm, and the in situ F Factor for a NASA penetration of a
6/15/91 eventat 19:52 UT in Orlando, Florida. The solid thick
line is F Factor estimated from the TDWR algorithm and the
dashed thick line is the F Factor estimated from ITWS. Figure
7 clearly shows thatthe ITWS algorithm can calculate an F fac-
tor withismorerepresentative of what the aircraft experiences.
The corresponding TDWR and ITWSS shapes for this event are
shown in Figure 8, superimposed on the TDWR shearmap
from thattime sample. The white linein Figure 8. indicates the
track of the NASA aircraft. The ITWS shape in Figure 8 is
more indicative of a single microburst event, is smaller and
thus should reduce overwaming, and specifically highlights
the region of strong shear with an additional shape.

6. DISCUSSION

A comparison of Figures 1 and 5 illustrates the im-
proved F Factor representation the ITWS detection algorithm
gives over the TDWR microburst detection algorithm. More
impressively, theITWS performancein Figure5 iscomparable
to the results from the TDWR shearmap in Figure 3.

Of the events in Figure 5 with no ITWS detection
(ITWS shear output was zero), there are two possible explana-
tions for these failures. First, some of the events penetrated by
the aircraft where in their development stages. Since the Dop-
pler data are only capable of measuring the horizontal flow,
any event in its development stage(i.e. downdraft) will go un-
detected. A solution to this problem is to incorporatethe ITWS
microburst prediction product, which provides information
about the location and intensity of downdrafts, in addition to
other aloft information. In other cases, the aircraft flew along
atrack which fell just outside an ITWS icon. The ITWS pro-
gram is being tuned with this and other information to put out
icons of a size that will reduce these misses.

Several improvements are expected to be made in
both the F factor estimation algorithm and the ITW S detection
algorithm. First, a function which corrects vertical F factor es-
timates for the distance from the center of the microburst will
be added. This is particularly crucial for the ITWS algorithm,
which has the philosophy of alerting with one icon per event.
Secondly, on going data analysis efforts are underway to deter-
mine the accuracy and overall performance of the ITWS mi-
croburst detections. As more results become available,
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from the TDWR shearmap. Figure 5 is a comparison of the
horizontal F Factor after altitude compensation as estimated
from ITWS with the in situ horizontal F Factor.

From equation (1), the vertical term can be calcu-
lated from outputicons from the ITWS algorithmusing the fol-
lowing formula:

_ xAV(2h
Fy = K4/ () @

whereK" is aconstant, AV isthe velocity difference,
D is the diameter of the ITWS shape, TAS is the true airspeed
of the aircraft, and h is the height of the radar beam. Figure 6
demonstrates that the ITWS microburst algorithm estimates
the vertical F Factor as accurately as the TDWR shearmap.

Another goal of the ITWS microburst algorithm is
tomoreaccurately characterize the size of thehazard presented
to anaircraft from windshear. To do this the along—track trajec-
tory total F Factor can be compared to the estimated F Factor

at every second. Figure 7 is a comparison of the F Factor for
the TDWR microburst algorithm, the ITWS microburst algo-
rithm, and the in situ F Factor for a NASA penetration of a
6/15/91 eventat 19:52 UT in Orlando, Florida. The solid thick
line is F Factor estimated from the TDWR algorithm and the
dashed thick line is the F Factor estimated from ITWS. Figure
7 clearly shows thatthe ITWS algorithm can calculate an F fac-
tor which is more representative of what the aircraft experi-
ences. The corresponding TDWR and ITWS shapes for this
event are shown in Figure 8, superimposed on the TDWR
shearmap from that time sample. The white line in Figure 8.
indicates the track of the NASA aircraft. The ITWS shape in
Figure 8 is more indicative of a single microburst event, is
smaller and thus should reduce overwarning, and specifically
highlights the region of strong shear with an additional shape.

6. DISCUSSION

A comparison of Figures 1 and 5 illustrates the im-
proved F Factor representation the ITWS detection algorithm
gives over the TDWR microburst detection algorithm. More
impressively, theITWS performance inFigure 5 iscomparable
to the results from the TDWR shearmap in Figure 3.

Of the events in Figure 5 with no ITWS detection
(ITWS shear output was zero), there are two possible explana-
tions for these failures. First, some of the events penetrated by
the aircraft where in their development stages. Since the Dop-
pler data are only capable of measuring the horizontal flow,
any event in its development stage(i.e. downdraft) will go un-
detected. A solution to this problem is to incorporate theITWS
microburst prediction product, which provides information
about the location and intensity of downdrafts, in addition to
other aloft information. In other cases, the aircraft flew along
a track which fell just outside an ITWS icon. The ITWS pro-
gram is being tuned with this and other information to put out
icons of a size that will reduce these misses.

Several improvements are expected to be made in
both the F factor estimation algorithm and the ITWS detection
algorithm. First, a function which corrects vertical F factor es-
timates for the distance from the center of the microburst will
be added. This is particularly crucial for the ITWS algorithm,
which has the philosophy of alerting with one icon per event.
Secondly, on going data analysis efforts are underway to deter-
mine the accuracy and overall performance of the ITWS mi-
croburst detections. As more results become available,
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changes will be made in the methods to further refine the
ITWS microburst algorithm. Also, future work on the ITWS
algorithm is planned to incorporate data from the Low Level
Wind Shear Alert System(LLWAS). This should improve
ability to detect asymmetric microbursts by providing data
which is perpendicular to the radar beam (Hallowell, 1993),
and ensure a consistent wind shear alert from systems within
the terminal area.
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