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1. INTRODUCTION

Low level wind shiear lus been wentilied os a cause or
contribulime facior masignificant numberolaviation accidents,
Research has shown that the most dingerous type of wind shear
15 the mucrobuest (Fupia,etal, 1977 and 1979). Brcfly, anicro-
buarst is an intense local downdralt that resulis in a stiong diver-
eent outflow near the surface. The dumeter of the outflow re-
gion may vary from 3 to 10 Km. Although many of these
accidents were nonfatal, six of them resulied in a tatal of 550
lives lost. During the past 17 years, the mainstay of the ciion by
the Federal Aviation Adnunisteition (FAA) 1o provide wind
shear wammgs to pilots has been the Low Level Wind Shear
AlenSysiem (LLWAS). The system has been redesigned, based
on extensive operational expenence und new Know ledpee about
the nature of the aviation wind shearhazard (Go T and Gramzow,
1989). Inaparallel development e Terminal Doppler Weathier
Radar (TOWR) has provided a capable allemative for ground-
based nucroburst detection (Tumbull. et al. 1959). Recent stud-
ies on the integration of LLWAS with TIDWHK have established
the value of & combined TIMWR/LLWAS wind shear detection
system (Cole and Todd, 1993}

The LLWAS sysiem is being developed in four phoses,
LI1, I10. and IV which refleet the cheonology of operational de-
ployments. The ommnal LLWAS, now called LLWAS L wasde-
signed for the detection of Trontal shears under the assumption
that hazardows wind shear 15 associated with large—-scale meteo-
rological features (Goll and Gramzow, 1989). This system was
deployed at 1 10amponts between 1977 and 1987, LEWAS 1had
no microburstdetectioncapabilitvandhad excessive false alerts.

LLWAS I was developedio reduee the false alen sate of
LLWAS | amd to provide a madest microburst detection capabil-
ity. Itis a direct response 1o recommendations by the National
Research Council (NRS-NAS, 1983). lollowing the 1982 mi-
croburst crash in New Orleans. Thisuperade, deploved by mo-
difyimg the software n LLWAS [, provaded an improvement
that would not suffer the delays and the costs of the major
construction that is required for off-airpon LLWAS 1 sensors.
These upgrades to LLWAS [ were stalled between 1988 and
1991. LLWAS T will be the operational wind shear detection
system at many airporns untl the lae "9s,

LLWAS I was developed in response to the require-
meent that LLWAS have anncroburst detectioncapability { NRS-
MNAS, 1983} This syslem wis designed by a combination of
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computer simulation studics (Wilson and Fleeck. 1986) and a
successiul field test of a prototype &t Stapleton Intemational
Adrport, Denver in August 1987 (Smythe. et al. 1989, and Wil-
son.etal, [991). LLWAS I combines a dense sensor network
and a sophisticated Wind Shear/Microburst (WSMEB) detection
algorithm to provide a substantial nucroburstdetection capabil i-
ty. The protetype LLWAS 111 has continued to operate at Staple-
ton Intemational Airport, Denver since 1987 and has beencred-
ited with the “save” of o commercial airliner on July &, 1989,
Mine LLWAS 111%s are being installed this vear.

LLWAS IV will be deployed at 83 airports in the late
‘9=, The LLWAS IV wind shear and mic roburst detection aleo-
rithnes will be identical 1o LLWAS T This system leatures a full
hardware upgrade. Major improvements include an ice-free
sensor and hardware ihai 15 morne reliable and moanlamable.

This report provides aneviluation ol the effectivencss of
LLWAS I and LLWAS 1L The TDWR aperational test bed at
Orlande Intematzonal Airpon. Odande (MCO) provides a
unicjue data set for this evalumion. Ths west-bed leatures data
from a 14-sensor LLWAS, the protoiype TDWR, FL-2C, oper-
ated by MIT/LL., and the University of Nonh Dakota meteonn-
logical radar (UNIDY, Data from thistest bed in the stmmers of
1991 and 1992 are used 1o provide an evaluation of LLWAS 11
and LLWAS ITI. Since LLWAS 1V uses the same wind shear
detection algorhm. it 15 expected hat LLWAS Hland LLWAS
IV will have comparable wind shear detection eapabilitics.

2. THE LLWAS 11l DESIGN

LLWAS [lis designed with attention to specific require-
ments by Aur Traffic Control and pilot croups for capabilities of
an improved LLWAS. These requirements are:

1. The system shall detect and identily microburst wind shear
in corridors extending 3 miles beyond the ends of the mnways.
2. The system shall issue o microburst alert (MBA) wheneverit
detects a microburst thal imipcts this runway corridor, amd it
should 1ssue a wind shear alent (WSA) whenever it detects a
non-microburst wind shear that ereates a headwind loss or gain
in excess of 15 knots along this comidot.

3. Aleris shall be unway-specific and comtain the following
infermation:

i the tvpe of shear: MBA or WSA,

1 the location of the shicar, imeger nautical miles
from the end of the runway.
i the mtensity of the shear maguiude ol headwind

loss or gain 1o the nearest 5 knots.
4 . The system shall have few false aleris (not quantified).

The primary quantitative measures of e performance of
LLWAS are the probability of detecuon (POLY) and the proba-
bility of Tulse alert (PFA). The probability of detection 15 the



probability that the system will issue a wind shear ar a micro-
burst alert whenever a nucroburst occurs within the hazard re-
1o, the runway corndorsextending to 3 miles beyond the ends
of the unways. The probability of false alent is the probability
that an issued alen is false, there is no evidence of wind shear
The NAS requirements are thal POD shall be greater than 90
and PFA shall be less than 10,

The LLWAS 11l WSMB algonithm is designed o satisly
all of these requirements. The outpat is an alert message for Adr
Traffie Control of the form:

RUNWAY  ALERT LOSS/GAIN  LOCATION
170 MBA ~ 4 I M0
where: © 170" indicates the runway affected, in this case depar-
ture runway 17, "MBA™ mdicates that a shear of nucrobursi
strength was detected, " -20k " indicates that a keadw ind loss of
40 knats will be encountered, and ** IMD™ mdicates that an air-
craft depariing on runway 17 may encounter wind shear within
1 neile of the depanure—end of the unway. The other alert possi-
bility is WSA for wind shearalert. An MBA is issued il the esti-
maled headwind loss exceeds 30 knots and a WS A 15 1550ed for
aheadwind loss between 15 and 25 knots or fora headwind gain.

In the WSMBE algonithm. all wind shear and microbursi
alerts are based on the detection of a significant convergence or
divergenceol the horizontal wind field. Thealporithmmeasures
the divergence of the wind field on edges and inangles formd
by pairs andiriplesof sensors. Edges musthave lengihs between
1 km aael 5 km, Triangles must have sides that are scceplable
edpes and must have no angle of less than 25 degrees. s per-
missible forthe tnanglestooverlapone anather. This redundang
coverage provides betler detection than would be afforded by a
strict inangulation. Sincethe sizeoflthese divengence -detecting
elements is limited, the detection analysis 1= unaffected by the
size of the sensor network.

The WSMB algorithm issues a wind shear alen only if
divergenl or convergenl shear is detected. Very strong diver-
gent shear is the basis foran MBA. Weaker diverpent shear, ac-
companicd by a directly measured headwind loss, isthe basis for
a WEA-with-loss on a runway. Convergent shear, accompa-
nied by a directly measured headwind gam, 15 the basis for a
WSA-wilh-gain on a runway. If there are multiple shears ona
runway, an alert arbitration process determines the most hazard-
ous situation and an alert is issued only for thal case. The af-
fected runways are those which are near the edges and inangles
that are detecting the divergence or convergence.

A significamt pant of the technical sophistication that
mabes LEWAS 1T so effective lies in implementation issues that
o beyond the algorithm design. There are two classes of issues:

1. Network design and the siting of the sensors,

2. The Airport Confliguration File (ACF), a flile of site— adapt-
able parameters that imerprets the specifie network and runway
geomelry for each airpon.

The network design, ncleding issues of sensor height, ane de-
scribed in FAA Order 6560.21, dated 19 February 1988, In
cases where geographic or economic considerations force a
deviation from these puidelines, the performance of the system
may be significantly impaired. Forexample, if it is not feasible
10 install sensors 1o give coverage to at least 2.5 miles beyond
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the ends of the runways, then protection for thal runway will be
compromised. The ACT is constructed Lo oblain the besi—pos-
sibrle performance for any network design. The ssee here 15 than
1oachieve real-time data processingelliciency, eritical ACF pa-
rameters are caleulated during preprocessing.  Exaniples are
tables that describe the proximity of runways 1o the edpes wid
triangles for unway alert generation, the divergence detoction
thresholds. andthe effective lengths, which are used 1o cstimate
accuraiely microburst head wind loss values, The scientific ba-
sis for these computations will be presented elsewhere.

3 THE LLWAS 11 DESIGN

The LLWAS 1 algorithm uses those concepls from the
LEWAS I algonthm that are appropriate for the data and dis-
play limitations of the LLWAS I anemometer spacing and dis-
plays. The most significant limitations are the sparse sensor
spacing andihe failure locover the lull hazard region. Withtypi-
cal distances of 3-5 Km between sensors, it is not feasible tode-
sign an algonithm that depends solely on the estimation of wind
felddivergence forthe detection of wind shear. The sensors are
also oo widely separated 10 provide a reliable divergence esti-
miaie for smaller microburst features or 10 estimate headw ind
loss or gain along the nanways. Finally, the LLWAS | displays
are nad ahle 1o provide nimway-specific messages.  The com-
banation of data and display limitations led to the design of a sys-
tem that issues sector alerts (regions of the airport, e.g. Center,
Martheast, Morthwest, Southeast, Southwest ) insteadof ranway
alerts, and that makes no attlempt to distinguish between micro-
bursis and ather wind shears or to estimate headwind loss or
gain, Theoutput of this algorithmisa wind shear alert message
ol the form:

SECTOR NAME WSA  SECTOR WINDS

The LLWAS [T alzorithm first looks for indications of
wind [iclddivergence andconvergence, based onestimates from
the few edges and tnangles that can be formed by the six sensor
positions. A shear event must be within the coverage perimeter
and of sulficient geagraphic extent lo be detected. Since such
detections are rarely made, the mainstay of this algorithm is the
detection of anomalous sensor winds, similar 1o the LLWAS |
algorithm. LLWAS 11 compares cach sensor wind with the
mean network wind. A Chi-squarediest isused instead of the |5
knot threshold that isused m LLWAS 1. This test provides alens
only for statistically significant and hazardows wind shear, a de-
sigm feature that isintended toreduce falsealerts. Anypersisient
shear, indicated eitherbydivergence/convergence or by anoma-
lous windsala sensor, causes a wind shearalen to be issued. The
alerted sector is selected based on the location of the detecting
sensor, edge, ortriangle. There i no mechanism for esumating
headwind loss or gain or for using a loss/gain test in this algo-
rithm. This is an important design difference between LLWAS
M and LLWAS ITI. LLWAS IT is designed (o issue wind shear
alerts based on shear inany direction and LLWAS 1115 desipned
to issue wind shear alerts only for shear with a sigmificam veloc-

iy component parallel 1o a unway.
4, COVERAGE AREA

There are two measures of performance: (1) the skill for
detecting wind shear within the coverage anea, mnd (2] the skill



fordetecting wind shear in the airpor hazard region. The laner
is the driving operational issue and the former is what is easily
measured. The LLWAS [Inctwork contains only six anemame-
ters, and this network provides less coverage than the LLWAS
M network. Specifically. LLWAS T provides coverage out o
approximately 2.5 nautical nules from the runway ends, mos!
of the hazard region. LLWAS [T usually provides coverape 1o
less than | nautical mile. approximately 60% of the hazand re-
gion. Six sensors provide cven less coverage at larger airports.
In addition. LLWAS 1 detects wind shear with less skill within
ils coverage area. The sensor positions and the coverage areas
for MCO are mdicated in Figune |
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Fipure 1. The LLWAS sensors in the Orlando test bed. A
4 Km microburst vutflow region is superimposed on Lhe
network coverage regions of the LLWAS [1 (sensors indi-

cated by white boxes) and LLWAS LIl (sensors indicated
by black and while boxes).
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5. LLWAS Il PERFORMANCE EVALUATION

The basis for the performance evaluation of LLWAS 111
isthe companson of runway alers generaled from dual Doppler
radar observations to Use LLWAS 1l runway alerts. The results
of this comparison are used Lo generate performance stalistics,
the POD and the PFA. This methodology is described in the
evaluation of several windsheardetection algonthms, including
LLWAS 11, which is presented in Cole and Todd, 1993,

Dual Doppler runway alents are penerated using a dual
Doppler wind fickd. When cood radar data are available, the me-
teorological communily generally believes that dual Doppler ra-
daranalysisisthe best way 1o obtain ameasured wind field. This
micasured wind field is independent of LLWAS measurements.
The methodology ol this study is 1o build the dual Doppler wind
Meld. to compute the shear and the headwind loss or gain along
cach nmway commidor, and to compare these valves with the
LLWAS alerts. LLWAS is expected 1o issue a wind shear alert
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whenever the Dual Doppler analysis indicates a headwind loss
orgain inexcess of 20knots and a microburst alen whenever the
Dual Dappler anal ysis indicates a headwind loss in excess of 30
knots. AnLLWAS alertis false il the Dual Dappleranalyais does
not indicate i loss or painol ot least 10knots over the 3 mile nun-
way corridor. The details of this analysis are described in Cole
and Todd. 1993,

The comparison of the LLWAS. 111 alents with the Dual
Doppleralertsis the basis forthe LLWAS [ performance statis-
tics at MCO . POIYWS)is the probability that a WSA is issuwed
when wind shear isen the runway. POD{MR] isthe probability
that a MDA or WSA (with lass will be issved for s runway when
a microburst is on the runway. and F:MI3 s the probability that
a MBA will be ssued when a microburst is present, PEA{RWY)
isthe pmh;lhility that an issued MITA or WSA is (alse, not sub-
stantiated by a dual Doppler mdieation of wind shear along the
TUNWEY.

The performance statistics are obtained by analyzing the
data from the (ull altemoons (8 hours cach day) of 18 days in
1991 and 1992 when Usere was some microburst activity and all
data collection systems were operating at full capacity. Thistest
setincludes 51,840 data palling e veles. LLWAS 1 issued 2090
departure runway aleris during this period, of which 776 were
microburst alents. LLWAS 11 issued 1043 sector alens during
this test perod.

6. LLWAS 1T PERFORMANCE EVALUATION

lisdifficulttocompare LLWAS [Talens with the runway
shears lroni the Dual Doppler analysis since LLWAS 11 issues
sector alerts, based on shear from any direction, rather than run-
way directed alents. In s normal application, LLWAS 111 also
issues unway-oricnied alens. However, by adjusting a parame-
ter, weean have itissue alens for all wind shear. Forthis reason,
wie decided o evaluate how well LLWAS 11 alens compare with
LLWAS Il alenis, with the appropriate adjustments. The basis
for our comparison is the geographic proximily of LLWAS 111
runway alert locations and LLWAS L1 alert seclors.

To make the alen comparison. we need 10 estimate the
extent of the wind shear event. The LLWAS 111 shear region
aleng a rumway is bounded by the depanure alen location and
the arrival alert location. The basic approach that we havetaken
1% that adeparture alert on the runway corresponds to an LLWAS
I alert in the center sector, o departure aler al one mile corre-
sponds toan LLWAS I1alent in a boundary sector, and depariure
alerts at iwo miles do nol require alens by LLWAS II. The
LLWAS II sectors do not correspond exactly with the LLWAS
Ol runway locations, asis illustrated m Figure 2. Thereare cases
where the LLWAS Il alert is close but not exactly on the sector.

We have dealt with these problems by developing three
gradations forthe LLWAS 1l evidence that a sector should have
a wind shear alen:

YES There is LLWAS I evidence that there is
wind shear in this sector,

MAYBE  Theneis LLWAS Hlevidence of wind shear
near this sector (within one mile),

MO Thern= is no LLWAS 111 evidence of wind

shear in or near this sector.



This mapping of runway aleris to sector alerts permits the scor-
ing of LLWAS 11 alerts according o LLWAS 11 alens.

- om .o

[ e T
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Figure 2. MCOLLWAS 11 seclors superimposed on LLWAS
[l runway lncation boxes

Table | shows the mapping of observed LLWAS 11 sec-
toralertsinto these LLWAS 11 alen categories. The possibilities
are labelled as follows:

CA  Correct Alent

MA  Missed Adent

Fh False Alert

AA Allowable Alen
AM  Allowahle Miss
CN Corneat Noll Adert

LLWAS I Indication

LLWAS TI YES MAYBE )
Alen Status

Alent CA AA Fa
Mo Alent MA AM CH

Table I. Mapping of LLWAS Il sector alerts into LLWASTIT
alkert categories.

Comparing the LLWAS Il alens with the LLWAS 0
alerts for the same time, we oblain counts of the number of oc-
currences of each type, POD and PFA are computed by the fol-
lowing lommulas:

= & Ca
OO = FCA 4+ B MA
PFA = NEA

#CA + #A4 + FFA

POIDWS) 15 the probability that LLWAS 1T will issue a
sector alert when there isaclear indication by LLWAS Il that an
alert is required. POD{MB) is the probability of an LLWAS 11
alert when LLWAS IT1 detects a microburst, the analogue of the
LLWAS I POD(MB). PFARWY) is the probability that an
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LUWASIT alert will be issued without any LLWAS [l evidence
for thal alen.

We huve described Lhe diserepancy between the ways
that LLWAS 1T and LLWAS T1I deal with cross-nmway wind
shear. I we were locompare the se systems by simply matching
aberts in the same peographic locations, then we would score
somie alerts from LLWAS 1l which arc the result of cross—run-
way wind shear as false alens since there would be no matching
LLWAS Nl alent. In one sense, thisis acorreet deduction. since
the vser communily has required alents only for situations where
the shear is directed along the runway.  On the other hand.
LIWAS 11 is designed to issue these alerts. I is desirable 1o
know how muny of the false LLWAS 11 alens are isseed dunng
thie occerrence of cross-runway wind shear and liow many are
issued at times when there is no wind shear a1 all

W can gain insight into the cross-wind shear 1ssue by a
creanve use of the WSMB algonthm. The WSMB algorithm
Trst checks for shear and then cancels the alert for each runway
for which there is no associated 15 knot headwind gain or loss.
By reducing this test o check for a (0knot gain or loss. we allow
all detected wind shears to create runway alerts. In particular. e
cross wind shears will issue alerts. Any LLWAS 11 aleris issucd
when there is no evidence of these LLWAS 1 alens ae pure
false alens. We shall denete the probability af these false alens
as PFACALL).

7.  RESULTS

The protolype LLWAS 11 system at Denver has per-
formed very well, and the prolonged operation has provided an
opportunily ta fine—tune the system before procurement. With
the operational tests of the TDWR and the ongoing LEWAS re-
search al Denver and Orlando. the performance of this system
has been watched very closely (1987 1o 1992) and it is not
known 1o have ever missed the detection of a microburst event
on the runways. The final form of the WSMB alzornibim has
benefited from lessons leamed from the analysis of thetechnical
and operational effectiveness of this profotype sysiem.

A preliminary performance evaluation was conducied,
based on human analysis of Denver radar and 11.WAS data lor
15 microburst days i 1988 and 1989, Wilson. et al, 1991
These resulls are presented in the last eolumn of Table 2. There
wis no estimate of POD{WS) i the study. In twe same study,
LLWAS 1 alens are compared to LLWAS 1L alerts by a method
similar 1o the approach that is used in this repor. This informal
study indicated that LLWAS Thas a POINMB)of 33 in the cov-
erage region and a PFA{ALL) of .60, confirming the suspicions
of the aviation community that LLWAS [ has excessive false
alerts.

The evaluation results, based on dual Doppler analysis
for full days when microbursts oceurred at Ovlando, are pro-
vided in column 3 of Table 2. LLWAS [11 alerts are compared
with the results of the dual Doppler analysis. The system has
nearly fullcoverage. The Denver results reflect performance in
the coverage region. LLWAS 11 alents are compared with the
LLWAS [l alerts at MCO. LLWAS 11 results are provided for
the LLWAS Il coverage area (COV —column 1), and lor the haz-
ard region of the airpont (HAZ - colunin 2). The LLWAS 11
detection probabiliticsare low,even forthecoveragearea. How-



ever, 1ssued aleris are credible since PEA(ALL) is acceptably
sl

SYSTEM: 1l I m m
Coy HAZ MCO  DEXN

POINWS) 24 T —
rOD(ME) 62 a7 8 5
P:ME NA NA 42 a2
PFARWY) .18 A8 03 S0
PFAALL) .07 A7 NA NA

Tahle 2. LLWAS performance slalistics,

B SUMMARY

Wi have described the evolution of LLWAS as an opera-
tiopal wind shear sysiem and provided deseriptions of The cur-
rent svstems,  Perlormance cvalueations of LLWAS 11 and
LLWAS Il are provided. 1tisimiportant ionoke thai this evalua-
tion pertod did not include significant non-microburst weather
such a5 the profonged penods of strong, pusty winds, which oc-
cur imthe Midwest, and which could cause increased false alerts.

LLWAS 11 has very strong microburst detection perfor-
mance: POD{MEE) = 98 and P:MB = 92, Very few of the issued
alerts are umwarranted: PEARWY) = 03, At those airpons
where it is ceomoniically feasible 1o nstall sensors Lo give full
coverare of the arrpon hazard region. LLWAS T is a fully capa-
ble microburst detection system, Since LLWAS IV will use the
samie WEMUB algonithm and petwork geometry, its perfonnance
should be similar

LLWAS II performance statistics indeeate that this sys-
tem is not able 1o provide Tull wind shear protection, and yet il
has valoe.  False alens have been reduced substantially from
LLWAS 1: 115 alents should be heeded. LLWAS Hdoes only a
moderate jobof detccting microbursts inils coverage region and
it [adls 1o eover the full arrport hazard region. The systemeannot
15sue nucroburst aleris. even when a detection s made. There 18
a significantly reduced ability 1o detcct weaker wind shear in all
sectors. This is signiflicent since carly warnings of microburst
wind shear by LLWAS 111 are often issued as wind shear aleris
at atime when the event is still too weak 1o be raled as 2 micmo-
burst, Missing detections of weak wind shear by LLWAS [l is
an mdication of a reduced ability to give early wamnings for mi-
crobursts, The LLWAS IT PFA(RWY ) is high. bul more than
lialf of the [alse alens are associated with cross-wind shear. The
LLWAS Il PEA{ALL) is acceptable.
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