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Abstract

Low-level wind shear is a significant aviation hazard. A sudden reduction in the
headwind along an aircraft flight path can induce a loss of lift, from which an
aircraft may not be ableto recoverwhen it is close to the ground. Airports therefore
use low-level wind shear alert systemsto monitor wind velocities within the airport
terminal area and alert of any detected hazardous wind shear. There exist three
ground-based sensor systems capable ofindependently observing low-level wind
shear: a Doppler weather radar-based a Doppler wind lidar-based and an
anemometer-based system However, as no single sensor system is capable of all
weather wind shear observations, multiple alert systems are used simultaneously,
and observations from each system are integrated to produce one set of integrated
wind shear alerts.

Algorithms for integ rating Doppler weather radar and anemometer wind
shear observations were originally developed in the early 1990s. However, the
addition of the Doppler wind lidar -based alert system in more recent years warrants
updates to the existing radar/anemometer inte gration algorithms.

This thesis presents four different replacement candidates for the original
radar/anemometer integration algorithms. A grid-based integration approach,
where observations from different sensor systems are mapped onto a common grid
and integrated, is found to best accommodate central integration considerations,
and is recommended as the replacement to the original radar/anemometer
algorithms in operational use. The grid-based approach is discussedin further
detail, and a first possible implementation of the algorithm is presented. In
addition, ways of validating the algorithm and adopting it for operational use are
outlined.

Keywords Wind shear, aviation weather, microburst, Doppler weather radar, Doppler
wind lidar, LLWAS
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DBSCAN
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LLWAS
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Air Traffic Control

Constant Altitude Plan Position Indicator
Density-Based Clustering for Applications with Noise
Federal Aviation Administration

International Civil Aviation Organization

Low-Level Wind Shear Alert System

Microburst Alert

Massachusetts Institute of Technology Lincoln Laboratory
National Center for Atmospheric Research
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Terminal Doppler Weather Radar
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1. Introduction

1.1. Background andnotivation

A sudden change in either wind direction or speed occurring in the lowest some
hundred meters of the atmosphere, in other words, low-level wind shear, is a major
hazard in aviation (ICAO 2005). Large and unexpected variations in the wind
velocity can cause significant changes in the lift of an aircraft, and consequently
inadvertent states of flight from which the aircraft may not have sufficient airspeed
and altitude to recover (Fujita 1985). Indeed, wind shear related accidents,
especially during the approach and departure phases of flight when an aircraft is
vulnerably close to the ground, have resulted in numerous fatalities (ASN Aviation
Safety Database 202). A prime example being the crash of Eastern Airlines flight
66 at John F. Kennedy airport in 1975, where 113 persons were killed when the
aircraft was unable to recover after encountering wind shear on final approach and
subsequently impacted the ground (NTSB 1975, Fujita & Caracena 1977

Low-level wind shear is associated with many meteorological phenomena.
Vigorous thunderstorm downdrafts, termed microbursts, form an often highly
divergent outflow on or near the surface (Fujita 1985). More sustained wind shifts
are commonly observedalong a cold front or an inversion; or induced by the flow of
air over complex terrain (Markowski & Richardson 2010) . Notably, hazardous wind
shear canoccur in various weather conditions and be both localized and short lived.
For example, microbursts may have a spatial extent of only a few kilometers and last
for 10 minutes to 15 minutes (Fujita 1985, Rinehart et al. 1987, Hjelmfelt 1988).
Systems designed for detecting and alerting of wind shear should therefore be
capable d frequent all-weather measurements with sufficiently high spatial
coverage and resolution

The alarming number of wind shear related incidents and accidents,
particularly in 1970s and 1980s, prompted a development of different wind shear
alert systems. Developedfirst, in the 1980s, the anemometer-based LowLevel Wind
Shear Alert System (LLWAS) uses an anemometer network to measure the
horizontal wind shear around an airport (Cornman 1994). Later, in the early 1990s,
increased understanding of the phenomenon together with advancements in radar
technology enabled the operational deployment of the Terminal Doppler Weather
Radar (TDWR) i a radar specifically designed for the detection of hazardous wind
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shear and precipitation around airports (Evans & Turnbull 1989, Michelson et al.
1990). In more recent years, doppler wind lidars have seen increasing use at
airports. Applications include wind shear and wake vortex monitoring for both
increased safety andairport efficiency (e.g., Shun & Chan 2005, Thobois et al. 2018,
Nechaj et al. 2019).

No single sensor system is capable of alweather low-level wind shear
monitoring along an aircraft flight path. The LLWAS provides frequent all-weather
observations, but the measurements are limited to the anemometer locations at the
ground-level (Cornman 1994). Conversely, both aradar and lidar can measure the
wind speeds alonga flight path but rely on suitable scatterers to act as tracers of the
wind (Rauber & Nesbitt 2018, Weitkamp 2005). This predominantly limits radar
observations to precipitating conditions and lidar observations to clear-air (with
sufficient aerosol backscatter) conditions. Airports use therefore integrated wind
shear alert systems which combine information from different subsystems (e.g.,
LLWAS, radar, lidar) to increase the accuracyand confidence of the issued alerts.

Various methods for integrating a LLWAS and a TDWR were developed
around 1990 by the Massachusetts Institute of Technology Lincoln Laboratory
(MIT -LL) and the National Center for Atmospheric Research (NCAR) (Cole & Todd
1996). Following an algorithm test campaign, the Federal Aviation Administration
(FAA) implemented the MIT -LL algorithm at airports throughout the United States,
and integrated wind shear alert systems were soonafter adopted at several airports
worldwide . The MIT -LL integration algorithm , in particular , has been widely used
for TDWR/LLWAS integration over the past few decades (Polvinen 2021, personal
communications) .

The capabilities of the LLWAS and TDWR to observe microburst outflows
accurately and simultaneously allowed for straightforward integration approaches
(Cole & Todd 1996). Observations could be easily intercompared, and there was no
need to consider varying subsystem confgurations as the integration was limited to
two systems only. However, the addition of lidar into wind shear alerts systems
warrants updates to the existing TDWR/LLWAS methods. For example,
observations are temporally sparser with more varying subsystem configurations,
and the enhanced capability of the lidar to detect other than microburst shear
requires further consideration when observations are combined.

The purpose of this thesis is to explore replacements for the original
TDWR/LLWAS integration algorithms. Four different possible replacements will be
presented. These include updated versions of the original TDWR/LLWAS alert- and
object-based integration approaches as well as alternative grid and wind-based
approaches. The grid-based approach is found to best accommodate many central
integration considerations and will be further developed for operational use in the
future.



1.2. Structure of the thesis

A background and motivation for the work was given in this chapter. Chapter 2 will
discuss low-level wind shear as a meteorological phenomenonand its effect on an
aircraft. Chapter 3 will give a brief overview of different wind shear alert systems,
before proceeding with the integration of such systems in chapter 4. Chapter 5 will
present a first implementation of the grid-based integration algorithm that is
proposed as the replacement for the TDWR/LLWAS integration algorithms .
Chapter 6 will summarize the key findings of the thesis.



2. Low-level wind shea

Low-level wind shear broadly refers to wind shear within the lowest parts of the
atmosphere, especially in the region where an aircraft may not be able to safely
recover if shear is encountered.

2.1. Microbursts

A notable example of a meteorological phenomenon that is characterized by

hazardous low-level wind shear is the downburst. Fujita (1985) defines a downburst

as fAa strong downdraft which induces an outf
damagingwindsonornear the groundo. Downbu+aad s ar e
microbursts based on the horizontal scale of the outflow (Fujita 1985), which acts as

an indicator for the horizontal shear magnitude . The strongest downbursts, termed

microbursts, are by definition less than four kilometers in extent, with the outburst

winds capable of reaching speeds as high as 75 meters per second (Fujita 1985,

schematic of a microburst is shown in Figure 1.

Cloud Base
1000 ft
300m | Approx
o Scale

l <«——Downdraft

| @

Figure 1: A schematic of a typicalmicroburst structure (Wikimedia commons). The
strong downdraft diverges outwards, resulting in hazardous horizontal winds near
the ground. A gust (outflow) front forms along the boundary of the outflow as the
outflow converges onto the surrounding air.

1000 ft
300 m

Microbursts are mostly driven by thermodynamic processes, such as
hydrometeor loading and latent cooling, which act to reduce the buoyancy of the air
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within and beneath the parent convective cloud (Markowski & Richardson 2010).
The accumulation of hydrometeors into an air column often initiates the downdraft
as the increasing weight can no longer be supported by the updraft (especially when
the hydrometeors are deposited away from the updraft core). The subsequent
sublimation, melting, or evaporation of hyd rometeors, either within the cloud or in
a subsaturated layer beneath it, cools the air and further decreases its buoyancy. As
the downdraft descends from the parent cloud, it accelerates due to the increasing
negative buoyancy. Upon reaching the ground, aregion of relatively higher pressure
forms directly beneath the downdraft (Fujita 1985, Markowski & Richardson 2010).
The resulting horizontal pressure gradient accelerates the air outward, thus forming
a divergent outflow.

Microbursts are classified as either wet or dry, depending on whether
precipitation is observed at the surface or not. They can be embedded in severe
thunderstorms or even occur under harmless looking cumulus clouds. Figure 2
shows a photograph of wet microburst.

Figure 2: Photograph of a wet microburst, with the gust front position and a couple
of schematic streamlines drawn [Markowski & Richardson 2010, original
photograph by the National Oceanic and Atmospheric Administration (NOAA)] .

In addition to being a highly localized phenomenon, microbursts last on
average for 10 to 15 minutes only (Fujita 1985, Rinehart et al. 1987, Hjelmfelt 188).
The lifecycle of a microburst is presented in Figure 3. The average outflow wind
speeds range from 10 to 25 m/s but can exceed 50 m/s in extreme caes (Fujita 1985,
Rinehart et al. 1987). The strong horizontal winds are due to the redirection of the
large downward momentum into the horizontal, but also in part due to the mixing
of significant horizontal momentum from aloft to lower levels (Markowski &
Richardson 2010). The outflow can have a vertical extent of several hundred meters,
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Figure 3: Average lifecycle of a microburst (Hjelmfelt 1988). As the downdraft
reaches the ground a diverging outflow begins to develop. The naximum outflow
wind speeds are generally reached a few minutes later. The hazardous winds persi:
between one to five minutes on average.

and as it converges onto the surrounding air a gust front forms along the outflow
boundary (Fujita 1985, Hjelmfelt 1988). The gust front is characterized by gusty
winds and turbulent vortices (Fujita 1985). Eventually the downdraft and associated
outflow decays as the generation of hydrometeors within the parent cloud subdues.

2.2. Lowlevel wind shear associatedith other meteorological phenomena

Wind shear occurring at the boundaries of various air masses or induced by the flow
of air over complex terrains is also of concern to aviation. Wind shifts are commonly

associated with inversions, cold fronts, and seabreezes (Markowski & Richardson
2010). Orographically induced shear can be observed in the form of mountain

waves, downslope windstorms, and severe turbulence on the lee side of (mountain)
ridges (Markowski & Richardson 2010).

2.3. Effects of wind shear uponftiforce

The common factor for all phenomena exhibiting strong wind shear is that a sudden
change in wind speed or direction can cause dossin the lift of an aircraft. This may
have fatal consequences if it occurs close to the ground.

Simply stated, the wings of an aircraft generate lift by deflecting the incident
air downward (e.g., Laine et al. 2006). The upward directed reaction force is called
the lift force, which depends, among other things, on the true airspeed of the aircraft
and the angle of attack. The true airspeed is the speed at which the aircraft is
traversing the surrounding air, and the angle at which the flow is incident onto the
wing is called the angle of attack. Under wind shear changes in both airspeed and
angle of attack follow the variations in the wind velocity (Fujita 1985). In particular,
a loss of lift is caused by a reduction in either the airspeed or the angle of attack. The
former occurs for example when an aircraft encounters a suddenloss in headwind,
and the latter when an aircraft enters a downdraft. Consequently, microbursts are
one of the most hazardous wind shear events in aviation, as an aircraft will
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encounter both a strong downdraft and loss of headwind in rapid succession. This
is illustrated in more detail in Figure 4.
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Figure 4: The flight path and indicated airspeed of Royal Jordanian 600 that crash
landed at Doha Airport on 14 May 1976 after flying into a microburst on final

approach. The aircraft first encountered a strong headwind and an increase inits
airspeed. This was followed by strong downdraft and tailwind (loss in headwind),

which caused a reduction in both the angle of attack and the airspeed of the aircraft.
This resulted in loss of lift, and the aircraft was no longer able to maintain its
altitude. The aircraft impacted the ground shortly after. (Fujita 1985)
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3. Groundbased windshear alert
systems

The International Civil Aviation Organization (ICAO) requires that low -level wind
shear be monitored within the lowest 500 meters above the ground level (ICAO
2010). There are three principal ground-based independent systems capable of
detecting and alerting of low-level wind shear: the anemometer-based Low-Level
Wind Shear Alert System (LLWAS), a Doppler weather radar-based system{[for
example the Terminal Doppler Weather Radar (TDWR)], and a Doppler wind lidar -
based system. The measurement principles of @ach system will be briefly presented
in the following sections.

3.1. Low-level wind shear alert system (LLWAS)

A LLWAS consists of a network of anemometers that are locatedaround an airport,

seeFigure 5. The horizontal wind velocity is measured at each anemometer location,
typically at 10 second intervals, and the horizontal wind shear along a runway
direction is calculated from the anemometer measurements (Cornman 1994). The

network provides frequent all-weather observations, and although the

measurements are point-like and limited to the anemometer locations, the system

is capable of detecting low-level wind shear associated with many meteorological

phenomena, such as microburst and frontal systems. However, the extent of the

anemometer network can often be restricted by terrain or buildings, especially

farther awayfrom the airport, which limits the observing area.Moreover, wind shear

events not observable at the ground level, such as vertical wind shear caused by for
example inversions, cannot be detectedby a LLWAS.
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Figure 5: Example of a LLWAS anemometer network. The red circles are the
approximate locations of the anemometers comprising the LLWAS network at
Denver International Airport , United States. The anemometers are placed on bott
sides of a runway and form a corridor, which allows the system to monitor the wind
shear along the flight path. The spacing between the anemometers is generally one
nautical mile.

3.2. Doppler weather radar

A Doppler weather radar measures the radial wind speed (the component of the
wind velocity parallel to the radar beam) in each radar bin (Rauber & Nesbitt 2018).
The wind shear can be calculated from the wind data by, for example, differencing
adjacent bins. Compared to a LLWAS, the radarcan observeover a much broader
area, both horizontally and vertically. For wind shear applications, w here the shear
along the nearly horizontal flight path is of interest, low elevation angles generally
between 0.5 to 3 degrees are used for radar sweeps\ sweep consists of either a full
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360 degree scan orof smaller sectors covering only for example the approach and
departure paths of an aircraft. A typical angular resolution (beam width) of around
1 degree combined with a range resolution of a few hundred meters enables a radar
to capture finer details of the wind field. An example of a low-elevation radar sweep
and computed wind shear is shown in Figure 6.
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Figure 6: (a) Example of a low-elevation radar PPI scan of a simulated microburst.
The range resolution is 150 meters, the angular resolution is 1 degree, and th
elevation angle of the scan is 0.5 degrees. (b) Calculated radial wind shear (she
along each radar beam). The shear is computed by differencing subsequen
measurement bins along eachradial.

The location of the radar is important as only the wind speed along the
transmitted beam can be retrieved. It should not deviate more than 30 degreesfrom
the runway centerline to ensure that the retrieved radial wind velocities are
representative of the wind component along the flight path (FAA 1991). Moreover,
as the radar relies on sufficiently large scatterers, such as hydrometeors, to act as
tracers of the wind, observations are mostly limited to precipitating conditions
(Rauber & Nesbitt 2018). The measurements are also susceptible to clutter
contamination, especially farther away from the radar where the beam width
becomes significant (Rauber & Nesbitt 2018). Smaller details of the wind fields are
also inherently lost due to the with distance expanding radar measurement volume.

Owing to the curvature of the earth and the refraction of electromagnetic
waves in the atmosphere, even radar beams transmitted at low elevation angles will
eventually raise above what is considered the lowlevel wind layer (for wind shear
applications) . Subsequentmeasurements will not be as representative of thewinds
near the ground level. This can be problematic for radars located far from the
airport, or for those sited on elevated terrain as measurements cannot be conductd
close to the ground even if the radarwere in the vicinity of an airport.

A radar is capable of frequent wind observations. However, the need of
measuring other weather parameters over multiple elevation angles, especially in

16



case of generaluse Doppler weather radars not used solely for airport applications,
often limits the wind shear measurement cycle to several minutes.

3.3. Doppler wind lidar

The measurement principles of a Doppler wind lidar are similar to those of a
Doppler weather radar (Weitkamp 2005) . The much narrower beam of the lidar is,
however, less susceptible to clutter contamination, but the measuring range is
limited to around 10 kilometers due to the lower transmitted power (Weitkamp
2005) . Furthermore, owing to the much smaller wavelength used, the transmitted
beam is strongly attenuated in for example fog and heavy rain (Weitkamp 2005) .
Nevertheless under clear-air conditions with sufficient aerosol backscatter the lidar

provides wind measurements ideal for wind shear applications (Thobois et al. 2018,
Nechaj et al. 2019). Radar and lidar observations therefore complement each other
well, asillustrated in Figure 7. Moreover, due to its small size and infrastructure
requirements, the lidar is easy to site on the airport where it can directly monitor

the flight path shear (e.g.,Nechaj et al. 2019).

2021/05/17 11:13 UTC 2.0° elevation lidar Doppler velocity 2021/05/17 11:13 UTC
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Figure 7: Example of simultaneous lidar (left) and radar (right) radial wind velocity
observations in a weather event with localized precipitation. The red semicircle
highlights the complementary nature of the sensors. [Figure courtesy of Jenna
Ritvanen, Finnish Meteorological Institute (FMI) ]

3.4. Wind shear alerts & alert messages

For alerting purposes each physical runway is associated with four operational
runways, two for arrivals and two for departures. Each operational runway consists
in addition to the runway itself of a two to three nautical mile long runway extension
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from the corresponding runway threshold. The extensions are further subdivided
into one nautical mile long (and wide) segments. An example of the four operational
runways for an arbitrary runway is given in Figure 8.

RO8BA: runway 08 arrival
> |

I —t—>

RO8D: runway 08 departure

R26D: runway 26 departure

<« |

I -«
R26A: runway 26 arrival

Figure 8: An example of the four operational runways of an arbitrary east-west
oriented runway. The runway extensions are longer for the arrival runways due to
the shallower approach slopeand thus longer distance spent near the ground Each
segment of the extensions is 1 nautical mile long and wide. The arrows denote th
direction of travel.

A wind shear alert is issued if wind shear is detected within any part of an
operational runway. Each alert consists of an alert type, the location of the wind
shear, and an estimate of the loss or gain in headwindthat an aircraft flying through
the shear would encounter. The type of the alert is based rather arbitrarily on the
estimated loss or gain in headwind:

1 A microburst alert (MBA) is issued for wind shear with a loss in headwind of
30 knots or greater.

1 A wind shear alert (WSA) is issued for wind shear with a loss in headwind of
at least 15 knots and less than 30 knots(wind shear with loss), and for wind
shear with a gain in headwind of 15 knots or greater (wind shear with gain).

Any alert is transmitted to air traffic controllers (and pilots) as an alphanumerical

text string containing the relevant information of the prevailing situation. An
example of a wind shear alert message is shown irFigure 9.
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Figure 9: Example of an alphanumerical alert message transmitted to air traffic
controllers. The alert message contains the following information:

I. Identifier of th e operational runway the alert is issued to.

Il. Alert type, either Microburst Alert (MBA) or Wind Shear Alert (WSA).

[ll. Estimated loss or gain in headwind. The estimate is given in knots; loss is
indicated with a minus sign, gain with a plus sign.

IV. Location of wind shear, either on the runway or in a segment on the
runway extensions. Shear on the runway is indicated with RWY; shear in
any segment is indicated by the distance from the runway to the segment
in nautical miles. It is further specified if the shear is on the final approach
path (F) or on the departure path (D). For example, 3MF stands for the
third segment three nautical miles (3M) from the runway threshold on
final approach (F).

V. Average wind speed and direction.

3.5. Alert generation

All three ground-based systems are capable of independently generating wind shear
alerts. The process, which is similar for all systems, can be summarized as follows:

1. Sensor data are analyzed for regions of wind shearand these regions are
modelled as various geometic shapes For example, the TDWR uses band
aid shapes(rectangle with semicircles at either end) for microburst events,
and the LLWAS represents shear regions with either edges or triangles of the
anemometer network. Piecewise polynomials can be fit to mae elongated
shear boundaries, such as gust fronts. Each shape represents a wind shear
object to which various quantities can be assigned.

2. An estimate for the loss or gain in headwind that an aircraft flying through
the shear region will experience is computed over each shear object. This
estimate, possibly along with other quantities, is associated with the
corresponding object.

3. A wind shear alert is generated for each object that intersects a runway
corridor . However, objects with an estimated headwind loss/gain of less than
15 knots are generallydiscarded and therefore do not raise and alert.
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4. An arbitration logic is applied to determine the most hazardous alert for a
given runway. The arbitration is based on the magnitude and location of the
wind shear object. This alert is then transmitted to air traffic controllers and
pilots.

An example of the alert generation process is given inFigure 10.

Although the alert generation process (section 3.3, step4) ensures that each
subsystem issues only one alert at a time for a given operational runway, multiple
alerts from different subsystems can be present simultaneously for the same
runway. These simultaneous alerts must be integrated into a single integrated wind
shear alert. The reasons for this along with possible integration approaches will be
discussed in the next chapter.
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Figure 10: lllustration of the alert generation process.(Top) An alert is generated
from radar observations. (a) Observed radial winds of a simulated microburst. (b)
Computed radial shear (shear along each radar beam). (c) Example of two identifiec
shear regions represented by ellipses. A headwind Igs/gain estimate is computed
over each object (shape) and assigned to the corresponding object. (d) Alert outpu
after arbitration. The headwind loss/gain estimate is rounded to the nearest 5 knot
value. (Bottom) Shear identified within a LLWAS triangle and along an edge (orange
objects). The red squares indicate the segments for which wind shear alerts ar
generated. The blue circles are the anemometer locations.
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4. Integration of wind shear alert
systems

The focushas so far been on individual wind shear alert systems (hereafter referred
to as subsystems) and alert generation.lt is beneficial to combine observations from
different instruments as no single sensor system can provide allweather
observations of low-level wind shear. At airports with multiple subsystems these
subsystemsare integrated into a single wind shear alert system that produces one
set of integrated wind shear alerts. This is done for two primary purposes:

1 Toreduceunnecessary air traffic controller or pilot workload that would arise
if multiple, potentially conflicting alerts were issued simultaneously by
different subsystems.

1 To increase the accuracy of an issued alert by combiningnformation from
multiple instruments.

4.1. Developmentof TDWR ad LLWAS integration algorithms

Following the operational deployment of the TDWR in the early 1990s, multiple
airports within the United States were equipped with both anemometer -based
(LLWAS) and radar-based (TDWR) wind shear alert systens that had to be
integrated. An alert-based integration algorithm for joining wind shear alerts
produced by a TDWR and a LLWAS was developed by the Massachusetts Institute
of Technology Lincoln Laboratory (Cole & Todd 1996). In parallel, additional
development efforts at both Lincoln Laboratory and the National Center for
Atmospheric Research (NCAR) led to two different object-based approacheswhere,
instead of integrating finalized TDWR and LLWAS alerts, wind shear objects from
both the TDWR and LLWAS were considered simultaneously when alerts were
generated. These TDWR/LLWAS integration algorithms were motivated by the
following important integration considerations (Cole & Todd 1996).

1. At times when valid data exists from only one subsystem, integrated alerts
generated from the data of that subsystem should agree with alerts that
subsystem would issue from the same data. Stated another way, the output
of an integration algorithm should not be worse than the output of any
individual subsystem.
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2. Integration should use the available information from multiple subsystems
to increase the accuracy and confidence of the issued alerts.

3. Integration should take advantage of any future updates to wind shear
detection algorithms of individual sensor systems.

The various algorithm s were operationally tested and found to have similar
detection performance of wind shear events(Cole & Todd 1996). Following the test
campaign, the Lincoln Laboratory alert-based algorithm was procured by the
Federal Aviation Administration (FAA), in par t due to its simplicity over the object -
based approaches and subsequently installed at several airport throughout the
United States for operational use (Cole & Todd 1996). TDWRs as well as other radar
based wind shear alert subsystems together withthe MIT -LL alert-based integration
algorithm were soon after adopted at many airports worldwide (Polvinen 2021,
personal communications).

4.2. The needor an updated integration algorithm

The TDWR/LLWAS algorithms included ways of combining and arbitrating
between observations of wind shear phenomena, such as microburst, that the
TDWR and LLWAS could accurately observe.Clear-air wind shear events, in the
form of, for example, inversions, orographically induced shear, and some outflow
boundaries, needed not be considered, as the sensors were either incapable of
observing such events, or lacked aequate algorithms for their detection.
Furthermore, the TDWR was often optimally sited and provid ed frequent wind
measurements as it was specifically tailored for airport applications . Such radar
observations could easily be compared with anemometer observations without any
temporal weighting , or much consideration regarding the instrument location .

The addition of lidar into wind shear alert systems has enhanced the wind
shear detection capability of modern alert systems Different wind shear events can
now be more accurately detecteddue to the use of more sensors andthe broader
spectrum of weather conditions these can observe in. However, as a result, simply
more measurements, more varying subsystem configurations and sensor
geometries, as well as temporally more sparse observations due to the inherently
slower scanning speed of the lidar and the use of generaluse Doppler weather
radars instead of TDWRs, are now more common and require consideration during
integration . This warrants updates to the existing TDWR/LLWAS integration
algorithms..

An improved integration algorithm should accommodate all the important
integration considerations that originally motivated the development of the
TDWR/LLWAS integration algorithms . Moreover, the updated method should
easily support any number and configuration of subsystems and should naturally
outperform the old algorithms. The following sections will give an overview of four
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possible replacementsfor the existing TDWR/LLWAS integration algorithms. These
include updated alert-based and objectbased integration methods derived from the
original Lincoln Laboratory and NCAR algorithms, a grid -based approach as a
simpler alternative to the object-based algorithms, and a wind-based approach.

4.3. Alert-based integration

An alert-based approachintegrates finalized wind shear alerts output by different
subsystems. Any calocated alerts are compared and verified by one another (Cole
1992). If there is no additional evidence that a wind shear event (alert) is correct
(e.g., there is a large discrepancy between thehneadwind loss/gain estimates of the
alerts), the corresponding alert may be weakenedin the interest of reducing false
alerts and over-warning (Cole 1992). For example, a weak microburst alert may be
reduced to a strong wind shear alert if there is no indication from another subsystem
that a microburst is present. After the alerts have beenscreened,they are averaged
to form an integrated wind shear alert.

An alert-based approach is straightforward as it directly uses the alerts
output by the different subsystems. The Lincoln Laborator y alert-basedintegration
algorithm has built-in alert screening and arbitration logic for simultaneous alerts
from two subsystems, namely the TDWR and LLWAS and could be used aghe basis
for an updated alert-based approach.It would foremost have to be reconfigured to
support simultaneous alerts from more than two subsystems. With the current
implementation , the integration of three (or more) subsystems must proceed
pairwise, such that, for example, a radar and lidar are integrated first and the
integrated radar-lidar alert is integrated with a LLWAS alert. This does not,
however, vyield consistent results when the pairing is changed, because the
integration process involves computing averages.

Furthermore, while alert screening works well with temporally aligning
alerts, it fails to account for the decline in the representativeness of an alert as the
weather situation evolves. For example, a three-minute old radar/lidar alert should
not have (in most cases) the same weight as a recent LLWAS alert, but the
radar/lidar alert should not necessarily be completely discarded either. Moreover,
alert screening should properly account for poor sensor geometry and take
advantage of any supplementary observations that can for example, aid in the
validation of a shear event. A radar sited on elevated terrain may not be capable of
measuring the wind velocities near the ground level but can stll provide useful
information o n for example the presence ofclouds aloft. These temporal and spatial
factors could be incorporated with confidence weights that are assigned to the alerts.
However, the computation of such confidence valuesgreatly benefits from more
detailed information of the wind shear locus than the finalized alerts can provide.
Confidence values are therefore better suited for object and grid-based integration
approaches.
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4.4. Objectbased integration

An object-based integration approach considers simultaneously wind shear objects
from multiple subsystems when alerts are generated (section 3.3, step 4) (Cole &
Todd 1996). In addition to the headwind loss/gain estimate, shear objects can be
assigned confdence weights that aid in the validation of a detected shear event
(Cornman 2021, personal communications). These confidence weights can be based
on, for example, the age of an observation, the adjacency of a shear object to other
objects from different subsystems, and radar features indicating the presence (or
lack) of convection and clouds aloft (particularly for microburst verification) (Cole
& Todd 1996; Campbell & Isaminger 1989; Cornman 2021, personal
communications). The headwind loss/gain estimate of each object canthen be
modified accordingly based on the assigned confidence values.Moreover, object
shapes can be altered to more accurately representhe wind shear extent by joining
adjacent objects. Alerts are finally generated from the integrated objects (section
3.3).

To enable purposeful intercomparisons of wind shear objects from different
subsystems, these objects must be similar between the various subsystems. For
example, a microburst outflow is not represented by a LLWAS edge or triangle as
precisely as by a shape generated from radar or lidar data.Therefore, in their
TDWR/LLWAS object-basedintegration algorithms, NCAR and Lincoln Laboratory
developed ways of producing shapes from LLWAS observations resembling those
produced by a TDWR (Cornman 1994, Cole & Todd 1996). However,as this
approach differs, in this case from the internal LLWAS algorithms, it is important
to ensure a consistency between alerts generatedfrom the same data set by
integration and, in general, any individual subsystem.

The primary focus of the Lincoln Laboratory and NCAR object-based
algorithms was to produce TDWR-like shapes from LLWAS data (Cole & Todd
1996). Alerts could then be easily generated and arbitrated from the similar TDWR
and LLWAS objects. The Lincoln Laboratory algorithm also included a screening
process similar to that found in the alert -based algorithm, which could weaken alerts
if there were no other indications (shear objects) of hazardous weather nearby.
However, objects for elongated shear boundaries, such as gust fronts, were not
produced and thus not considered in integration. This was because he TDWR gust
front detecti on algorithm w as at the time inadequate and still under development,
and while the presence of for example a gust front could be detected with an
anemometer network, inferring its extent was, and still is, very challenging from
anemometer observations alone.

However, such objects are now available from radar and lidar data (e.g.,
piecewise polynomials fit to gust fronts), and should be considered in integration.
Furthermore , an updated object-based integration algorithm should include logic
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for computing and assigning confidence values that can account for factors the
implemented screening process cannot (see the discussion on the alert screening
process in section 4.3). Moreover, the use of concave shapes, such as bandid
shapes and ellipse, should be reconsidered, as thesean overestimate convex and
irregular shear regions. In addition, methods for modifying object shapes, for
example when multiple similar objects from different subs ystems overlap, should
be developed Finally, objects delineating regions of for example convective clouds
could also be produced from radar observations for event verification purposes.

4.5. Grid-based integration

In a grid-based integration approach all shear observations are mapped to a
common grid (Cornman 2021, personal communications). Shear values from
different subsystems existing at any grid point are then averaged. This averaging
process can involve weights that are assigned to the different shear vales based on
their representativeness of the prevailing situation. Wind shear regions are then
identified from the integrated (averaged) shear field, and alerts are produced based
on the identified regions.

Multiple steps throughout the process of generatng an integrated alert
involve a grid of some form: radar and lidar (shear) observations exist on a polar
grid, the internal data processing of LLWAS uses a cartesian grid, and
supplementary radar/lidar observations are conveniently dealt with by gridding
them (e.qg., radar CAPPI products). Therefore, instead of dealing with multiple grids
simultaneously and generating intercomparable shapesfrom each grid, the grid-
based approach can beseenas a natural replacement of the object-based approach.
Indeed, the concept for the grid-based approach was developed by NCAR as a
simpler alternative to the object-based approach (Cornman 2021, personal
communications). Instead of producing intercomparable objects from multiple sets
of data, shear objects need not even be produced as alerts can be generated directly
based on the shear regions identified from the integrated shear field. Furthermore,
the integration step itself (calculating confidence -weighted averages) is simple in
contrast to comparing and modifying objects from different subsystems.

Much of the discussion in the previous sectionsregarding confidence values
applies to the grid-based method as well However, these confidence weights are
assigned to each shear value at each grigoint instead of to shearobjects (or alerts).
Moreover, as mapping shear observations tothe common grid is a central part of
the grid-based approach the grid should be chosen appropriately to ensure minimal
loss of information when the observations are mapped to the grid.

4.6. Wind-based integration

The goal of the wind-based approach is to reconstruct the wind field from various
sensor wind measurements and thereafter calculate the wind shear directly from the
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reconstructed wind field. For radar and lidar t his can be done by way of multr
Doppler analysis (Rauber & Nesbitt 2018), but combining anemometer and remote
sensor observations would require development of additional methods.

This approach is generally not feasible for operational wind shear detection,
however. Measurements are often spatially and temporally too distant apart to
ensure an accurate reconstruction of the wind field. This easily leads to an averaged
wind field where the sharpest gradients (wind shear) are inadvertently filtered o ut
(Ritvanen 2019). Moreover, combining radar and lidar observations in weather
situations that possibly limit the use of one of the sensors (e.g., radar in clearair,
lidar in heavy rain and fog) can be challenging due to potentially lacking
measurements. Remote sensors of the same type would ensure consistency under
different weather conditions but allocating for example two radars to an airport is
generally not feasible.

4.7. A grid-basedintegration approach as a replacemerfor the TDWR/LLWAS
integration algorithms

The purpose of this work is to propose a replacement for the TDWR/LLWAS
integration algorithms. It was not possible to implement and operationally test the

various algorithms within the scope of this work. The recommendation is therefore
based on the findings of previous NCAR and Lincoln Laboratory work and

additional understanding that has accumulated during this research. Th esehas been
summarized in the previous sections.

The grid-based approach is recommended as the replacement for the
TDWR/LLWAS integration algorithms. This choice is motivated by the following
considerations:

1 More detailed information about the wind shear extent and shear magnitudes
are available during integration than in an alert-based method, asintegration
occurs at a similar (or finer) spatial resolution at which the measurements
are conducted. In addition , factors affecting the quality of the observations
can be better accounted for with confidence values compared to the existing
alert screening process.This should ultimately result in more accurate wind
shear alerts.

1 The grid-based approach supports any number and configuration of
subsystems as long as the observations can be mapped to the grid.

1 The integration step is simpler compared to that of the object-based
approach. Although the observations must be mapped to the grid to enable
this, minimal information is lost with an appropriately ch osen grid.

1 The important integration considerations that motivated the TDWR/LLWAS
algorithms can be retained in the grid-based approach.
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5. Implementing the gridbased
Integration algorithm

This chapter will give a more detailed overview of the grid-based integration
algorithm (section 5.1), present a possible first implementation of the algorithm
(section 5.2), and discuss testing of the algorithm (section 5.3).

5.1. Overview of the algorithm

The steps of the grid-based algorithm are presented below:

Choose an appropriate grid,

Compute shears from each subsystem (e.g., radar, lidar, LLWAS)

Map shears to grid,

Assign a confidence value to each shear value from (2) at each grid point
Perform a confidence-weighted average at each grid point

Identify regions of wind shear,

Estimate the loss/gain in headwind over each region,

Produce a wind shear alert if anyregion intersects an operational runway .

© N O RODNPRE

The central steps of the algorithm will be discussed in more detail in the following
sections.

5.1.1 Choosing an appropriate grid

A properly chosen grid ensures that no important features are filtered out when
shears are mapped to the grid The internal data processing of LLWAS uses a
cartesian grid centered at the airport. Radar and lidar observations exist on polar

grids that are nearly horizontal due to the low elevation angles used.A simple but

effective choice for a common grid is therefore a two-dimensional horizontal

rectilinear grid. The grid spacing should match the range resolution of the remote
sensor with the shortest bin spacing. This guarantees that minimal interpolation of
data occurs due to thechoice of grid.
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5.1.2 Mapping shears to grid

Interpolation should generally be avoided when shears are mapped to the gridas it
can filter out finer details of the wind shear. Unnecessary interpolation can be
especially harmful to radar measurements conducted far from the instrument, as
detail is already inherently lost due to the increasing measurement volume size.

Mapping radar and lidar observations to the grid is straightforward: these
can be orthogonally projected onto the rectilinear grid and mapped to the nearest
grid point (nearest neighbor interpolation) . This preserves anywanted features of
the wind shear event. See Figure 11for an example.
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Figure 11 (a) Radial shear calculated from a radar PPl scan of a simulatec
microburst event. The range resolution is 150 meters, the angular resolution is 1
degree, and the elevation angle ofthe scan is 0.5 degrees. (b) Aforementioned PP
scan projected onto a horizontal two-dimensional grid with a grid spacing of 150
meters. Note that the features of the microburst are preserved under the mapping.

For LLWAS, the shear extent must be inferred from any edge and triangle
observations. Simply assigning the magnitude of any shear detected along an edge
or within a triangle to any grid points that edge or triangle covers is not
representative of the prevailing shear. For example, if strong microburst divergence
is detected along an edge, and the shear is mapped only to those grid pointshat the
edge intersects then the extent of the divergent microburst outflow will be vastly
underestimated.

Microburst outflows (strong persistent divergence along an edge or within a
triangle) can be mapped to the grid by modelling arbitrary outflows and calculating
the wind shear a given LLWAS network would observe. This information can then
be used in reverse: thea priori modelling can be used to estimate the extent of the
outflow if an edge or triangle observes persistent divergence,and this can in turn be
used to map the observed shear onto the grid.A way of associating these modelled
outflows to the edges and triangles of aLLWAS network is presented by Cornman
(1994) and illustrated in section 5.2.3.
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A similar approach does not work for more elongated and irregular shear
boundaries, such asoutflow boundaries and fronts, asthe extent of these cannot be
accurately resolved from LLWAS observations alone. Although they cannot be
reliably mapped to a grid, LLWAS observations indicating the presence of such
phenomena can still aid in validating more accurate radar and lidar observations of
the samephenomena.

5.1.3 Assigning confidence values

Appropriate confidence weights ensure that the integrated shear values are
representative of the prevailing wind shear. Confidence valuesshould be based on
central factors affecting the observations, such as:

1. Quality of sensor wind measurements (radial velocities or anemometer wind
observations),

2. Timeliness of observations,

3. Sensormeasurement geometry.

The accuracy of the calculated wind shear is directly affected by the quality of
the measured wind velocities. This in turn depends on the properties of the
measuring sensor and the present weather situation. These can be quantified in
severalways.

For radar and lidar data, a signatto-noise (or similar) based featuring can be
applied to filter out poor-quality observations. Clutter bins caused by non-
meteorological echoes or dual-PRF processing (if such is used) should also be
accounted for. The aforementioned can be incorporated as confidence valuesn the
integration algorith m, but sensor signal processorscan also often perform such data
filtering before outputting the measurements. Furthermore, algorithms used for
computing the wind shear often smooth the data and include filters for any clutter
the signal processor may have missedIn such cases it is not necessary toinclude
quality -based confidence values in the integration algorithm.

There can also exist measurement bias in anemometer observations due to
sensors sheltering by buildings and terrain. This is however site specific and thus
hard to generally quantify.

As wind shear can betransient, timely observations are crucial for ensuring
accurate wind shear alerts. Therefore, temporally sparse measurements, either due
to missing observations or long measurement cycles,must be weighted accordingly,
so that observations not representative of the prevailing situation do not
detrimentally affect the integrated alerts. Weights can be chosen to be, for example,
exponentially or piecewise linearly decaying with time.

Appropriate siting of sensors is important to accurately capture the shear
along a flight path. However, asthis is not often possible, for example due to a single
radar/lidar covering multiple runways , suboptimal instrument locations should be
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accounted for in integration. Observations from a poorly placed remote sensor (for
a given runway) should have lower confidence than observations from an optimally
sited one.

The appropriate confidence weights naturally depend on the shear event.For
example, inversions and orographically induced shear conditions can remain
stationary for hours while a microburst outflow can decay in just a few minutes .
Moreover, microbursts exhibit at least some symmetry and can generally be
detected from any direction (however, the shear strength may be underestimated,
especially for more asymmetric microbursts), while other shear boundaries, such as
inversions, can be completely missed due to poor sensor geometry.Therefore,
supplementary radar (or lidar) observations can aid in verifying shear events and
tuning the confidence values accordingly. For example, radar features aloft, such as
strong reflectivity cores or circulation, in the vicinity of strong divergent outflows
can be used for validating potential microburst events (Cornman 1994).
Observations of microburst precursors aloft together with a weak outflow near the
surface can even be used to predict the onset of strong hazardous windsGampbell
& Isaminger 1989).

5.1.4 Identifying wind shear regions

As the grid represents a collection of points, density-based spatial clustering
algorithms can be used to identify shear regions. However, depending on the
clustering algorithm used, noise present in the integrated shear field, owing to the
fact that the wind shear is calculated by differencing discrete observations of a
continuous wind field, can remain in the clusters. In such cases, morphological
image processing technigues, such as dilation followed by erosion, can be used to
smooth any excessive irregularities while still preserving the overall shape of the
shear region.

Although shapes (objects)need not be generatedin the grid-based approach
for alert purposes, fitting shapes to the identified shear regions can still be useful for
conveying information about the prevailing situation to an end-user, as such shapes
are generally easier to interpret than potentially noisy clusters of grid points.
Polygons that can accurately delineate the extent of the shear can be used for this
purpose. Concave shapes such as TDWR bandids and ellipses, although easy to fit,
should generally be avoided, as these can overestimate the extent of geecially
irregular and elongated shear boundaries.

5.1.5 Estimating the loss/gain in headwind over each shear region

An estimate for the headwind loss or gain over eachshearregion must be calculated
after theseregions have been identified. This can be donein a straightforward way
by fitting a simple geometrical shape, such as an ellipse, to each region, and
computing multiple line integrals in varying directions over the shape.For example
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the greatest calculated loss/gain can then be used as the estimate fothe region. A
more advancedapproach can be based on finding and integrating over the sharpest
sustained gradient within each region. With sustained it is meant that a strong
gradient should be maintained over a significant distance.

Depending on the sensor geometry, and particularly concerning microburst
outflows, the largest identified headwind loss or gain is not necessarily along the
runway direction. In the case thatit is not, the largest estimate should still be used
in the interest of safety, but this could potentially result in over-warning. However,
appropriately chosen confidence values should ensure that the headwind loss/gain
estimates computed from the integrated shear field are representative of the present
situation.

5.2. Afirstimplementation

A first possible implementation of the grid-based integration algorithm is presented
here. Choices for each algorithm step (section 5.1) are based on the remarks made
in the previous sections. This first version can then be tested andimproved based
on the results.

5.2.1 Grid choice

The common grid is chosen to betwo-dimensional, horizontal , and rectilinear with
the grid axes pointing eastward and northward. The grid is centered at the airport
and the grid is assumed to be tangent to the surface The grid spacing is set to match
the shortest bin spacing among the remote sensors used.

5.2.2 Computing shears

The computed divergence/convergence along each edge and within each triangle is
output from the LLWAS algorithms after each measurement cycle. These values are
separated into two categories: persistent divergence [divergence along an
edge/within a triangle for the past n measurements (specified by the LLWAS
algorithm) ] indicative of a microburst, and all other non-persistent divergence and
convergence. For radar/lidar, any desired algorithm that calculates the wind shear
from radar/lidar observations can be used. The output should, however, be
mappable to the common grid. Here it is assumed that the calculated shear is output
on asimilar polar grid as wherethe wind is observed (e.g., PPI surface)

5.2.3 Mapping shears to grid

Any observations of persistent divergence within the LLWAS network are associated
with microburst s. Theseobservations are mappedto the grid as illustrated in Figure
12 below.
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Radar/lidar shear values(in each bin) are orthogonally projected onto the
grid. The curvature of the earth is accounted for, and a 4/3 -model atmospheric
refraction is assumed for the radar waves (egs. 3437 in Davies-Jones et al.2019).
Each projected value is then mapped to the nearest grid point (nearest neighbor
interpolation).

Figure 12: lllustration of mapping LLWAS microburst observations onto the grid.
Here the modelled microburst is assumed to be symmetric with a diameter of 4 km.
The velocity profile follows a sinusoidal wave [such velocity distribution is suggested
by radar observations of microbursts (e.g., Hjelmfelt 1988)]. The maximum wind
speed is assumed to be 10 m/sA more detailed overview of the method can be founc
in (Cornman 1994).

5.2.4 Assigning confience values

It is assumed that the signal processors filter out any poor-quality observations and
that the sensors are optimally placed/sited. Confidence values are therefore
assigned only based on time andvertical distance to the grid. A piecewise linear
decay of the weights with time is assumed Any observation (independent of any
subsystem) is assigned a weight of 1 for the first minute, afer which the confidence
decays linearly such that any observation has 0 confidence after 3 minutes.
Radar s and l i dar s ar e assumed to
recommendation that the sensor should not deviate more than 30 degrees from a
runway centerline (FAA 199J); these radar and lidar observations are thusassumed
to be representative of the flight path shear and need not be weightedin this regard.
A confidence value is, however, assigned based on the vertical distanceetween the
radar/lidar bea m and the grid. Any observations within the lowest 500 meters from
the grid is assigned a weight of 1, and the weight decays linearly having O confidence
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