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Risk based decision support for new air traffic operations with
reduced aircraft separation

Problem area turbulence and allow a reduction of
With the steady increase in air wake vortex separation minima
traffic, the aviation system is under include the ground based ATC-
continuous pressure to increase  Wake system (for air traffic

aircraft handling capacity. The controllers) and the on-board I- Author(s)
introduction of Reduced Vertical ~ Wake system (for pilots). An L.J.P. Speijker
Separation Minima (RVSM) above increase in runway capacity may

‘Flight Level 290’ implies that the  also be achieved by using parallel  Report classification
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capacity bottleneck within the air  runways more effectively or by UNCLASSIFIED
transport system has changed from designing new and advanced flight

en-route towards the Terminal procedures. For all the new air Date
Manoeuvring Area (TMA) around  traffic operations evaluated in this @Y 2007
busy airports. The diversity of Report, International Civil Aviation

Knowledge area(s)

airport operations (departures, Organization (ICAO) standards and Safety & Security

approaches, missed approaches) argkst practices do not exist and new
risk events (e.qg. collision risk, wake safety assessment methodologies, Descriptor(s)

turbulence risk, third party risk, incorporating the roles of the Air air transport
runway incursion) implies that the Traffic Controllers and pilots, are risk analysis
safety assessment of newly developed and applied. Introducing safety
proposed Air Traffic Management and/or planning changes to the air ~ Wake vortex risk
(ATM) systems and flight transport system cannot be done ~ collision risk
procedures in the airport without showing that minimum

environment is quite complex. New safety requirements will be
safety assessment methods are  satisfied. This thesis therefore not
needed to assess safety. Inthis  only deals with the safety

respect, the two most capacity assessment process itself, but also
limiting risk events, addressed in  with the setting of risk requirements
this Report, arevake vortex for the newly proposed ATM
encountersand thecollision risk systems and flight procedures.

between aircraft

Description of work
Various new ATM systems and The approach taken is to apply risk
flight procedures are proposed to based decision making to support
increase airport capacity while the introduction of new air traffic
maintaining the same (required) operations and systems for reduced
level of safety. Newly proposed aircraft separation in the airport
systems to cope with wake environment. As worldwide

This report is based on a dissertation of the author, Delft (the Netherlands), April 23,
2007.
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quantitative risk requirements for  Results and conclusions

the newly proposed air traffic The main focus is the development

operations are not yet established, of safety assessment methodologies

the question arises how to assess theith the aim to reduce aircraft

level of risk which may be separation minima. Historically,

considered acceptable. Evidently, asuch methods are based on

zero incident/accident risk can not experimental flight tests and

be realized and therefore risk operational data analysis. This

criteria are developed. There are  report contributes with new

several fundamental questions that methods based on mathematical

are resolved: modelling and risk based decision

« What is the safety level of the support, where the risk criteria for
current air traffic operations?  the risk events are expressed in

» Are the separation minima for suitable incident/accident risk
the current air traffic operations metrics based on historical data.
overly conservative?

« Can the current separation 1.Collision risk analysis studies
minima safely be reduced? To increase airport capacity, the

+ What are the requirements for Federal Aviation Administration
the newly proposed air traffic ~ (FAA) has proposed use of the
operations and systems? Precision Runway Monitor (PRM)

system during independent parallel

These questions require more approaches. Although safety
comprehensive risk assessment ~ analyses of the PRM system have

models and risk criteria than provided operational _
currently available. Therefore, to ~ "€commendations and requirements,
answer these questions, several  collision risk during a double
methodologies for the setting of risk Missed approach was not previously
criteria are developed and applied gluantified or assessed. To fill this

the following safety studies: gap, this thesis develops and applies

. Collision risk analysis of the new collision risk assessment
usage of parallel runways for ~Models. Itis shown that the
landing; collision risk between aircraft

. Collision risk analysis of conducting a simultaneous missed
simultaneous missed approach can indeed be
approaches on converging considerable, and needs to be

runways: addressed to ensure that safety is

. Wake vortex safety assessment Not jeopardized. A limitation of the
of single runway approaches; modelling approach is that the

. Safety assessment of ATC- possibility of intervention when
Wake single runway departures;blunders occur is not taken into

. Safety assessment of the WV account. Therefore, to be able to
DWA single runway operation also cope with such human factors

with reduced separation. issues (e.g. Air Traffic Control
(ATC) monitoring and instructions
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and pilot reactions), the Traffic
Organization and Perturbation
Analyzer (TOPAZ) methodology is

extended and applied for analysis of

the collision risk during

simultaneous missed approaches to

Amsterdam Airport Schiphol
converging runways 19R (now
indicated as 18C) and 22.

Collision risk analysis of the usage
of parallel runways for landing

An increase in runway capacity maye

be achieved by using existing
parallel runways more effectively or
by building additional parallel
runways. In order to evaluate the
risks related to independent parallel
approaches, insight into the
collision risk during all approach
flight phases, including
intermediate approach, final
approach, and missed approach, is
necessary. Section 2 describes a
probabilistic risk analysis of the
collision risk between aircraft
conducting independent parallel
approaches under Instrument
Meteorological Conditions (IMC),
thereby using Instrument Landing

Risk based decision support for new air traffic operations with reduced

aircraft separation

focusing on increased safety
during final approactonly do

not significantly lower the
overall collision riskbetween
aircraft conducting independent
parallel approaches.
Independent parallel runway
approaches may be judged
acceptably safe if the runway
spacing is greater than 1270 m and
unsafe if the spacing is less than
930 m, provided that there is:

At least 20 to 30 degrees angle
of divergence between the
nominal missed approach
tracks, with turns to be executed
‘as soon as practicable’ and not
above 500 ft;

Some longitudinal distance
between the parallel runway
thresholds, where the aircraft
with the highest Final Approach
Point approaches the runway
located ‘farthest away’.

Collision risk analysis of
simultaneous missed approaches on
converging runways

Section 3 concerns a risk analysis of
simultaneous missed approaches on

System (ILS) procedures. A suitableAmsterdam Schiphol converging

risk metric and a Target Level of
Safety are adopted. Various
scenarios with varying runway
spacing and different operational
conditions are evaluated. The main
conclusions from the analysis are:
The collision risk probability
can be considerable and
unacceptable under certain
conditions, especially near turn
on to the localizer and during a
dual missed approach.
Technological improvements
and operational procedures

runways 19R and 22, where the
Obstacle Clearance Altitude (OCA)
of runway 22 was proposed to be
reduced from 350 ft to 200 ft. This
allows the use of runway 22 during
actual Category | weather
conditions, and supports
optimization of the arrival
scheduling. A collision risk model
is developed for assessment of
various missed approach procedures
on runway 22, with possibly a left
turn after completion of the initial
missed approach phase.
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Numerical evaluations show that  other organisations have followed
the collision risk may attain an with similar methods. The Airspace
unacceptably high level under Simulation and Analysis for

certain conditions, especially when Terminal Instrument Procedures
approaching aircraft on runways  (ASAT) tool, which is used by the
19R and 22 both make a straight FAA, has been extended to assess
missed approach, and ATC does nothe probability of a wake encounter
intervene. For trying to maintain the behind a variety of leader aircraft

collision risk at a low and and under different weather
acceptable level, some risk reducingonditions. Airbus has now
measures are identified. In developed a Vortex Encounter
particular, ATC monitoring and Severity Assessment (VESA) tool,

instructing — turn right! or climb to! which allows assessment and

— to aircraft conducting a missed  comparison of aircraft reactions and
approach on runway 19R in case of effects of vortex encounters behind
a previous straight missed approachvarious aircraft. DLR has

on runway 22 is required. Provided established the WakeScene (Wake
that these identified measures are Vortex Scenarios Simulation)
applied, the proposed reduction of Package to assess the relative

the OCA of runway 22 to 200 ftis encounter probability behind

risk neutral within a broad spectrumdifferent wake vortex generating

of missed approach procedural aircraft. However, so far, the
aspects, and may be judged WAVIR methodology is still the
adequately safe. This conclusion is only method that enables explicit
also valid for the possible future modelling of the role of both pilots
situation, where the final missed and air traffic controllers working
approach altitude is raised from with new systems for reduced
2000 to 3000 ft. aircraft separation.

2.Wakevortex risk analyssstudies  Wake vortex safety assessment of
Wake vortex research has generallysingle runway approaches
focused on analysis of wake vortex Both in Europe and in the United

behaviour in different weather States, the feasibility of increasing
conditions and on analysis of the  runway capacity through reduced
impact on wake encountering wake vortex separation distances

aircraft. Wake vortex safety related between aircraft in the arrival and
to proposed operations for reduced departure flows is being
separation was not previously investigated. Traditionally three
quantified or assessed in terms of methods have been used to
incident/accident risk probabilities. determine safe wake vortex

To fill this gap, a Wake Vortex separation distances: (i) flight test
Induced Risk assessment (WAVIR) experiments, (ii) historic
methodology is developed and operational data, and (iii) analytical
applied. WAVIR has received models. Section 4 describes the

significant interest worldwide, and development of the Wake Vortex

Nationaal Lucht- en Ruimtevaartlaboratorium, National Aerospace Laboratory NLR

Anthony Fokkerweg 2, 1059 CM Amsterdam,
P.0. Box 90502, 1006 BM Amsterdam, The Netherlands
UNCLASSIFIED Telephone +31 20 511 31 13, Fax +31 20 511 32 10, Web site: www.nlr.nl
4



UNCLASSIFIED

Risk based decision support for new air traffic operations with reduced

aircraft separation

Induced Risk assessment (WAVIR) to installation of ATC-Wake and

methodology and its application,

use during the departure phase of

within S-Wake, to assess the safetyflight. This includes an assessment,

of single runway wake vortex
separation distances. The main

with the WAVIR tool-set, of
required crosswind values for which

results of the S-Wake project show reduced aircraft separation can be

that an increase in runway
throughput might be achieved
through exploiting favorable wind
conditions (sufficiently strong

applied. For the ATC-Wake
departure operation with reduced
separation, two more issues are
considered: 1) the air traffic

crosswind and/or strong headwind). controller will warn the pilot about

It is further motivated that this can

a potential wake vortex encounter in

only be achieved through the use ofcase an ATC-Wake alert is raised,

new and advanced concepts of

and 2) if an ATC-Wake system

operations with appropriate decisioncomponent provides wrong advice,

making tools for air traffic
controllers and pilots. Both in

there is a higher risk on the
presence of severe wake vortices.

Europe and the United States, suchConsequences might be catastrophic
proposed Concept of Operations forin case of a light aircraft following a

reduced wake vortex separation

depends heavily on the use of wake

vortex prediction and detection
information, with explicit roles and
responsibilities for the pilots and
controllers working with such wake
avoidance systems. This has
therefore led to the design of the
ground based ATC-Wake system
and an on-board wake detection,

heavy aircraft.

For airports with ATC-Wake in use,
Section 5 indicates that the present
separation of two to three minutes
between aircraft departing at the
same runway might be reduced to
120, 90, or even 60 seconds for all
aircraft types in the presence of
sufficient crosswind. As these

warning and avoidance system, the indicative separation minima,

topics of Sections 5 and 6 of this
report respectively.

Safety assessment of ATC-Wake
single runway departures
One potential approach to reduce

dependent on crosswind conditions,
do not yet account for crosswind
uncertainty, the setting of
requirements for the ATC-Wake
system components was further
investigated. This is done through a

the wake vortex separation distancequalitative analysis of the effect of

between aircraft at take-off is by

failures of the ATC-Wake system

utilizing the ATC-Wake system and components. It is concluded that the

operational concept designed to
allow variable aircraft separation
distances, as opposed to the fixed
distances presently applied at
airports. Section 5 quantifies the

Monitoring and Alerting system and
Meteorological Nowcasting systems
are crucial and sufficient accuracy
and reliability shall be guaranteed.
Additionally, it is noted that

possible safety implications related controllers shall be made very
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aware that a timely warning to the probability. The assessment of wake
pilots is also crucial (safety training induced risk levels for the approach
might help to increase awareness). phase when reduced aircraft
separation (2.0 or 2.5 NM between
Safety assessment of the WV DWA all aircraft) is applied is performed
single runway operation with for different aircraft types and
reduced separation various wind conditions. Aspects
Another potential improvement of considered are e.g. the time for
wake vortex safety in the airport  caution and alert and the WV DWA
environment is through installation system capabilities.
and use of a Wake Vortex
Detection, Warning, and Avoidance The use of a WV DWA system
(WV DWA) system on-board seems to reduce the wake vortex
aircraft. The fundamental partis a induced risk only slightly as
pulsed Light Detection and Rangingcompared to the current practice.
(LiDAR) sensor system that The main reason for this is the fact
measures disturbances in the that the largest risk during single
atmosphere and enables real-time runway arrivals occurs near the
forewarning of turbulent conditions. runway threshold. Therefore, WV
Section 6 presents an investigation DWA use would be most beneficial

of wake vortex safety under at low altitudes, where a rebounding
reduced separatiof2.0 or 2.5 NM  wake might be present. Note that
between all aircraft) during for wake vortex safety reasons
approach and landing when using initiation of a missed approach is
an on-board wake detection, not recommendable at low altitudes.
warning and avoidance system.

Applicability
The I-Wake system is proposed as & he new mathematical methods all
safety net in support of ATC support two common rationales for
decided reduced separation, acceptance of a newly proposed air

intended for protection along the  traffic operation, namely by

glide path from ILS/GS intercept. A showing that the number of risk
WYV DWA single runway arrival events does not exceed some pre-
procedure assumes that a missed defined, and agreed upon, risk
approach is initiated, after the flight requirement and furthermore also
crew receives an alert indicating ~ does not increase with the

that the aircraft will likely introduction of the new operation.
encounter a severe wake vortex.  The developed risk assessment
This studyguantifiesthe wake models are based on risk metrics in

vortex induced incident/accident  terms of incident/accident
risk through the use of the WAVIR probabilities per movement, with
methodology, extended with an risk requirements derived on the

aircraft/pilot missed approach basis of historical incident/accident
model and a causal model for the data. It is shown that the current
WV DWA system failure wake vortex aircraft separation
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minima, which depend on the Civil Aviation authority and Air
aircraft weight, are indeed overly  Traffic Control Centre, and were
conservative under certain brought forward successfully to the

conditions. Introduction of variable ICAO Obstacle Clearance Panel.
wind dependent aircraft separation The results from the wake vortex
rules will enable increase of airport risk analysis studies are used
capacity, while maintaining safety. directly for the design and the
Aircraft separation can be reduced setting of requirements for the
safely, provided that new wake ATC-Wake and I-Wake systems
vortex prediction, detection and and their associated concepts of
avoidance systems - such as ATC- operation. It is shown that both are
Wake (for air traffic controllers) promising concepts for increasing
and I-Wake (for pilots) - are aircraft handling capacity in the
implemented for operational use. It airport environment. As a result of
has been shown that specific missedhe wake vortex safety studies, new
approach procedures, which take concepts of operations for reduced
into account local airport runway  wake vortex separations are now
layout, will lead to an increase of  being validated in Europe (under
airport capacity. The safety co-ordination of EUROCONTROL)
assessments build confidence in theand the United States (under co-
operational use of the new proposedrdination of the FAA and NASA).
ATM systems and flight procedures Trials at European airports are

for the application of reduced foreseen as the ideal way forward
aircraft separation in the airport for gathering the required data to
environment. The results from the complete the local Safety Cases
collision risk analysis studies have realize the reduction of the wake
been used directly by the Dutch vortex separation minima.
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Summary

With the steady increase in air traffic, the awiatsystem is under continuous pressure to
increase aircraft handling capacity. The introdutf Reduced Vertical Separation Minima
(RVSM) during the en-route phase of flight implithét the capacity bottleneck within the air
transport system has changed from en-route towhed§erminal Manoeuvring Area (TMA)
around busy airports. The diversity of airport @tiens (departures, approaches, missed
approaches) and risk events (e.g. collision riskenturbulence risk, third party risk, runway
incursion) implies that the safety assessment whnproposed air traffic operations in the
airport environment is quite complex. New safetyegsment methods are needed to assess
safety. In this respect, the two most capacitytlimgirisk events, addressed in this Report, are
wake vortex encounteed thecollision risk between aircraft

Various new Air Traffic Management (ATM) systemaldhght procedures have been proposed
to increase airport capacity while maintaining saene (required) level of safety. Newly
proposed systems to cope with wake turbulence Bmdiag reduction of wake vortex
separation minima include the ground based ATC-VWsisgéem (for air traffic controllers) and
the on-board I-Wake system (for pilots). An inceeasrunway capacity may also be achieved
by using parallel runways more effectively or byidaing new and advanced flight procedures.
For all the flight procedures evaluated in thisorepinternational Civil Aviation Organization
(ICAO) standards and best practices do not extnenv safety assessment methodologies,
incorporating the roles of the Air Traffic Contreis and pilots, are developed and applied.
Introducing and/or planning changes to the airdpant system cannot be done without showing
that minimum safety requirements will be satisfi€bis thesis therefore not only deals with the
safety assessment process itself, but also withédtiang of risk requirements for the newly
proposed ATM systems and flight procedures.

The approach taken is to apply risk based decisiaking to support the introduction of new air
traffic operations and systems for reduced airg@fiaration in the airport environment. As
worldwide quantitative risk requirements for thevheproposed air traffic operations have not
yet been established, the question arises howstsashe level of risk which may be considered
acceptable. Evidently, a zero incident/accidett can not be realized and therefore risk criteria
will have to be developed. There are several furehdat questions that must be resolved:

»  What is the safety level of the current air trafifgerations?

=  Are the separation minima for the current air icafiperations overly conservative?

=  Can the current separation minima safely be reduiced

=  What are the requirements for the newly proposettaific operations and systems?
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These questions require more comprehensive rigssisent models and risk criteria than
currently available. Therefore, to answer thesestjoies, several methodologies for the setting
of risk criteria are developed and applied to tkiving safety studies:

=  Collision risk analysis of the usage of parallelways for landing;

=  Collision risk analysis of simultaneous missed apphes on converging runways;

=  Wake vortex safety assessment of single runwayoagpes;

»  Safety assessment of ATC-Wake single runway defesstu

»  Safety assessment of the WV DWA single runway djeravith reduced separation.

The developed new and innovative methods all sugparcommon rationales for acceptance
of a newly proposed air traffic operation, namejyshowing that the number of risk events
does not exceed some pre-defined risk requirenmehfuathermore also does not increase with
the introduction of the new operation. The devetbpgk assessment models are based on risk
metrics in terms of incident/accident probabilifies movement with, where possible, risk
requirements derived on the basis of historicatiert/accident data.

It is shown that the current wake vortex aircrefhaation minima, which depend on the aircraft
weight, are indeed overly conservative under certanditions. Introduction of variable wind
dependent aircraft separation rules will enablegase of airport capacity, while maintaining
safety. Aircraft separation can be reduced safetyided that new wake vortex prediction,
detection and avoidance systems - such as ATC-\(fakair traffic controllers) and I-Wake

(for pilots) — are implemented for operational usés also shown that specific missed approach
procedures, which take into account the local afrfagout characteristics, may lead to an
increase of airport capacity. This is shown for Agndam Airport Schiphol runway 22.

The safety assessments have built sufficient centid in the operational use of the proposed
new ATM systems and flight procedures for the aggion of reduced aircraft separation in the
airport environment. The results from the collisiesk analysis studies have been used by the
Dutch Civil Aviation authority and Air Traffic Corml Centre, and were brought forward
successfully to the ICAO Obstacle Clearance Pdia.results from the wake vortex risk
analysis studies have been used to support thgrdasd also the setting of requirements for the
ATC-Wake and I-Wake systems and concepts of omeraiext step will be to complete the
validation process for the use of these systenositr the production of the Safety Cases
towards installation of these systems at airportkia aircraft respectively. Trials at European
airports are foreseen as the ideal way forwardyébnering the required data to complete the
local Safety Cases and realize the foreseen rexiuctithe wake vortex separation minima.
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Samenvatting

Als gevolg van de toename van het luchtverkeet igtduchtvaartsysteem onder druk om

meer vliegtuigen af te handelen. De introductie klainere verticale separatieafstanden (van
2000 voet naar 1000 voet) tijdens het en routewelde viucht impliceerde dat het capaciteit
knelpunt in het luchtverkeer verplaatst is naaludathavens. De verscheidenheid aan
vliegprocedures (startend en landend verkeer, aentioorstarts) en de bijbehorende
veiligheidsrisico's, impliceert dat de veiligheidslordeling van nieuwe systemen en procedures
in de luchthavenomgeving vrij complex is. Er is éethoefte aan nieuwe methodieken voor het
beoordelen van de veiligheidsimplicaties van dexagestelde wijzigingen. De meeste nieuwe
vliegprocedures zijn gericht op het verminderen mémimaal vereiste separatieafstanden tussen
vliegtuigen, zodat meer vliegtuigen kunnen wordigelaandeld. Om het minimum vereiste
veiligheidsniveau te blijven garanderen, zal vamoering van nieuwe systemen en procedures
aangetoond moeten worden dat risico’s als bijvogltbbotsingen tussen vliegtuigen of
ongevallen als gevolg van zich achter vliegtuigevitidende tipwervels niet vermeerderd.

Nieuwe operationele concepten en systemen als ABRe{oor verkeersleiders) en I-Wake
(voor piloten) richten zich op verkleinen van denimiaal vereiste tipwervel separatieafstanden.
Een capaciteitstoename kan echter ook bereikt wadder het ontwerpen van nieuwe
vliegprocedures voor het efficiénter gebruik varafialle landingsbanen. Voor alle procedurele
wijzigingen waarvoor de veiligheid in dit proefsithwordt geévalueerd, geldt dat ICAO
standaarden en/of geaccepteerde veiligheidsmetted{@og) niet bestaan. Daarom worden
nieuwe en innovatieve veiligheidsanalysemethodewikkeld en toegepast. Dit proefschrift
gaat, ter ondersteuning van regulerende instam¢iesns in op het vaststellen van veiligheids-
normen. Waar mogelijk, wordt hierbij gebruik gemiaahn historische data over ongevallen.

De aanpak gaat uit van de toepassing van op veitighisico’s gebaseerde besluitvorming, ter
ondersteuning van de (veilige) invoering van niemiggprocedures en systemen voor kleinere
vliegtuigseparatieafstanden in de vliegveldomgevibigndat wereldwijde kwantitatieve
veiligheidsnormen voor de nieuw voorgestelde vliegpdures en systemen nog niet bestaan,
doet zich de vraag voor hoe het acceptabele veilighiveau bepaald dient te worden.
Verschillende fundamentele vragen dienen hiert@mtveoord te worden:

=  Wat is het veiligheidsniveau van de huidige vlieggdures in de vliegveldomgeving?

»  Zijn de huidige vliegtuigseparatieafstanden molgeéjconservatief?

=  Kunnen de huidige vliegtuigseparatieafstandeng®#irkleind worden?

=  Wat zijn de veiligheidseisen voor de invoering véguwe vliegprocedures en systemen?

Het beantwoorden van deze vragen vereist andéceaislysemodellen en veiligheidsnormen
dan momenteel beschikbaar en gebruikelijk. Vandagrom hier een antwoord op te vinden,
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verschillende nieuwe methoden voor het vaststelbenrisico criteria zijn ontwikkeld. Deze
zijn vervolgens toegepast in de volgende veiligbstigdies:

=  Analyse van het botsingsrisico bij het gebruik panallelle banen voor landingen;

=  Analyse van het botsingsrisico bij doorstarts opvesgerende landingsbanen;

= Veiligheidsanalyse van het risico op ongevallenrdipavervels achter vliegtuigen;

= Veiligheidsanalyse van de ATC-Wake operatie voartehd vliegverkeer;

» Veiligheidsanalyse van de I-Wake operatie voor éarttiverkeer met kleinere separatie.

De nieuw ontwikkelde methoden en risicoanalysemedaindersteunen twee algemeen
aanvaardde motivaties ter acceptatie van nieuvegafieraties en systemen, namelijk door aan
te tonen dat het risico op een ongeval niet hogedindan een maximaal aanvaardbare nénm
dat dit risico tevens niet hoger wordt dan momédriteegeval is. Alle ontwikkelde risico-
analysemodellen zijn gebaseerd op ongevalskanseniggbeweging (landing of start) met,
waar mogelijk, veiligheidsnormen gebaseerd op higthe gegevens en data over ongevallen.
Er is aangetoond dat de vliegtuigseparatieafstardiermomenteel met name gebaseerd zijn op
het gewicht van de betrokken vliegtuigen, daadwigkkie conservatief zijn onder bepaalde
condities. Invoeren van nieuwe variabele weers&figke separatieregels zal de capaciteit van
vliegvelden veilig kunnen vergroten. Nieuwe openagile systemen als ATC-Wake (voor
verkeersleiders) en I-Wake (voor piloten) dienerndigen voor betrouwbare voorspelling en
detectie van tipwervels in de vliegveldomgevingigook aangetoond dat geavanceerde
doorstart procedures, die rekening houden metgdeeifieke banenstelsel van vliegvelden,
kunnen leiden tot een veilige capaciteitsvergrotiag vliegvelden (zoals Schiphol).

De uitgevoerde veiligheidsanalyses hebben al gébtigen veilige vergroting van de capaciteit
van het luchtverkeer. De resultaten van de botesigsanalyses zijn door de Nederlandse
Luchtvaart Autoriteit en de Luchtverkeersleidindpgekt, en zijn daarnaast ook ingebracht bij
het ICAO 'Obstacle Clearance Panel’. De resultagnde veiligheidsanalyses van het risico op
ongevallen door tipwervels zijn gebruikt om de sgsheisen ten behoeve van kleinere
separatieafstanden vast te stellen. Het voorgesteitiverp van de ATC-Wake en |-Wake
systemen en de bijbehorende operationele concgptdheen duidelijke richting aan voor de
toekomstige operationele validatie voor het gebwaik deze systemen in de vliegveld
omgeving. Als volgende stap wordt voorzien het posilen van de lokale ‘Safety Cases’,
gebruikmakend van klimatologie data met betrekkoigle weersomstandigheden op de
beoogde vliegvelden. Installatie van ATC-Wake dpgtelden en I-Wake in vliegtuigen, en
continuering van de deelname van Europese vliegnedth luchtverkeersleidingscentra in het
validatieproces is een noodzakelijke voorwaarddgekomen tot verdere capaciteitsvergroting.
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1 Introduction

1.1 Scope

With the steady increase in air traffic, airponts ander pressure to increase aircraft handling
capacity. The introduction of Reduced Vertical $apan Minima during the en-route phase of
flight implied that the capacity bottleneck withime aviation and air transport system will
change from en-route towards Terminal Manoeuvringg& (TMA) around busy airports. The
diversity of airport operations (departures, apphas, missed approaches) and risk events (e.qg.
collision risk, wake turbulence risk, third partgk;, runway incursion) implies that the safety
assessment of newly proposed flight procedureserairport environment is quite complex.
New safety assessment methodologies are neededdssahe safety. The newly proposed
flight procedures aim to reduce the separatioradcsts between aircraft at take-off and landing
without compromising safety. In this respect, the thost capacity limiting risk events are
wake vortex encounters and the collision risk betwaircraft.

Figure 1-1 Wake vortex generated behind a heavy aircraft

Aircraft create wake vortices when flying, restngtrunway capacity (Figure 1-1). These
vortices usually dissipate quickly, but most aitpapt for the safest scenario, which means the
interval between aircraft taking off or landingeaftamounts to several minutes. However, with
the aid of accurate meteorological data and prengasurements of wake turbulence, more
efficient intervals can be set, particularly whegather conditions are stable in time.

The ATC-Wake project aims to develop and build@ugd based wake vortex prediction,
monitoring, and alerting system for Air Traffic Gowilers that will allow variable wind
dependent aircraft reduced separation distanceppssed to the fixed distances presently
applied. Similarly, the I-Wake project aims to dieyean aircraft on-board wake vortex
detection, warning and avoidance system. A comininaif both is foreseen as the ideal way to
cope with the risk related to wake turbulence mdfrport environment.
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An increase in runway capacity may also be achiéyedsing existing parallel runways more
effectively or by building additional parallel ruaws. A reduction of the minimum parallel
runway spacing for independent parallel approagresproposed by the Federal Aviation
Administration (FAA), provided usage of the PreaisRunway Monitor (PRM) system [27,
39]. For the safety assessment of the associaggd firocedure, evaluation of the collision risk
between aircraft is required. A recent study foegin improvement of the capacity at
Schiphol airport addresses the risk related to kémeous missed approaches on runways 19R
and 22, where a reduction of the Obstacle ClearAtitade (OCA) would allow the use of
runway 22 in actual Cat | weather conditions.

For the newly proposed flight procedures, ICAO dtads and best practices do not exist and
therefore new safety assessment methodologiesatsits, preferably incorporating the roles
of the Air Traffic Controllers and pilots, will ndeo be developed and applied.

1.2 Objectives

The overall objective of this thesis is to devedopl apply safety assessment methodologies to
support the safe introduction of newly proposedion systems and flight procedures. A
variety of mathematical techniques, based on statisanalysis and expert judgment, will be
developed for assessment of incident/accident Tisk.aim is to reduce the separation distances
between aircraft at take-off and landing withoutnpmomising safety. Evaluation of separation
distances - imposed by wake turbulence and catliggk - has historically been conducted
using three approaches:

1. Experimental flight test data,

2. Historic operational data, and

3. Analytical models.

As the newly proposed flight procedures and sysi@msot yet in operation, this thesis follows
the third approach. The aim is to build sufficisatety confidence, enabling the decision
makers to decide on operational testing and/or direct implementation.

Introducing and/or planning changes to the airgpant system cannot be done without showing
that minimum safety requirements will be satisfikdthis respect, the risk requirements intend
to be compliant with the Eurocontrol Safety RegutatRequirements (ESARR 4) posed by
EUROCONTROL'’s Safety Regulation Commission (SRQjisTneans that the setting of risk
requirements for risk based decision making isngpoirtant issue within this report. Historical
incident/accident data will be used to supportritie based decision making process.
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1.3 Approach: risk based decision making

The approach taken is to apply risk based decisiaking to support the introduction of new air
traffic operations and systems for reduced airagfiaration in the airport environment. As
worldwide quantitative risk requirements for thevheproposed air traffic operations have not
yet been established, the question arises howstsashe level of risk which may be considered
acceptable. Evidently, a zero incident/accidett can not be realized and therefore risk criteria
will have to be developed. There are several furehdat questions that must be resolved:

1. What is the safety level of the current air trafifgerations?

2. Are the separation minima for the current air tcaffperations overly conservative?

3. Can the current separation minima safely be redticed

4. What are the requirements for the newly proposettaiic operations and systems?

These questions require more comprehensive rigssisent models and risk criteria than
available. Historically, safety assessments amndfased on experimental flight tests and
operational data analysis. This report will conitédowith new methods based on mathematical
modelling and risk based decision support, whesgik criteria for the risk events will be
expressed in suitable incident/accident risk metoased on historical data. To increase airport
capacity, the FAA has proposed use of the PrecRiamvay Monitor (PRM) system during
independent parallel approaches. Although safetyyaas of the PRM system have provided
operational recommendations and requirementssimilirisk during a simultaneous missed
approach was not previously quantified or asseSsefill this gap, this report will develop and
apply new collision risk assessment models. Wakeexagesearch has generally focused on
analysis of wake vortex behaviour in different wegstconditions and on analysis of the impact
on wake encountering aircraft. Wake vortex safelsted to newly proposed operations for
reduced aircraft separation was not previously tifieh or assessed in terms of
incident/accident risk probabilities. To fill thimp, a new Wake Vortex Induced Risk
assessment (WAVIR) methodology will be developed applied.

Several methodologies for the setting of risk catéave been proposed up to now. Some
methods worth mentioning for air traffic operati@rs:

1. Airtransport as safe as surface public transmogt (ailway or bus);

2. Expected passenger fatality rate in air traffic panable with population fatality rate due
to all causes;

Air crew risk of accidental death comparable withes occupations;

Current air traffic accident rates with a factoiiraprovement;

Maintaining current air traffic accident statistics

Fitting in with present safety requirements forteaiffic operations.

o0k w
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These methods all support two commonly accepteéanaes for acceptance of a newly
proposed air traffic operation / system by involuatgrest groups (i.e. pilots, controllers,
regulators), namely by showing that the numbeisif events:

= does not exceed some pre-defined, and agreed uglonequirement;

» does not increase with the introduction of a neviraffic operation.

Various novel and innovative safety assessmentadetbgies to derive risk criteria and to set the
appropriate requirements for the introduction of/aér traffic operations in the airport
environment are introduced in this thesis. The gsed methods will be based on:

=  Risk metrics in terms of incident/accident prokiéibg per movement;

» Risk requirements derived on the basis of histbiizadent data.

The mathematical risk assessment models and tealsiébe developed and implemented into
the NLR Information System for Safety and Risk ge@l (ISTaR). Where possible, models will
be validated with historical data or statisticatedfsom simulation experiments.

1.4 Thesis outline

This Section 1 provides an introduction to the ryepvbposed air traffic operations for which
the safety will need to be assessed. Section 2 #étll a reduction of the minimum required
parallel runway spacing for independent parallgirepches. In Section 3, an assessment of
collision risk between aircraft conducting a simakous missed approach on converging
runways is given. Section 4 describes the developerad application of the Wake Vortex
Induced Risk assessment (WAVIR) methodology. Aresssient of the risk of a wake vortex
induced incident/accident during current practiogle runway arrivals and under different
weather conditions is given. Section 5 preseni@saessment of wake vortex safety related to
single runway departures. The WAVIR methodologgxgended with a graph based model
structure, in order to evaluate the impact of hdzand system failures when ATC-Wake is
used. Section 6 presents an assessment of thef askiake vortex induced incident/accident
related to the WV DWA single runway arrival opesatiunder reduced separation (2.0 and 2.5
NM between landing aircraft). Conclusions and reemndations are given in Section 7.
References are contained in Section 8. The Appehdintains a description of the
mathematical models used for the assessment of veatex induced incident/accident risk.

1.4.1 Collision risk related to independent parallel appoaches

An increase in runway capacity may be achieveddiyguexisting parallel runways more
effectively or by building additional parallel ruays. An important factor for both is the
reduction of the minimum required distance betwg@mllel runways used for independent
parallel approaches. The minimum required runwagisi for independent parallel approaches
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has already been reduced several times, thereing tiy maintain the same required level of
safety. These reductions were induced by improyestagional procedures and technological
improvements. The latest reduction to 1035 m (F80@pproved by ICAO as from November
9th 1995, was initiated by an airport capacity pangme developed by the Federal Aviation
Administration (FAA), and based on use of the Riea Runway Monitor (PRM) system.
Reducing the minimum required runway spacing wittiaking other measures generally brings
along an enlargement of risks which must be avoi@ied main risk is the risk of collision
between aircraft. In order to evaluate the risksteel to independent parallel approaches,
insight into the collision risk during all approaftight phases, including intermediate approach,
final approach, and missed approach, is necessary.

Section 2 describes a probabilistic risk analysihe collision risk between aircraft conducting
independent parallel approaches under Instrumetgdvi@ogical Conditions (IMC), thereby
using Instrument Landing System (ILS) procedurést HCAO standards and recommended
practices for simultaneous ILS approaches are ithestrThe risk model, developed for
determination of the collision risk during idengifi hazardous flight phases is presented. In
order to assess the minimum required runway spaaisgitable risk metric is selected and a
Target Level of Safety is adopted. A number of acexs with varying runway spacing and
different operational conditions are numericallplesated. The worst case scenario is identified,
risk reducing measures are examined, and recomrienslfor a safe operation are given.

1.4.2 Simultaneous missed approaches on converging runway

The increase in air traffic implies that for busgparts, such as Schiphol, new flight procedures
are being developed. For some proposed proced@#&6), regulations do not exist and a safety
assessment incorporating the role of Air Traffim@ol (ATC) and pilots is required. The

Dutch Civil Aviation Authorities (CAA) and the Lutberkeersleiding Nederland (LVNL)
propose to reduce the Obstacle Clearance Altitafleunway 22 from 350 ft to values less than
200 ft. This would allow the use of runway 22 ihuzt Cat | weather conditions, which will
support the optimization of arrival scheduling.

As a consequence, the point where a missed appi®athated, when the missed approach is
based on visibility conditions or un-stabilized epgch, moves to a point further down the
approach for runway 22. Section 4 describes aanstysis performed to quantify and evaluate
the risk of simultaneous missed approach procedureanways 19R and 22, up to and
including ILS Cat | circumstances. Runway 19R ie ofithe primary runways for arriving

1 . . . .
The Obstacle Clearance Altitude (OCA) is the lavedstude above the elevation of the relevant rapthreshold or above the
aerodrome elevation, as applicable, used in estabfj compliance with appropriate obstacle clearamiteria.
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aircraft?, and is favourable because of noise restrictionstie minimum impact on the other
runways. Arrivals on runway 22 are not favourablthwespect to noise as the approach is right
across the centre of Amsterdam. Combined use ofat@R22 is therefore in principle limited to
inbound peak time periods and in general not altbdigring the night. The missed approach
procedure for runway 19R is straight ahead on ryrtwaeck, whereas the procedure for runway
22 prescribes a left turn with required track cleanf)63°. For safety reasons, the turn may only
be initiated after completion of the initial missaggobroach phase. As a consequence, in case of a
simultaneous missed approach on the runways 19R 2 rtie two aircraft missed approach
tracks might be close under certain non-favourebtelitions. Therefore, although the
procedure for runway 19R does not prescribe a tameality ATC often instructs aircraft
conducting a missed approach to initiate a turnyanam the nominal trajectory for runway 22.

Section 3 outlines the methodology to determinectiiésion between aircraft, and describes its
application to assess the safety of the independage of runway 22 as a Cat | ILS runway.
The new methodology uses 3 NLR tools ((Informatiyistem for Safety and Risk Analysis
(ISTaR), Traffic Organizer and Perturbation AnalyZEOPAZ), and Flight track and Aircraft
Noise Monitoring System (FANOMOS)) in order to assthe collision risk between aircraft
conducting a simultaneous missed approach to Sghiphways 19R (now 18C) and 22.

1.4.3 Wake vortex safety assessment of single runway apggaches

With the increasing air-traffic congestion probleansund major airports, the problem of wake
turbulence has gained a lot of interest, both énUihited States of America (USA) and in
Europe. Research in the US by the National Aeracsand Space Administration (NASA)
was mainly focused on the development of an Aiterake VOrtex Spacing System (AVOSS)
and wake vortex advisory systems. In Europe, dimaerators such as Frankfurt Airport are
spending large efforts in introducing new airpgrp@ach procedures (e.g. the High Approach
Landing System/Dual Threshold Operation (HALS/DTQE)8]) in order to enable separation
distances between aircraft to be reduced whileniegasafety. The current separation minima
based on aircraft maximum take-off weight, basjcatem from the 70's.

Although experience obtained over the past 30 yiedisates that the wake vortex separation
minima are ‘sufficiently safe’, the current safégyel is unclear. Also there is a deficiency of
tools and methods for bringing into account newellgyments in operational usage at busy
airports and the introduction of new bigger aircmafthe air transport system.

2 In this report, the numbering of the Amsterdamifubl runways is in accordance with the runway narimy in use before the
opening of the Polderbaan (in 2003). Note that(Balirunway 19R (the Zwanenburgbaan) is now indidtats 18C.
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Therefore, in Section 4, the new Wake Vortex InduRésk assessment (WAVIR) methodology
is presented, and applied to assess wake vortetydaf single runway approaches under
current practice flight regulations. In view of thiecertainties and the difficulties in
understanding the wake vortex phenomena, a prostabapproach will be followed to

evaluate the safety related to different separatistances between landing aircraft on a single
runway. The probabilistic approach is based omwehsistic framework that incorporates sub
models for wake vortex evolution, wake encounted fight path evolution, and relates the
severity of encounters to possible risk events ifi@dents/accidents). The impact of weather
conditions on wake vortex induced risk will be saat so as to show that a reduction of the
current separation minima — and consequently ared@se of capacity — might be possible under
certain wind conditions (in particular crosswindiéor strong headwind).

New wake vortex detection, warning, and avoidarystesns (as being developed in ATC-Wake
and I-Wake) require actions from air traffic cotigcs and pilots in case there is a discrepancy
between wake vortex prediction and detection ingrom. The ‘classical' WAVIR approach,
which originates from the S-Wake project, is ndeab account for human and system
performance. Therefore, the next Sections willadirce additional ways of dealing with wake
vortex risks, taking into account operational hdgand system failures that can occur.

1.4.4 Safety assessment of ATC-Wake single runway depares

One potential approach to increase airport cap#&ity reduce the separation time between
aircraft at take-off without compromising safetycoirate meteorological forecasts and precise
measurements of wake turbulence enable more effizitervals to be set, particularly when
weather conditions are stable in time. With thedadidmart planning techniques, these
adjustments can generate capacity gains of up%a thich has major commercial benefits.
ATC-Wake aims to develop and build an integratestesy for ATC that would allow variable
aircraft separation distances, as opposed toxkd fimes presently applied at airports. The
present separation of two to three minutes betwlegparting aircraft is designed to counter
problems aircraft may encounter in the wake ofdaagcraft. For airports with ATC-Wake in
use, the aim is to reduce the time separation lgetwaecraft departing at single runways to 90
seconds for all aircraft types in the presencautifcsent crosswind.

The overall objective of this study is to quantifie possible safety improvements when using
the ATC-Wake system and to assess the requiredwinng values for which the “ATC-Wake
mode”, with reduced aircraft separation, can bdieghpThe wake vortex induced risk between
a variety of leader and follower aircraft, depagtimder various wind conditions, will be
evaluated. The ATC-Wake decision-support systerhhelp air traffic controllers decide how

29



NLR-TP-2007-368 <NLR>

A

long the intervals should be. In the operationsfagle runway departures, two separation

modes are defined:

= The Baseline Separation Mode with ICAO wake vodepgaration minima;

» The ATC-Wake Separation Mode with (reduced) separahinima that depend on the
weather conditions but do not depend on aircrakenartex category.

Section 5 outlines the methodology to assess wakewinduced risk during ATC-Wake single
runway departures. The methodology makes use of RAN combination with a qualitative
analysis of the impact of failure and/or hazardsditions related to the use of ATC-Wake.

1.4.5 Safety assessment of WV DWA single runway arrivals

A potential improvement of wake vortex safety ie #Hirport environment is through installation
and use of a wake vortex detection, warning, amidawnce system on-board aircraft. The
fundamental part is a pulsed Light Detection anddgi®ey (LIDAR) sensor system that measures
disturbances in the atmosphere and enables realftirawarning of turbulent conditions.

Fifteen seconds or less prior to encountering areewake, the flight crew will receive a visual
and an aural WARNING alert. A CAUTION alert will lgovided between 15 and 30 seconds
before encountering a wake vortex that strongar tha caution threshold. This I-Wake system
consists of a tactical and a strategic functiore Hctical function measures atmospheric
disturbances, and alerts the flight crew when ant@lly severe wake vortex encounter is
expected. The strategic function predicts waketiona and estimates wake behaviour based on
information of generating aircraft and meteorolagjidata. The strategic information is
presented to the crew in order to raise the flagghtv's wake awareness. Information about
possible wake hazards is displayed on the navigaligplay in the cockpit.

Section 6 presents an investigation of wake vostdgty under reduced separation (2.0 or

2.5 NM between all aircraft) during the approact Emding phases of flight when using such a
WV DWA system on-board aircraft. It is assumed thatATC-Wake system provides
predictions for the prevalence of circumstancesumdich operations with reduced separation
can take place. Wake vortex induced risk relatatisotype of operation has first been assessed
qualitatively through a Functional Hazard Assesanf]. Section 6 now presents a
guantitative risk assessment based on a combinatittre WAVIR methodology with a variety

of mathematical models for aircraft/pilot perforrsarand WV DWA system performance.
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2 Collision risk related to the usage of parallel runways for landing

2.1 Introduction

The steady increase in air traffic imposes a neeéiihanced airport capacity. An increase in
runway capacity may be achieved by using existenglel runways more effectively or by
building additional parallel runways. An importdattor for both is the reduction of the
minimum required distance between parallel runwesesi for independent parallel approaches
[35, 38]. The minimum required runway spacing fatépendent parallel approaches has
already been reduced several times, thereby ttgimgaintain the same required level of safety.
These reductions were induced by improved operatismocedures and technological
improvements. The latest reduction to 3400 ft (eped by the International Civil Aviation
Organisation (ICAO) as from November 9th 1995) wmitsated by an airport capacity
programme developed by the Federal Aviation Adnvaisn (FAA), and based on use of the
Precision Runway Monitor (PRM) system [27, 28, 39].

Reducing the minimum required runway spacing wittiaking other measures generally brings
along an enlargement of risks which must be avoilftadn risk is the risk of collision between
aircraft. Accident data regarding collisions betwe@craft during parallel runway approaches
is not available. In order to properly evaluaterisks related to independent parallel
approaches, insight into the collision risk duratigapproach flight phases, including
intermediate approach, final approach, and misppdoach, is necessary. This enables the
identification of hazardous situations, and thewdion of collision risk reducing measures. A
thorough collision risk analysis strongly suppahis decision taking about building (additional)
parallel runways or defining specific approach andiissed approach procedures.

This study describes a probabilistic risk analpsithe collision risk between aircraft
conducting independent parallel approaches undgmument Meteorological Conditions
(IMC), thereby using Instrument Landing System (lipEocedures. The next Section 2.2 gives
the prescribed procedures and requirements forlsineous ILS approaches to parallel
runways. Section 2.3 contains the identificatiomatardous flight phases, identification of
suitable risk measures, and adoption of the Tdrget! of Safety (TLS). Section 2.4 describes
the risk model, developed for determination of¢bH#ision risk. In section 2.5, a number of
scenarios, with varying runway spacing and undiéergint operational conditions, are
numerically evaluated. The worst case scenarideistified, and risk reducing measures are
examined. The conclusions are given in Section 2.6.
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2.2 Requirements and procedures for parallel approaches

2.2.1 Required runway spacing for parallel approaches

In general, parallel runways can be used for faifiereént modes of operations: independent
parallel approaches, dependent parallel approactependent parallel departures, and
segregated parallel operations [30]. The first bperations are illustrated in Figure 2-1 (note
that nmi denotes Nautical Miles). With segregatedrations, one runway is used for
departures, while the other runway is used foralsi According to mode of operation and
weather condition, different runway spacings aguired to obtain the same level of safety.
Under IMC, dependent parallel approaches may noeohducted at runways spaced from
2500 ft to 3400 ft, whereas independent parallpt@gches are only permitted at runways
spaced more than 3400 ft. Over the last 30 ydaeaninimum required runway spacing for
independent parallel approaches has been redugedhkgémes. An overview of these
reductions is given in Table 2-1.

Table 2-1 Minimum required runway spacing for independent parallel approaches

Year Required runway spacing
1962 6200 ft
1963 5000 ft
1974 4300 ft
1995 3400 ft

These reductions were induced by improved operatismocedures and technological
improvements, such as new navigation and landistesys, and surveillance radar of higher
update rate and resolution. ICAO has approvedatast reduction to 3400 ft as from November
9th 1995, provided that certain conditions and iregents are satisfied. One of these
requirements is usage of the PRM system, whichréslar monitoring system intended to
increase utilization of multiple, closely spacedtagdlel runways under IMC [27, 28, 39].

2.2.2 Required operational procedures for parallel approzhes

According to available facilities (e.g. ground amboard equipment), a variety of instrument
approach procedures have been developed to guitefasafely to the runways during IMC.

In general, an instrument procedure may have faggnents: arrival, initial, intermediate, final,
and missed approach. This study only considerseusill.S, the presently most used
procedure. A detailed description of ILS procedwas be found in the PANS-OPS [32]. For
now, only the additional requirements for simultame LS approaches to parallel runways are
described.
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For independent parallel approaches radar sepanaiitima between aircraft on adjacent
localizers are not prescribed [30]. The approacmest be flown straight in, with turn on to the
localizer separated vertically by at least 1000 ffiis vertical separation has to be maintained
until the aircraft intercept their glide path a¢thinal Approach Point (FAP). Separate radar
controllers have to monitor the approaches oncd®0@ ft vertical separation is lost during ILS
procedures, and must intervene if any aircrafbseoved to penetrate the No Transgression
Zone (NTZ). The latter is a corridor of airspacedted centrally between the two extended
runway centre lines, with width depending on, amotiger aspects, the surveillance system,
responding time of controllers, pilots and aircrafid lateral track separation [30]. If one
aircraft enters the NTZ, the aircraft on the adjadecalizer must be issued appropriate
instructions to avoid collision, such as turnste initiation of a missed approach.

™ 3 nmi nominal 4 nmi typical
< <t
...... R N PSRRI g
> 3400 ft me/ 2500 - 3400

...... _l__l._ _l.—

X
X
INDEPENDENT DEPENDENT

Figure 2-1 Independent and dependent parallel approaches. Derived from source [18]

Other requirements for simultaneous ILS approathesrallel runways are a maximum
intercept angle with the localizer course of,3hd nominal missed approach tracks diverging
by at least 39 with turns 'as soon as practicable' [30].

For dependent parallel approaches an in-betwegmndes of 2 Nautical Miles (NM) between
aircraft on adjacent localizers is prescribed. Thégonal separation brings along a minimum
required longitudinal separation of about 4 NM besw aircraft on the same runway track. As
the minimum longitudinal separation for independgenallel approaches is about 3 NM, the
runway capacity when using dependent parallel aggtres is significantly less than that for
independent approaches [39]. This clearly showsntipertance of reducing the minimum
required runway spacing for independent parallplagches (see also Figure 2-1).
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2.3 Risk analysis

2.3.1 Identification of hazardous flight phases
This study considers the risks related to indepengarallel approaches. Risks also present
during approaches to single runways are not takenaiccount. Such reference implies focusing
on the collision rislbetween aircraftThe consequences may be catastrophic: probagsyolo
both aircraft and death of passengers and crewlivdgof people living in the vicinity of an
airport may even be endangered. Evidently, hazardituations may exist during flight phases
containing a relative high uncertainty about thenimal flight trajectory if the runways are
closely spaced. Two hazardous flight phases emerge:
= Alignment with the localizer:
A hazardous situation may exist if one (or bothjrapching aircraft overshoots the ILS
localizer®, and deviates towards the adjacent runway, witisipty an endangered aircraft
in its path.
= A dual missed approach:
A hazardous situation may exist if both approaclaimgraft initiate a missed approach,
especially if the missed approaches are to baiadialong runway direction and/or if
there are strong crosswinds.

An aircraft might also be seriously endangered lasake vortex developed by an aircraft
nearby. Up to now, the wake vortex has been igniorélge risk analysis of independent parallel
approaches. The gradual reduction of the minimuyuaired parallel runway spacing may raise
concerns, especially in case of strong crosswimdis Section, the wake vortex problem is
also not taken into account.

2.3.2 lIdentification of suitable risk metrics

There is no single common metric of risk (or safetihere are many different risk metrics
which may be used for quantification of the riskcoflision with an obstacle or between
aircraft. Some of the risk metrics that can be igppor assessing the risk related to air traffic
operations are given in Figure 2-2. Note that,dnegal, a collision may be regarded as a fatal
accident, losing adequate separation may be sesmiasident, and the number of fatalities per
collision will likely involve all passengers andegr. Other risk metrics can often be derived. In
this respect, two types of commonly used risk rostare individual risk metrics which are
based on the risk to an individual being exposealrisk on a regular basis, and societal risk
metrics which take into account the number of pesdo be killed in a single event.

3 N . . . .
A localizer is the component of an Instrument LiagdSystem (ILS) that provides lateral guidanceénwispect to the runway
centreline.
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Figure 2-2 Risk metric for air traffic operations (Source [3])

The suitability of a risk metric depends on, amotiger aspects, the system under

consideration, the available data and the requesdits. In this respect, some considerations
leading to the selection of an appropriate riskrivetre:

The risk metric must be attractive and useful fer involved policy makers.

The risk metric must be able to represent the apresgces of possible decisions in an
appropriate way. In view of the steady increasaiitraffic, this means that the collision
probability per year might be more suitable thanchllision probability per approach.
The risk metric must, if possible, not include gsihich are outside the scope of the
problem under consideration. The risk measure thesefore be restricted to the risk of
collision between aircraft, during the approach péa flight only. Risk measures defined
in terms of accidents per flight hour or per mikevelled are not suitable, as the approach
takes only a relative small amount of time.

The risk metric must be used to derive the mininmequired parallel runway spacing for
independent parallel approaches. For this usagepresently not clear if and how to take
into account the risk to people living in the vitynof an airport, as airport surroundings
vary widely.

The risk metric must fit in with present safety ueggments. However, worldwide risk
criteria are not established for independent palrappproaches. The ICAO single runway
approach safety requirement is defined in termmaafimum probability of collision with
an obstacle per approach [31]. The FAA uses thHesiool probability per approach for
independent parallel approaches [27]. EUROCONTR@d dstablished Safety Regulatory
Requirements for evaluation of ATM related incideahd accidents [78].

It seems not appropriate to apply societal risksuezs for quantification of the risk
related to one part of a flight, as passengerseawl are exposed to risks during all parts
of a flight. Societal risk measures for aircrafspangers seem only suitable for
quantification of the overall collision risk of kght.
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= In other fields (e.qg. the fields of surface pubtansport, hydraulics and civil engineering,
chemical processes, and the nuclear field) themdendency to use risk measures related
to a period of time more often.

= Use of the collision probability per year bringsrad the possibility that, by conducting a
small number of approaches, two parallel runwayh aihigh collision probability per
approach can be judged adequately safe. Espefmalpjlots or crew, this high peak level
of risk will be unacceptable.

Considering the above, there may nobhemost appropriate risk metric. Two suitable risk
metrics evolve for the safety analysis of two patalinways used for landing. Both are defined
with respect to the risk of collisidmetween aircrafonly:

»  The collision probability per approach: Commonlgdisup to now, for evaluation of the
risk during the approach part of a flight. It fitll within the present safety requirements
for air traffic operations, but does not take iat@ount an increase in runway capacity.

=  The collision probability per year (or its recipabcthe expected average time interval
between two collisions): Easy to interpret. It tek&o account the runway capacity, and
consequently the steady increase in air trafficadsid to planning or decision making, it
may therefore be easier to use.

Both risk metrics will therefore be used in thicen.

2.3.3 Adoption of the Target Level of Safety

To determine the minimum required parallel runwastcing, a Target Level of Safety (TLS)

needs to be adopted. The TLS represents the léviskavhich is considered acceptable. The

acceptability of risk depends, naturally, highlytbe magnitude of the consequences. In

general, safety requirements are based on theiaribat an inverse relationship should exist

between the probability of occurrence and the mageiof its consequences. In our case, the

consequences could be catastrophic. A collisiowéden aircraft mostly results in loss of both

aircraft and death of all passengers and crewpandeven endanger the lives of people on the

ground. Evidently, a zero collision probability caot be realized. As, up to now, a worldwide

accepted TLS for independent parallel approachesibiyet been established, the question

arises how to assess the level of risk which magdosidered acceptable. Several

methodologies for TLS assessment have been proppsednow. Some methods worth

mentioning for air traffic operations are [24, 29]:

=  Air transport as safe as surface public transgogt failway or bus);

» Expected passenger fatality rate in air traffic panable with population fatality rate due
to all causes;

= Air crew risk of accidental death comparable withes occupations;

=  Current air traffic accident rates with a factoimprovement;

» Maintaining current air traffic accident statistics

=  Fitting in with present safety requirements forteéffic operations.
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Applying these methods does not necessarily ledloktsame TLS. Moreover, they depend on
the selected risk metric. As a result, several oagrare difficult to apply in our situation. The
first three methods are usually based on the nuwitfetalities per distance or per time
travelled, which are both not suitable for the apggh part of a flight. With regard to the fourth,
the problem ariseshichsize of the target factor of improvement must bedu From the above
methods, the fifth and sixth seem most suitedHisr $tudy. Note that different actor groups
(e.g. airlines, airport authorities, controllersew, passengers or policy makers) may support
different methods. Airlines often support the figassengers the second, crew the third,
whereas policy makers often support one of thetlteise methods.

Maintaining current air traffic statistics
Accident data regarding collisions between airatdafing parallel approaches is not available.
We develop a method consisting of three steps:

= Assessment of the accident probability per approach
The historical accideritprobability per approach at 'reasonable safe' poais, with more
than about 150000 movements per year, is estinaatéed.0’ [36].

=  Assessment of the fatal accident probability pgraach:
The ratio fatal accidents : non-fatal accidentsf ihe order 1:4 [34]. This implies a
historical fatal accident probability per approaétabout 10.

= Account for the number of fatalities, and the lokswo aircraft:
The f-criterion® is based on the assumption that accidents witmestlarger number of
fatalities must correspond to atimes lesser probability. Assuming that a collisinay
bring along about five times more fatalities thareaerage fatal accident [22], and using
the rf-criterion leads to a TLS for the collision prodipiper approach of 11dif c=1.5
and 410 if c=2.

Fitting in with present air traffic safety requirents

Safety requirements for independent parallel apyresare not yet defined. We develop a
method based on the Joint Aviation Requirement&jJfsk categorisation for ATGystems
which relates a number of hazard categories (cafdst, hazardous/severe, major, minor, no
effect) to a maximum probability of occurrence [38]collision between aircraft fits in the
catastrophic category, for which the maximum prdliigtof occurrenceper flight houris
‘extremely improbable', and defined at’}ir initial cause Safety requirements specified per
flight hour are however not suitable for the apptopart of a flight.

4 An accident is defined as the occurrence of amteinded ground contact outside the runway [36}eNlat this implies that
only external safetys being considered, e.g. a crash on the runwagtisncluded in the estimated historical accidgeobability.

° The parameter ¢ can be used to quantify the degr@e)voluntarity of the people being exposeatusk, thereby assuming
that an involuntary risk requires a larger value.of
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The method now consists of three steps:

=  Assess the maximum probability of collision pegtf:
Depending on the world region, the mean flight timeey be estimated at 2 to 4 hours [34].
This implies a maximum probability of collision kaeten aircraft of 2¢18to 410° per
initial cause.

= Account for the number of initial causes:
Assuming that there could be 1 to 5 initial causagding to a collision, implies a
maximum probability of collision between aircraft2310° to 2+10° per flight.

= Assess the TLS for the collision probability pepagach:
Dividing the risk of collision equally between ttigee main parts of a flight (i.e. take off,
en-route, and approach) leads to a TLS of abotitd @08,

Application of both methods does not motivate thlepdion ofone particularTLS. Problems
arising are a large number of numerical assumpaosiack of statistical accident data, leading
to considerable uncertainty in TLS assessmentsnigtbods suggest adopting a TLS ranging
between one collision in f@nd 18 approaches, i.e.

TLS

perapproachD 1x10—9 ,]_X]_O_B] (2'1)

The TLS-area for the collision probability per yé&aderived by assuming on average 200000
approaches per runway per year. This leads to ardah§ng between one collision in 500 years
and one collision in 5000 years, i.e.

TLS Ol2x10™ ,2><10‘3] (2-2)

peryear

As a consequence of the difficulties in TLS assesgnthe usage of a TLS as an absolute
boundary-line between safe and unsafe is hardstdyjuBesides, the uncertainty in collision
risk assessments is often high, and sensitiveriatians in model parameters. The
determination of a safe separation standard ietber also subject to uncertainty. The TLS
concept does not really provide the means for taktirs uncertainty into account. It is
recommended to examine the possibility of broadgtiie TLS concept, by investigating the
development of the ALARP (As Low As Reasonably Becable) approach for use in aviation
risk management [29].

2.3.4 Definition of collision risk judgement scheme

In order to sethe TLS and/or broaden the TLS concept, policy makaust be consulted. In
order to already judge the acceptability of caldacollision risk, a "collision risk judgement
scheme" is defined for usage in this study:
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= A scenario for which the collision risk is lowertithe lowest boundary of the TLS-area,
is judged adequately safe.

= A scenario for which the collision risk is highéan the highest boundary of the TLS-area,
is judged unsafe. Collision risk reducing measuneast be taken.

= A scenario for which the collision risk falls inteeeen both boundaries of the TLS-area, is
judged tolerable until the TLS has been set bycgatiakers. Besides, it is recommended
to investigate the feasibility of risk reducing reeees.

2.4 Risk model

2.4.1 Overview of the risk model

A risk model is developed for the determinatioritef selected collision risk measures. The
airspace around the airport where the collisiokigevaluated is restricted to the intermediate,
final, and missed approach flight phases, thereyraing that the arrival and initial phases
bring along a negligible risk of collision.

The risk model consists of three parts. The fiest,gheconditionalcollision probability model,
developed by Couwenberg [26], describes how tautatie the conditional collision probability
between two aircrafjiventhe localizer interception times and types of afien (landing or
missed approach). The second part describes thmaldftight trajectories and the probability
distributions for the deviations from the nominalft trajectories. The third part takes into
account the missed approach rate, dependency bretireeaft operations at adjacent runways,
initiation altitude of a missed approach, localirgerception times, and air traffic density in
order to derive the selected risk measures (cotliprobability per approach and per year). The
remainder of Section 2.4 describes these thres.parnore detailed description of the risk
model is given in Speijker [38]. The possibilityinfervention when blunders occur is not taken
into account. In reality, the collision risk mighierefore be somewhat smaller than calculated.

2.4.2 The conditional collision probability model
Four different combinations of operation$ are considered, consisting of a landing or missed

approach for aircraftand a landing or missed approach for airgrathat isn" = (/7‘ ' ) with
n' =12 andnp! =12. The time dependent conditional collision probigpbetween two aircraft

i andj given their localizer interception times and typésircraft operation (landing or missed
approach at a fixed altitude) is now denoted by

Peotision(t:/7") (2-3)

where;" indicates the four possible combinations of tybeperations.
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Let the flight trajectories of aircraifiandj be represented k' ,Y:, ;) and(¥;, ¥, 2:),

where the three vector components give the longialdiateral, and vertical coordinates of the
geometric centres of the rectangular bounding bekesit the aircraft respectively. The
parameterslxi, d,i andd, represent the size of aircrafin accordance with the ICAO Collision
Risk Model (CRM) [33], the aircraft longitudinal gition and speed will be taken deterministic.
Let the stochastic movemeX(t),Y(t),Z(t)} now represent the relative position between the
centres of the aircraftandj, i.e.

X() = Xi - X
Y() = Yy -V (2-4)
@t = 2 Z',

Define thecollision areaof aircrafti andj by

di +d} dij:dI)/+d)J’ dij:diz+dzj
’ ' z

2-5
2 y 2 2 (2-5)

dy =
Using the fact that a collision occurs when thera simultaneous overlap of the bounding
boxes in all of the three coordinate direction$plibws that;

Proision (1.77) = P[|X (0] <d Oi¥ (0] <di 0 |z] <d ],,U (2-6)

The pilot controls the aircraft approach positiging the navigation signals. The lateral

position and vertical position are assumed independs these are based on the (independent)
ILS localizer and glide slope navigation signalspectively. In case the stochastic aircraft

movements in the 3 directions are independent;dhditional collision probability is equal to

Paoison 77 = P[| X (0] <l | xP[[v) <at} | <[z <at] , (27)

Using the deterministic character of the longitadlicoordinate [33], the following expression
for the conditional collision probability betweend aircraft is stated:

Pratson (17" =PIVt <t | <Pzt <at] , . xtt;)=0 (2-8)

where the passage tiieis determined from the localizer interception tinaad the
deterministic velocities of both aircraft. Note tfggision (t, #) = 0, if x(t)20, [t.

The lateral and vertical overlap probabilities badetermined from the probability density
functions f, and fy by convolution. For the lateral overlap holds:
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a

al w
P[|Y(t)|<dg]: ny(y)dy: I J.fy‘i(y+u)fv1,v (u)dudy (2-9)

~d} ~di -

A similar expression can be derived for the veltizeerlap probability. Since the lateral overlap
probability is very small, equation (2-9) may b@aypximated by

P[|Y(t)|<d3]= 2d) f, (0) = 2d) I fy: (W, (Wdu (2-10)

—00

The vertical overlap probability can be considezabhd needs to be estimated by numerical
integration (e.g. using Simpson's rule).

2.4.3 Determining the flight trajectories

The airspace around the airport where the collisiglis evaluated is restricted to the
intermediate, final, and missed approach flightgeisaThe arrival and initial flight phases are
assumed to bring along a negligible risk and ageciore left aside.

The aircraft intercept their localizer at the Imbediate Fix (IF). From the IF, the aircraft are
expected to fly along runway direction. During imbediate approach the flight trajectory is
kept horizontal. From the Final Approach Point (FAd&h aircraft descends with a glide path
angle of about 3 Several reasons may cause an aircraft to indigiessed approach at any
altitude between the FAP and Decision Height (DHle missed approach path consists of a
curved part and a climb out part. From the Climh Paint (COP), the aircraft climb under a
constant climb out gradient. The missed approautktdirection can only be changed from a
certain altitude, above the COP. The nominal flighjectories of aircraft approaching the
adjacent parallel runways are sketched in FiguBe&hd satisfy the requirements for
independent parallel approaches, which are destib8ection 2.2.

—+
—t - \ ......
Top view Side view

Figure 2-3 Top-view and side-view of the nominal flight trajectories
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The probability distributions for the deviationsiin the nominal flight trajectories during
intermediate approach are determined with dataceitl with the FANOMOS flight trajectory
registration system in August 1995 at Schiphol rap@6. The probability distributions for the
deviations from the nominal flight trajectory dugifinal approach and missed approach are
determined with a method developed by ICAO [31}. & extensive description, see Speijker
[38] and Couwenberg [26]. The deterministic aircsgieed, depending on aircraft category and
position, is given in Table 2-2, and satisfiesrguirements defined in the PANS-OPS [32].

Table 2-2 Deterministic aircraft speed in knots

Aircraft Intermediate Final Approach Missed Approach
Category Approach

2000-1000 ft| 1000 ft-DH DH-1000 ft 1000-2000f ft
A 120 95 70 90 100
B 150 120 90 110 140
C 190 150 120 140 200
D 230 170 140 160 230

2.4.4 Determining the identified risk metrics

To obtain the collision probability between twocaaft, the missed approach rate, dependency
between aircraft operations at adjacent runwaytaiion altitude of a missed approach, and
localizer interception times are taken into accolihe conditional collision probability between
two aircrafti andj given their localizer interception times,. andt . , is defined by

Pcollis,ion (tloc) = i i P{” V= Q]i ,”j )}' Pco”ision (tP ,”ij ) (2-11)
n

EVIE!

With toc= t /oc - t'1oc @s the time difference between the localizer adption times of aircraft
andi. The probabilitiesP”i,- (with #'=1,2 andz '=1,2 ) give the probabilities of the occurrence
of the four combinations of type of operations:

o =7 b ) 212

These probabilities of occurrence are based omtbgsed approach rate and the dependency
between aircraft operations at adjacent runwaysolethe stochastic missed approach rate by
Rwua, and letpgep represent the extent to which the operationsrofafti andj are dependent,
where0 <pqep< 1. Full independency is given by.~0, and full dependency yse~1. In the
latter case there are only two possibilities: a ¢arading or a dual missed approach.
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The probabilitiesr; (with '=1,2 andy '=1,2), given realisatiomya of Rua @ndpaey , are
estimated by
P”ij (rma apdep) =(1- pde;)(l' rMA)2 * Pdep (I-rwa) 7 =1 andy =1
Py ('wa s paed = (1~ paep(1- Tn) Tua n'=2 andn '=1 (2-13)
Py (v s paep = (1- paep (L~ Ta) Twa n'=1 andy =2
P,]u (rma ;s paep) = (1- paep) rva’ + Pdep M'va i '=2 andy =2

Let fr,, denote the probability density function of the seid approach rate arfnjjep the best
estimate for the dependency parameter. The prcbiixaebiP”U may now be stated as

1
P”ij = j P”ij (rMA,,T)dep)fRMA (rMA)drMA ) /7” = Q]I ,/7l ), with /7I =12 and /7J =12 (2'14)

r=0

In the absence of statistical data, the missedoagprrate must be represented by a (subjective)
probability distribution elicited through the uskeexpert opinion [25]. In this studRua is
assumed to be Beta distributed with shape parasmigeandgua , i.€.Rua ~ BetaPua , Qua)-

For a motivation see Speijker [38]. The paramgigrsandqgua can be determined with a
procedure based on elicitation of two percentiB3.[Next aspect is the initiation altitude of a
missed approach. As most missed approaches aegddiait or near DH [31], it is assumed that
missed approaches are to be initiated at 200&tDtH for ILS Category I.

To obtain the collision probability between twoca#ft, the localizer interception times are now
taken into account. Considering tineependentise of the runways, it is assumed that the
localizer interception times are uniformly distribed.

Consequently,

Ty

1
PcoIIision :F j PcoIIision (t)dt (2'14)
U t=0

with T;; such that each possible passage point is takemagbunt.

The collision probability per approadPyoiision per approach €8N be determined in a similar way by
taking into account the air traffic density as wéllmethod for determining the collision
probability per approach is described in Speijid&] ]

The collision probability per yeaPcaiision per year CaN be determined from the collision
probability per approach by taking into accountrienber of approaches per runway per year,
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n. Because of the fact thatdependenparallel approaches are being performed, a mutual
independence between the runway approaches masbmed, i.e.

l:)collision peryear =1-]1- Pcollis,ion perapproac?‘] " (2'15)

If Peotiision per approack1, this may be simplified by using first order egppmation:

Pcollision peryear =nx F)colli'sion perapproach (2'16)

which is equal to the expected number of collisipesyear.
2.5 Numerical evaluations

2.5.1 Definition of a baseline scenario

In order to obtain a first, most likely, estimatiofithe collision risk related to independent

parallel approaches, a baseline scenario is defitéch satisfies the currently prescribed

operational procedures. Its main characteristies ar

= Distance between runway thresholds,y@: The most interesting scenario is specified by
X4s=0 and ¥=1035 m (the minimum required parallel runway spggi

=  Traffic density: The time interval between aircragiiproaching a runway is 75 s.

=  Average number of approaches per runway per y@a&0@, reflecting the fact that, in
general, during the night only part of runway cajyamay be utilized.

= Aircraft speed categories: C and D, for aircraftraaching the adjacent runways.

=  Aircraft sizes: 70.5859.64<19.33 m, corresponding to a Boeing 747.

= |LS Category: |, bringing along the largest undatiaabout the glide path.

= Localizer interception: The angle with the locatizeurse is betweerf @nd 30.

» Intermediate approach altitudes: The aircraft apginong the adjacent runways are
expected to fly at altitudes of 2000 ft (right rusay and 3000 ft (left runway).

= Intermediate segment length: 5.0 km, in accordavittethe collected flight data.

» Glide path angle: 3

=  Climb out gradient: 4.0 %.

»  Missed approach initiation altitudes: 200 ft, whislthe minimum required Decision
Height (DH) for ILS category I.

=  Missed approach turns: 38ngle of divergence between the nominal missetbagp
tracks, with turns at an altitude of 500 ft.

=  Missed approach rate: Beta distributed stochasti@lile with shape parametggs =1.17
andgua =84.66, corresponding to elicited median (50-ticeetile) and 5-th percentile of
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0.01 and 0.001 respectively. A value of 0.01 (of&sed approach in 100 approaches) is
also used in the ICAO CRM [31] and in the PANS-(QB3H.

=  Dependency parameteﬁ)dep: 0.30, derived by assuming that the main reasana fual
missed approach are turbulence and windshear (sai& [38]).

2.5.2 Numerical results for the baseline scenario

Based on the risk model, a computer program has ing@emented in the NLR Information

System for Safety and Risk analysis (ISTaR). Wik tomputer program the baseline scenario

has been numerically evaluated. The main resudts ar

=  The calculated collision probability per approast3i610.

=  The calculated collision probability per year penway is 7.2+10.

»  The numerical values of both risk metrics fall vintthe defined TLS-areas, and may
therefore be judged 'tolerable’ until the TLS hasrbset by policy makers.

»  The probability of a near miss, which is definedasing 500 ft vertical and lateral
separation without colliding, is 7.44¢1@er approach, which implies that about 15 near
misses are expected to occur per year. This isveliahigh and therefore worrying. Note
that it would be possible to validate these neasmrobability estimates with flight data,
once two runways spaced exactly 1035 m are useddependent parallel approaches.

=  The maximum conditional probability of an aircrafitering a 2000 ft NTZ during final
approach is considerable, and equal to 1.47¥fr glide path interception.

=  The collision probability during intermediate apgach is highest when passage occurs near
turn on to the localizer (magnitude about’)LO

=  The collision probability during a dual missed aggwh is in between about 4 Qwhen
passage occurs near the turn altitude of 500 &)1a1° to 10** (when passage occurs at a
much higher altitude), and may be judged acceptatllein case of an early turn.

=  The collision probability during final approach niaelly reaches a magnitude of about
10° to 10%, which is relatively low compared with the moszhalous phases during
intermediate approach (near ILS localizer intercapt a dual missed approach.

The collision probabilityduring final approachis already relatively low. Technological
improvements and improved operational procedueeslihg to further increased safety during
final approach, do therefore ngignificantly lower the collision probability pgear. To
increase the safety related to independent paggij@oaches, the relative high collision
probability near both turn on to the localizer aredr the turn altitude must be lowered.

Varying the lateral distance between the two paralinways, while keeping the other

parameters according to the baseline scenario,ssti@t/the collision risk increases with a
gradually higher rate if the lateral distance dases (Figure 2-4).
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Figure 2-4 Collision probability per year versus parallel runway spacing

Important numerical results, valid under baseliperational conditions, are:

=  Below about 600 m runway spacing, a collision istiiikely to occur every year. The
collision probability per year increases even fertifithe lateral distance is reduced.

=  Below 930 m runway spacing, the collision risk tegca high and unacceptable level of at
least one collision in 100 million approaches (oe @ollision in 500 years).

= Above 1270 m runway spacing, the collision riskia a low and acceptable level of at
most one collision in 1000 million approaches (oe @ollision in 5000 years).

Note that the currently required minimum paraligiway spacing of 1035 m (or 3400 ft) falls

within the 'tolerable area’ of the 'collision riskigment scheme'.

2.5.3 Sensitivity analysis

Sensitivity analysis shows to which model paransetiee risk measures (collision probability
per approach and per year) are sensitive. Varyiogainparameters, while keeping the other
conditions in accordance with the baseline scenariticates that the risk metrics are sensitive
to, especially, the nominal vertical separationmyimtermediate approach, the angle of
divergence between the nominal missed approackstraod the missed approach turn altitude.
The influence of other missed approach parameteteecollision risk is relative low, but will
be larger if the angle of divergence decreaseleomissed approach turn altitude increases. It
may even be considerable if missed approaches & initiated along runway direction. A
detailed sensitivity analysis, including numericainputations, is found in Speijker [38].

2.5.4 Collision risk reducing measures

The following metrics are currently prescribed BA for simultaneous and independent
parallel approaches, for trying to maintain theuiegf level of safety:
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=  Atleast 1000 ft nominal vertical separation duringgrmediate approach;

= At least 30 angle of divergence between the nominal missedoapp tracks, with turns
'as soon as practicable’;

= A maximum intercept angle with the localizer coun$&C .

In the following, the effectiveness of each of tingt two metrics is numerically evaluated,

while keeping the other conditions according toliheeline scenario. The impact of staggered

parallel runways on the collision risk is also detimed.

=  Nominal vertical separation during intermediaterapph:
According to Table 2-3, the risk decreases ragidlye nominal vertical separation
increases. With less than 500 ft, a collisionkslly to occur within 1 to 3 years.

Table 2-3 Effectiveness of increasing vertical separation during intermediate approach

Vertical separation &lision, per approach Peoliision, per year
0 ft 6.59¢10° 1.00
500 ft 1.85¢1C 3.09¢10"
750 ft 2.75.16 5.48¢10°
1000 ft 3.60010 7.20010*

Evidently, at least 1000 ft nominal vertical sepiarais required. A separation of more than
1000 ft will reduce the risk even further. Howeube feasibility of this is rather questionable
as it probably lowers runway capacity significantly

= Diverging nominal missed approach tracks, with $uas soon as practicable":
Table 2-4 shows that the risk decreases with augtdhigher rate if the turn altitude
decreases. A turn altitude above 500 ft may begddmacceptable.

Table 2-4 Effectiveness of decreasing turn altitude

Turn altitude Eollision, per approach IDcollis,ion, per year
500 ft 3.60+10 7.20-10"
1000 ft 1.68+10 3.30°10°
1500 ft 1.84+16 3.08-10"
2000 ft 4.48106 5.92¢10"

Table 2-5 shows that the risk decreases with augthdsmaller rate if the angle of divergence
increases. Worth noticing is that increasing thgleanf divergence to more than°2@ 3¢
hardly reduces the collision risk any further.
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Table 2-5 Effectiveness of increasing angle of divergence between missed approach tracks

Angle of divergence Bliision, per approach Peotiision, per year
0° 4.4810° 5.92¢10"
10° 2.45¢10° 4.89-10°
20° 3.75¢10° 7.50¢10"
30° 3.60+10° 7.20-10"

Clearly, at least 20to 3¢ angle of divergence is required, with turns 'amsas practicable’,
and not above 500 ft.

=  Staggered parallel runways:
Table 2-6 shows the risk for three longitudinatatiees between runway thresholds, x
where a positive sign indicates that the ‘left rapvis located ‘farthest away’, and a
negative sign the opposite. The collision risk dases if xincreases.

Table 2-6 Effectiveness of staggering the parallel runways

Xd Pcollision, per approach Pcollision, per year
-2000 m 1.38¢10 2.7210

Om 3.60¢10 7.20.10*
+2000 m 1.53.18" 3.06°10°

Parallel runways should, if possible, be built vstime - as large as possible - longitudinal
distance between runway thresholds. Independeali@laapproaches must then be performed
such that the aircraft with the highest located Fasually at 3000 ft) approach the runway
located farthest away. It turns out that all thmaenerically evaluated measures are effective in
reducing the collision risk. Besides, although matnerically evaluated, it is reasonable to
expect that the collision risk decreases if thali@aer intercept angle decreases, especially with
lacking nominal vertical separation during interiagel approach.

2.5.5 Worst case scenario

The worst case scenario is specified on basidaye number of numerically evaluated
scenarios. Besides 1035 m parallel runway spaitsgjain characteristics differing from the
baseline scenario are:

= Aircraft size: 95.680.0<20 m.

»  Traffic density: The time interval between aircrafjproaching a runway is 60 s.
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* Intermediate approach altitudes: The aircraft apginong the adjacent runways are
expected to fly at equal altitudes of 2000 ft.

=  Climb out gradient: 2.5%.

=  Missed approach tracks: along runway direction (iceturns specified).

Under these worst case operational conditionsgahision probability per approach is

1.3810%, which is definitely unacceptable. A collisioneigen most likely to occur a couple of
times per year! Especially the lacking nominal iattseparation during intermediate approach,
and the insufficient nominal lateral distance dgrindual missed approach are responsible for
this unacceptable high risk of collision. The @t probability is considerable when passage
occurs near turn on to the localizer (magnitudeuah6* to 10°) or, in case of a dual missed
approach, when passage occurs above about 10@adn(tude about 1Dto 107).

Numerical evaluations show that the collision rieuces into the definddlerablearea of
[1x10°,1x10®] by application of the following two measures:

= 1000 ft nominal vertical separation during intermagel approach;

=  30° angle of divergence between the missed approacksrwith turns at 500 ft.

Varying the lateral distance between the runwagsvshthat increasing the parallel runway
spacing is not practicable in reducing the riskamaorst case conditions. Increasing the
runway spacing td240m reduces the collision probability per approach.0+1¢°, and
increasing t&140m is necessary for reduction to 1.0°1.0

2.6 Conclusions

In this study a probabilistic risk analysis regagithe risk of collision between aircraft
performing independent parallel approaches has theseribed. Two suitable risk metrics
evolved for the risk analysis of two parallel rurysaised for landing: the collision probability
per approach and the collision probability per ydafined with respect to the risk of collision
between aircraft. Application of two methods forS' hssessment providét S-areasdefining
ranges for the TLS used in this study:

TLS

verapproach X107, 1x107° | or TLS g yeqr 0|2%107%,2x107° (2-17)

Because of problems arising in assessment and o$#ge TLS, it is recommended to examine
the possibility of broadening the TLS concept. tdes to sethe TLS and/or broaden the TLS
concept, policy makers must be consulted.
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A risk model was developed and implemented forrd@teation of the collision risk.

Application of the risk model to a number of scéosrwith varying parallel runway spacing,
and under different operational conditions, shovined:

The collision probability between two aircraft da@ considerable and unacceptable under
certain conditions, especially near turn on toltlealizer and during a dual missed
approach;

Technological improvements and improved operatipnatedures, leading to an increased
safety during final approach, do mgnificantly lower the collision probability per
approach.

Numerical evaluations showed that the following sueas are essential, and must be

prescribed, for trying to maintain the collisioskiat a low and acceptable level:

At least 20 to 3¢ angle of divergence between the nominal missedoagp tracks, with
turns 'as soon as practicable’, and not abovet500 f

At least 1000 ft nominal vertical separation durinigrmediate approach;

Some - as large as possible - longitudinal distéeteeen the runway thresholds of the
parallel runways. Besides, the approaches mustit@grerformed such that the aircraft

with the highest FAP approach the runway locatthést away'.

Provided that these measures are applied and asgtimait a TLS from the specified TLS-areas
is used, independent parallel approaches may lgeguddequately safe if the runway spacing is
greater than 1270 m, and unsafe if the spacingneil than 930 m.
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3 Risk analysis of simultaneous missed approaches on Schiphol
converging runways 19R and 22

3.1 Introduction

The increase in air traffic implies that for busgparts, such as Schiphol, new and advanced
ATM procedures are being developed. For some pezpAI M procedures, ICAO regulations
do not exist and a safety assessment incorportiegple of ATC and pilots is required. This
study concerns a risk analysis of simultaneousedispproaches on runways 19R and 22,
where the Obstacle Clearance Altitude (OCA) of rap\2 is proposed to be reduced from 350
ft to values less than 200 ft. The current OCA %0 & has been established as from ILS
installation in 1993, when a ‘bend’ in the ILS lézar signal just before 200 ft was noted.
According to Westerveld [46], the ILS localizerms#g is of sufficient quality to allow the
proposed reduction of the OCA.

A reduction of the OCA may allow the use of runv22yin actual CAT-I weather conditions,
which will support the optimisation of the arrivadheduling, in particular for forecasted CAT-I
conditions. However, a reduction of the OCA movesdecision point of making a missed
approach closer to the runway threshold. This afftct the distance between the prescribed
missed approach trajectories of runways 19R anwvBR:h could result in an increase of the
collision risk. The primary objective of the resgacan be formulated as follows [40]:

The quantification and evaluation of the risksiofidtaneous missed approach procedures on
runways 19R and 22, up to and including ILS CAifduenstances.

The next Section 3.2 describes the currently pitesgrnmissed) approach procedures for
runways 19R and 22, including requirements conogrttie usage of this runway combination,
the role of ATC and pilots. Section 3.3 deals vifitb adoption of a risk criteria framework to
judge the acceptability of collision risk, includiidentification of suitable metrics and
assessment of safety requirements for the collisgkrbetween aircraft. Section 3.4 describes
the extension of an existing risk model to enalgfiimination of the collision risk. This
extended model is developed through an integrajeiséthree NLR tools: ISTaR, TOPAZ, and
FANOMOS. In Section 3.5, sixteen representativeanes, with varying operational aspects,
will be evaluated and the worst case scenariobeilidentified. The role of ATC monitoring

and instructions and some possible future procédbemges are investigated, thereby
examining the necessity of possible risk reducimgsures. Based on the numerical results and
the identified hazards, Section 3.6 contains tlfetygariticality assessment of the proposed
reduction of the OCA to values below 200 ft, anchemperational feedback concerning the
necessity of (re)design of the proposed procedorasinways 19R and 22. The conclusions
and recommendations with respect to the safethefrtdependent usage of runway 22 as a
CAT-I ILS runway will be given in Section 3.7.
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3.2 ldentification of requirements and procedures

3.2.1 Schiphol runway combination 19R and 22

Runway 19R (recently re-numbered to 18C) is onth@primary runways for arriving aircraft.
The runway 19R is favourable because of noiseicéstrts and the minimum impact on the

other runways. Arrivals on runway 22 are not faadle with respect to noise as the approach is
right across the centre of Amsterdam. Combinedtid®R and 22 is in principle limited to
inbound peak time periods, and in general not atbduring the night.

Figure 3-1 Schiphol runway lay-out (before opening of the Polderbaan)

3.2.2 Aircraft missed approach procedures

The missed approach procedure for runway 19Ragystr ahead on runway track, whereas the
procedure for runway 22 prescribes a left turrrdaok 160° MAG, i.e. the required track change
is 223°-160°=63° [45]. For safety reasons, the tanay only be initiated after completion of the
initial missed approach phase [32], which compresesircraft type dependent task breakdown.
The manoeuvre during the initial missed approa@dspmecessitates concentrated attention of
the pilot especially when establishing climb andrges in configuration, and it is assumed that
the guidance equipment cannot be fully utilised.réiguirements to change the flight direction
are acceptable in this phase. The initial apprgdese may require up to 30-40 seconds (or 1.0
to 1.8 NM travelled) beforat the earliestateral navigation can be adjusted and the turn
initiated. Relevant missed approach rulemaking normally iowely a special case for the
initiation of a missed approach: no visual contdaecision height due to low clouds and/or
reduced visibility in fog. Although it can be argliat low-visibility is the most critical reason
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when considering obstacle clearance, there are ptissed approach triggering reasons,
resulting in a variety of possible initiation aliites from DH to 2000 ft or more [41, 45].

3.2.3 Air Traffic Control procedures

ATC is responsible for the safe and efficient mamagnt of air traffic on and around the airport

[47, 48]. Tower Control maintains control of thecaaft from the point that the aircraft is

established on ILS localiser until either the aiftcr

» |eaves the runway and is transferred to the graomdroller, or

» initiates a missed approach and is transferregpooach control for new line up for
landing.

The tasks for the controller focus on final apptosequencing, monitoring of the (missed)
approach, provision of a landing clearance anth#uessary R/T communications. Usually two
different tower controllers manage the aircraftlom arrivals for 19R and 22, using different
frequencies for communication with aircraft condigta missed approach [41]. Pilots will not
automatically be aware of the other aircraft initig a missed approach other than from visual
reference or when being informed by ATC. Althoulgl procedure for runway 19R does not
prescribe a turn, in reality ATC often instructsceaft conducting a missed approach on this
runway to also initiate a turn away from the norhingectory for runway 22 [43], and will also
provide instructions (e.g. “turn right”, “turn I&ft‘climb to”) to avoid collisions.

3.2.4 Differences between current and proposed procedures

This study focuses on the situation of runways a88 22, where the OCA for runway 22 will
be reduced from 350 to values below 200 ft. Thiiction might allow a DH of 200 ft,
enabling the use of runway 22 in actual CAT-I weattonditions. The missed approach
procedure for runway 19R will not be changed, ptedithat an acceptable level of safety can
be obtained. It is also not expected that a changeocedure for runway 22 will have an effect
on ATC tasks / procedures or communication, or male an effect on the approaches to
runway 19R. Most important aspect is that the peaimtre a missed approach is initiatethen
the missed approach is based on visibility conddior unstabilized approacimoves to a point
further down the approach for runway 22 (the noirilistance to threshold reduces from about
1.1 NM to 0.6 NM). The missed approach path fomray 22 will move closer to the missed
approach path for runway 19R, which is a factot thigtht increase the risk of collision.
Runway selection is based on meteorological datiahtas a resolution of 100ft. The tower
supervisor will probably decideot to use the runway combination 19R/22 when a brakeaud
base of 200 ft is reported, since the margin with200ft DH is too small. Therefore the lowest
(forecasted) ceiling for the selection of runwayaddanding runway will be reduced from a
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broken cloud base (BK3)lof 400 ft to BKN 300 ft, which is a factor thaight influence the
missed approach rate [41].

3.3 Risk criteria framework

3.3.1 Introduction

Up to now, the most commonly used risk criteriarfeavork for the collision risk between
aircraft in the airport surroundings include:

=  Asingle risk metric defined in terms of the cathis risk probability per approach;

=  Arisk requirement based on the Target Level oE&&fTLS) approach.

As an example, previous research studies undertakéne Civil Aviation Authorities
proposed a risk criteria framework based on a mamirgollision risk probability per approach
of between 18 and 1@ [2, 49]. Research studies for the European Cononissd
Eurocontrol show a tendency to also investigategtssible application of:

=  risk metrics that convey the costs and benefifsoskible decisions more clearly, and
= risk requirements that are based on the As-Low-Aadenably-Practicable approach.
Risk (or safety) requirements are usually basethemprinciple that an inverse relationship
should exist between probability of occurrence eradnitude of its consequences.

3.3.2 Identification of suitable collision risk metrics
The suitability of risk metrics for the collisioisk between aircraft is studied [2, 41, 49]. A
rationale is developed and applied for evaluativggduitability of possible risk metrics. Two
suitable risk metrics to regulate and control s@in risk around the airport are proposed:
1. Collision probabilityper movement (i.e take off or landing):
Commonly used for evaluation of risk events dutimgapproach and take off part of a
flight. It fits well within the present safety reigements for air traffic operations, but does
not take into account an increase in runway capacit
2. Collision probability per yeafor expected average time interval between 2ensts):
This metric takes into account the runway capaaity the steady increase in air traffic. As
an aid to planning and decision making, it migleréfore be more appropriate to use.
Economic riskmight be used as an informative metric to convestcand benefits of possible
decisions more clearly [41]. Since economic risgpen to more than one interpretation, this
metric should not be used for regulation (i.e. aotwls should be based on it).

6 BKN denotes the altitude at which the clouds aakén. A BKN 400 ft implies a (forecasted) brokdoud base at 400 ft.
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3.3.3 Target Level of Safety (TLS) approach
The TLS approach is based on a division of theetskinuum into two regions, where the TLS
provides the boundary value between safe and unsaieS specifies a maximum acceptable
level of assessed risk (i.e. point estimate). S#veethods for TLS assessment have been used
[49], and methods based on historical accident-datametimes factored for improvement — are
most popular. Some existing and proposed TLS iaten are [41]:
1. Existing TLS for collision with obstacles (ICAO-OCP
Maximum collision probability per approach of 1.@%1
2. Existing TLS for mid-air collisions (ICAO-RGCSP)
Maximum collision risk per flight hour per dimengiof 5x10°.
3. Existing TLS for aircraft accidents during all fhigphases (ICAO-AWOP)
Maximum aircraft accident risk of 1.0x1@er flight hour or 1.5x10per movement.
4. Existing TLS for aircraft accidents during approaahd landing (ICAO-AWOP)
Maximum aircraft accident risk of 1.0x¥@er movement.
5. Existing TLS for failure conditions of individuateraft systems (JAR-25)
Maximum probability of occurrence per flight hodrio0x10° per system failure
condition.
6. Proposed TLS for accidents with an ATM contributigarocontrol-ESARR4)
Maximum probability of ATM directly contributing tan accident of a commercial air
transport aircraft of 2.5xI0accidents per flight hour or 3.5x1@er movement.
Note that some applications of the TLS concept tegfirst and second) provide detailed
guidelines for the numerical method to be usedfsessment of the risk.

3.3.4 As-Low-As-Reasonably-Practicable (ALARP) approach

The ALARP approach is based on a banded assessirggttision structure, which contains a
tolerable region bounded by maximally negligiblel aminimally unacceptable levels of risk.
Within the tolerable region the risk must be prot@be ALARP in order to be acceptable [51,
52]. Cost-Benefit Analysis (CBA) is a method thahde used to demonstrate that any further
risk reduction in the tolerable region is impraalte. Up to now, ALARP has mainly been used
in industries other than aviation (e.g. the cheimii#shore, nuclear and some transport
industries). Recently development of the ALARP aggh has been investigated within the
context of RVSM in European Civil Aviation Confemn(ECAC) countries [51]. It was
concluded that for aviation there seems to be se @ replacing any accepted TLS with
ALARP. However, since most practical applicatioh®\bARP use fixed risk criteria like the
TLS to determine the ALARP region, there appedragrounds focombiningthe TLS and
ALARRP for aviation risk management for certain $&sd An advantage of ALARP might be
that it provides a rationale for reduction and gation of risks.
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3.3.5 Adoption of safety requirements

On behalf of the CAA, it was decided to judge theegptability of the estimated collision risk
by a relative comparison of the collision probdbiper approach of the current and proposed
situation for runway 22. Moreover, the magnitudéhef absolute risk value will be compared
with theEUROCONTROLproposed TLS for accidents with an ATM contribat{@8].

3.4 Risk assessment model

3.4.1 Risk assessment methodology and tools

For the assessment of the collision risk relatesiitwultaneous missed approaches on Schiphol

runways 19R and 22, three NLR methodologies anid toe integrated and used:

* NLR’s Information System for Safety and Risk ana&\{$STaR);

* NLR’s Traffic Organization and Perturbation AnalyZeSimultaneous Missed
Approaches toolset (TOPAZ-SMA);

* NLR’s Flight Track and Aircraft Noise Monitoring Stem (FANOMOS).

As the basis for the development of the collisigk assessment model use is made of the

TOPAZ methodology to assess accident risks for Adpdrations [53, 58]. Note that the

TOPAZ-SMA toolset development is described in détaBlom et al. [42]. TOPAZ supports a

spiral development cycle that is of the form:

A. Design of an ATM operational concept.

B. Assessment of the ATM concept, resulting in a testefit overview.

C. Detailed analysis of the assessment results, neguft recommendations to improve the
ATM concept.

D. Review of ATM concept development strategy and plan

E. Backto A: adapted and/or more detailed ATM conalgsign using the results from C
resulting in a new or optimised ATM concept.

The TOPAZ methodology is based on a stochastic flieg@pproach towards risk assessment
and has been developed to provide designers ohaddaATM with safety feedback following
on a (re)design cycle, see Figure 3-2.

During the assessment cycle four stages are segllienbnducted:

1. Identification of operation and hazards (upperlbeftes in Figure 3-2)
2. Mathematical modelling (right boxes in Figure 3-2)

3. Accident risk assessment (middle box in Figure 3-2)

4. Feedback to operational experts (lower left bokigure 3-2)
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Figure 3-2 TOPAZ risk assessment cycle

3.4.2 Identification of hazards

The main issues lie in the fact that, contraryltother published procedures at Schiphol, the

missed approach procedure for runway 22 is nobegaiure straight ahead on runway track and

prescribes a left turn to track 160 ° MAG at thesddid Approach Point (MAPt). Humans

involved (flight crew and ATC) must act accordimgtihe published procedures, nevertheless it

must be considered that the flight crew delaygydts, or chooses not to initiate a turn early in

the missed approach. Therefore reasons for not lgomgpwith the published procedure were

identified:

= The ATCOD incident database of the LVNL [44] wagdiso derive baseline reasons in
relation to aircraft conducting a missed approathumways 19R and 22;

=  For the turning missed approaches, possible hazardell as the impact of these hazards
on the aircraft turning track (including locatiomere the turn will be initiated, turn radius,
and vertical climb performance) were assessed [41];

=  For the missed approaches straight ahead on rummacly; possible hazards were supple-
mented with hazards derived during previous NLRaesh studies.

A brainstorm session was held, where representati¥/dlLR, Dutch CAA, and LVNL

discussed possible hazards that might occur. Tilieviog relevant factors were noted [43]:

=  Although the missed approach procedure for runvedy does not prescribe a turn, in
reality ATC often instructs aircraft conducting &sed approach on this runway to also
initiate a turn away from the missed approach tgniajectory for runway 22;
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=  The Jeppesen approach plafer runway 22 might lead to confusion of pilotsidaicting
a missed approach. The fact that the ILS plate@stains information for a Non-
Precision Approach (NPA) procedure might lead totpiinterpreting the information
wrongly, e.g.:
s The MAPt and required turn can be interpreted &sgdecatedbeforethe DH;
= The visibility criteria may be interpreted as beeuypal to 1200 m (applicable to the

NPA procedure) instead of the 1800 m applicabkbeédLS procedure;

*  Runway 22 has currently no ILS CAT-I approach amuaray lighting, but will be
equipped with stopbars in the near future.

»  The Jeppesen approach plates for runways 19R adif@2from the AIP approach plates
on significant details, e.g. Jeppesen omits thetio@ng of specific procedures that apply
in case of a missed approach under communicatibmea

3.4.3 Missed approach model

A statistical model for the uncertainties aboutrtiesed approach flight phase has been
developed [41]. This model accounts for the speciéiture of the procedures for runways 19R
and 22, where the latter includes a turning trajgctvith turns ‘as soon as practicable’.

Probability distributions for the lateral and vettil deviations

For the straight missed approaches, the ICAO CRd daused [31]. However, for the rare
turning missed approaches, reliable data can nobtaned easily. Therefore, in co-ordination
with the CAA, it was decided to use FANOMOS turnaeparture data — together with an
assessment of the impact of the main differenc#s twrning missed approaches — to represent
deviations about the turning missed approach patheing the best feasible modelling option.
Schiphol departure data has been analysed usiraR §bodness-of-fit tools [41].

Probability distribution for the missed approachriing point

A statistical model for the missed approach turmogmt, representing a probability distribution
for the time required before lateral navigation baradjusted and the turn initiated has been
developed. This model is based on expert knowleddairline) pilots at NLR.

An example of elicited duration times for the tas&akdown of the Boeing 737/Airbus A320 is
given in Table 3-1. Task duration and sequencingdds on aircraft type, therefore similar
tables have been elicited to represent turn behatipilot flying other aircraft approaching
19R and 22 [41].

An approach plate is an aeronautical chart thatalizes and explains the approach procedurepedfis airport runway.
Jeppesen is a company that specializes in aeroabatiarting and navigation services, flight plangnipilot supplies.
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Table 3-1 Boeing 737 / Airbus A320 Missed approach task breakdown
Task Earliest possible time 50% 95% End
percentile | percentile | time
1: Decision to initiate missed approach TO 2 secondd seconds T1
2: Triggering go-around FD mode T1 1 second 3 secondd 2
3: Thrust change for go-around T2 6 seconds 9 secondT3
4: Adjusting pitch angle T1 + 1 second 4 seconds cBruEs T4
5: Raising flaps for climb-out T1 + 2 seconds 6 selson 10 seconds  T5
6: Raising the gear T4 3seconds 10secagnds [T6
7: Engaging the autopilot T6 & passed 1000 f 1300|ft 1600 ft T7
8: Turn, adjust lateral navigation T6 & passed 400 ft 600 ft 900 ft T8
9: Level off, adjust vertical navigation  passed att# of 2000 ft| 1700 ft 1900 ft T9
— (10% of climb rate)

Reasons and altitude for missed approach initiation

It is assumed that the statistics for the base#asons and likely altitude for initiation of a
missed approach is based on a combinatidp¥ at DH and 100 % based on other
reasons. Table 3-2, which shows the reasons aelg Eltitude for initiation of a missed
approach, is used [41, 42]. Note that the columdicate the type of probability distribution
used. A Dirac density function is used in caserét@son implies a Missed Approach (MA)
initiation at a specified altitude. For the otheasons, as the MA initiation altitude might vary, a
uniform distribution is chosen. For the paramatgr a value of 20% is chosen.

Table 3-2 Reasons and probability density of height for initiation of a missed approach

Density type| Dirac | Dirac | Dirac Uniform Uniform
Reason Percentageg 100ft 300ft 600ft 600-120Q ft00-1200 ft
Runway occupied 27.2% 4.5% 22.7%
Unstable approach 20.4% 6.8% 4.5% 2.3% 6.8%
Turbulence 6.8% 4.5% 2.3%
Flap problems 13.6% 2.3% 4.5% 6.8%
Wind-shear 22.7% 11.39 6.8% 2.3% 2.3%
Weather 2.4% 2.4%
Other 6.9% 2.3% 2.3% 2.3%
Percentage 100% 22.6%  38.6% 9.1% 9.1% 20.6%
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Missed approach rates for runways 19R and 22

Reliable data on the percentage of executed meggaaaches is difficult to obtain, especially
with respect to particular airports or runways. LM5] mentions frequencies in the order of
0.001 to 0.002 per approach, on the basis of wadelKLM data. During the brainstorm
session [43], it was noted that the rate for run@2yvill probably be higher than average,
because taxiing aircraft have to make a sharpwinen leaving this runway, i.e. the Runway
Occupancy Time (ROT) is relatively high. Withingtstudy, for the missed approach rates of
runways 19R and 22 reference values of 0.002 @idr@spectively have been chosen.

Probability distribution for the aircraft verticatlimb performance

Since the majority of conflict situations is expatto occur after the aircraft have reached the

missed approach level altitudes, the following atphave been analyzed:

» The elapsed time necessary for different aircadtimb to final missed approach altitude;

=  The percentages of different aircraft that havelogd to final missed approach altitude as
a function of distance from runway threshold.

3.4.4 Integration of mathematical models

For the integration of the mathematical modelsDiigamically Coloured Petri Net (DCPN)
approach is used. An advantage of this approattaisiuman factors issues, reaction times of
involved actors, and system performance can alhbéeled and analyzed. A modular system
engineering type of representation for the douliksed approach scenario has been identified
by taking for each main functionality in the ATMestario one module, and additionally taking
for each aircraft in the system a module descriiisitrajectory. If an ATM module is aircraft
specific, then such a module is introduced for eddhe aircraft. Modules A refer to an aircraft
individually. Modules B may affect several aircraéfn overview of these modules is:

Al  Level of skill of pilot B1 Level of skill of Tower controller

A2  Level of performance of pilot not flying B2 Level of performance of Tower controller
A3 Level of performance of pilot flying B3 Surveillance

A4 Aircraft module B4 ATC system

A5  Aircraft airborne system B5 Communication, global

A6  Aircraft landing system B6 Navigation support, ground

A7  Cockpit display and computer B7 Level of maintenance, ground

A8  Type of weather B8 Runway degradation

A9  Navigation equipment aircraft
A10 Communication, local
A1l Level of maintenance, aircraft
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The ATM modules and their interrelations are degaldh Figure 3-3. For the aircraft module a
RASMAR specific local Petri net representing therift evolution is modelled.
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Figure 3-3 Functional representation of ATM modules and their interrelations

3.4.5 Collision risk given a double missed approach

To determine the collision risk given a simultare@double) missed approach on runways 19R
and 22, a Collision Risk Tree (CRT) is constructadhe following, first the collision risk
concept is described, taking into account the ditepf different aircraft types that may
approach runways 19R (mainly Mediums and Heavied)22 (Lights and Mediums only).

Collision risk concept

Letu' == (X', Y, 2) andv{ := (X ,y!,2) be the 3D location and 3D velocity of aircrafand
letx, yandz refer to the 3 dimensional axis systdratu’ :=u' -u be the distance between
19R aircrafi and 22 aircraff at timet and letv’ :=\{' - \{ be the relative velocity of 19R
aircrafti and 22 aircraftj at timet. DefineD" as the collision area ofuf}, such that’ O D'
means that aircraftandj have collided.
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The colliﬁion are®’ is a rectangular box, defined ag,{, d'] x [-d,’, d,'] x [-d.’, d'],

with d¥ = (d'C +d/ )/2 and where the parametet§ d, andd, represent the size of aircraft
respectively. The firdncrossing— occurrence of process{} entering the are®" — defines a
collision. Following Bakker and Blom [50], the rigkexpressed as the expected nuntherof
incrossings, or collisions, between aircraft conithgca simultaneous missed approach on
runways 19R and 22 in an appropriate time-interval:

Tij .
Ec=[o 0 dt D)
0

whered'(t) is the incrossing rate between airciadnd aircraff, which is defined as

A jim P! ODY,u},, ODY)

"0 ALO A

In the sequel tim@; is always parametrised such that there is a ribbligmall probability that
the aircraft pairi(j) collides after final tim&;.

Aircraft type combinations

Twelve aircraft type combinationd are considered, consisting of 3 airciadn runway 19R

and 4 aircraff on runway 22. That ig’ = (¥, #), with ¥=1,2,3and«'=1,2,3,4.The 19R

aircrafti are heavy and medium weight aircraft, where Bo&®igyBoeing 747 is representative
for heavy aircraft, and Boeing 737/Airbus A320 &ukker 50 are representative for medium
aircraft. The 22 aircraftare medium and light aircraft, where Boeing 7378&8 A320 and
Fokker 50 are representative for medium aircrait, wearingen Metro Il and Cessna 172 are
representative for light aircratft.

Conditional incrossing risk

Expressing the number of incrossings in equatiet)(@s a sum of the risks related to the
possible aircraft type combinations gives

iif i (1) dt P = (' &1}

where ¢,!(t) is the conditional incrossing rate between aitdrafhd aircraff, defined as

im Pl OD", ul,, 0D |« =x)

i (1) =
"() AL O A
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The following equation is derived in [42], usind]5

3 4 T )
e=X > X (] {I By o - 0 )0
kK=1ki=tc=xyzzi D, (0 ’
S LY PR TR ot - aul ot Pl = (e )

3 4
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K'=1 kT =1c=XY.2 (3-2)

with

00
j i qii i i
{ J. Ve pu:j Ve @C' dc . Ve |K) av

0

+ J—VE Py vt 1ot ul,di, vl |/()dv‘g du! dt (3-3)

where p; i () is the conditional probability density functiorr fine aircraft relative position

and velocity D. is equal to collision are@' but without thec-th component, and.” is equal to
the aircraft relative positioqij without thec-th componentg = x,y,z Also, for an aircraft on
runway 19R and an aircrgfon runway 22, stopping timag for c=x,y,zare defined as follows

A .
) = inf{t; = d'C'}

ij
Uct

By definition ofl’ ()= " 1 («) , collision risk given a double missed approackqgsal to:

c=X,y,z
3 4 \
Pcollision \ doublemissedapproach: EiC = Z Z N (KI ’KJ )[P{K” = (KI ’KJ )} ( ‘
K =11 =1
The values for the probabilitiel's’{/(ij = (/(i K )} are derived from statistical FANOMOS data

giving the percentages of landing heavy/mediuntlgjicraft on Schiphol runways 19R and 22.
Note that the TOPAZ evaluations of equation (3-#) lve executed for 16 key scenarios, each
producing a value for the collision risk given aidte missed approach.
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3.4.6 Determination of collision risk metrics
Below a description is given of the mathematicalgedure to derive the collision probability
per approach and per year. They are expressededra#iis of collision risk given a double
missed approach, and other relevant missed apppachdure aspects. These are:
= Missed approach rates for runways 19R and 22, ddnmithrigr andr,, respectively;
=  Dependency factqmep, representing the extent to which missed apprmatitiation on
runways 19R and 22 are dependent, whergpQ. 1 andos=1 gives full dependency;
=  Probability metrics for the adherence to the phigitsmissed approach procedures:
s Probability that the missed approach on 19R isgittahead on runway tracker;
= Probability that the missed approach on 22 isgiiteahead on runway tradk, .

In co-ordination with the Civil Aviation Authoriti 16 scenariosK {1,2,...,16} have been
selected. Thecenario dependembllision probability per approach, Risk (k), isen by

RlSk(k) = I:{:ollision per approach(k) = I:)double MA [ Pcollision‘ doubIeMA(k)

where the occurrence probability of a simultanenissed approach is given by

Paouble MA = (1= Pgep) MorT22 + P Tor

The probability of a collision per approach is detmed by

F)collision per approach™— F)double MA [g(l_ /119R)(1_ /122) RiSK— Tt /]19R (1_ /122) RiSkS T
+ (1= Aor)ARisk: s + AgrAzRisks ;s}

where the subscript of Risk indicates the execuioa straight missed approach (S) or turning
missed approach (T) on runways 19R and 22 resgdgetiv

To determine the collision probability per appro&mha given DH and given missed approach
level altitudes, therefore 4 scenarios need toumeanically evaluated with regard to the

collision risk given a double missed approach, gigquations (3-1) to (3-4). To quantify the
current (DH=350 ft) and proposed situation (DH=2)08 scenarios are required. The next step
is to determine the collision probability per yaasing the runway statistics of runways 19R

and 22. Combined use of runways 19R and 22 isapied duringpeaktime periods. Using
statistics on the total number of approaches, divitditonight, peak andoff peaktime periods
[44], the collision probability per year can beeatetined by (note that N is determined by the
total number of approaches to runways 19R and 2p.[4

P

collision per year

=1-[1-P

|]N
collision perapproac
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3.5 Collision risk assessment

3.5.1 Definition of key representative scenarios

In close co-ordination with the CAA and LVNL, 16yescenarios have been selected. These

scenarios are determined by four main procedupas and are given in Table 3-3.
= Decision Height at runway 22
*»  Final Missed Approach Altitudes (FMAA)

=  Missed Approach
= ATC induced MA

Turn on 22
Turn on 19R

Table 3-3 Key representative scenarios

200 ft, 250 ft, 300aftd 350 ft
2000 ft andB000 ft

YES (turn as soon astipeble) or NO
YES (turn as soon asficable) or NO

Scenario| MA Turnon 19R DH runway 22  FMAA 19R / 22MA Turn on 22
1 YES 350 fi 2000 ft / 2000 1 YES
2 YES 300 fi 2000 ft / 2000 1 YES
3 YES 250 fi 2000 ft / 2000 1 YES
4 YES 200 fi 2000 ft / 2000 1 YES
5 NO 350 fi 2000 ft / 2000 1 YES
6 NO 200 ft 2000 ft / 2000 1 YES
7 YES 350 fi 3000 ft / 3000 i YES
8 YES 200 ft 3000 ft / 3000 i YES
9 YES 200 ft 2000 ft / 3000 i YES
10 YES 200 fi 3000 ft / 2000 | YES
11 YES 350 fi 2000 ft / 2000 1 NO
12 YES 200 fi 2000 ft / 2000 | NO
13 YES 350 fi 3000 ft / 3000 | NO
14 YES 200 fi 3000 ft / 3000 1 NO
15 NO 350 fi 2000 ft / 2000 1 NO
16 NO 200 ft 2000 ft / 2000 1 NO

In the current situation of the Schiphol convergingways 19R and 22, the DH of runway 22 is
350 ft, whereas in the proposed situation the DHbei reduced to 200 ft. For both the current

and proposed situation the following cases candienduished (see also Table 3-4):

Straight MA’s
Nominal Case

ATC Corrected Case

Turning MA's

Aircraft approaching 19R and 22 make a straiglsiseul approach;
Aircraft approaching 22 make a turning missed appin and aircraft

approaching 19R make a straight missed approach;

Aircraft approaching 22 make a straight missed@ggh, and ATC

instructs missed approaching aircraft on 19R tieitd a turn;

Aircraft approaching 22 make a turning missed agph, and ATC

instructs missed approaching aircraft on 19R to gdiate a turn.
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Table 3-4 Current and proposed scenarios, with final MA altitudes of 2000ft
Current Proposed
DH on RWY 22 is 350ft DH on RWY 22 is 200ft
Straight MA's scenario 15 scenario 16
Nominal Case scenario 5 scenario 6
ATC Corrected Case scenario 11 scenario 12
Turning MA's scenario 1 scenario 4

In addition to these scenarios, eight more scegavith be evaluated to also support other

possible changes in the missed approach procefiuramways 22 and 19R. These are:

» Decision Height on Runway 22 in between 350 ft 206d ft (e.g. scenarios 2 and 3);

=  Final Missed Approach Altitude on Runway 22 and/®R raise from 2000 ft to 3000 ft
(scenarios 7, 8, 9, 10, 13, 14).

It was shown that the probability of a collisiorr p@proach can be expressed in terms of
collision risk values given a double missed apphq@etermined for the 16 scenarios), and in
terms of parameters which represent relevant miagptbach procedure aspects (see Section
3.4.6). The parameter values chosen are defin8gaijker [41] and given in Table 3-5 below.

Table 3-5 Parameter values for the missed approach procedure aspects8

MA procedure aspect Symbol Interval Reference| Worst | Best

value value | value

Pr{MA on 19R is straight} A1or [0,1] 0.2 0.9 0.1

Pr{MA on 22 is straight} A [0,1] 0.15 0.5 0.05
Missed approach rate 19R  ror [1/1000,1/100] 0.002 0.01 0.001
Missed approach rate 22 M2 [1/200,1/50] 0.01 0.02 0.005
MA correlation factor Pdep [0,1] 0.05 0.1 0.005

The collision probability per approach and per ywe#irbe determined for the reference value,
worst value and best value case, where it is agbtine these values are equal for the current
(DH = 350 ft) and proposed situation (DH = 200 8ubsequently a sensitivity analysis is
performed for the missed approach procedure paesmethere each of the parameter values is
varied between the best and worst values as givéable 3-5.

8 The first two rows indicate occurrence probatgttper missed approach. The third and fourth ra indlicate occurrence
probabilities per approach. The fifth row assunied & simultaneous missed approach on runways A8R2iis initiated.
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3.5.2 Callision risk given a double missed approach

The collision risk given a double missed approactietermined for all 16 key representative
scenarios, through 16 fold execution of the 3 giemedure:

1. Determination otonditional incrossing riskor each of the 12 aircraft type combinations;
2. Determination ofncrossing riskfor each of the 12 aircraft type combinations;

3. Determination otollision risk given a double missed approach

Step 1: Determination of conditional incrossingkris

Equation (3-4) is numerically evaluated using ti@PRZ-SMA toolset [42]. This leads to an
assessment of the risk that a missed approachiogftion runway 19R collides with aircraft
conducting a missed approach on runway 22. Fondngnal casescenarios 5 (with DH = 350
ft) and 6 (with DH = 200 ft) the numerical resuits each of the possible aircraft combinations
are given in Table 3-6 and Table 3-7 (these tgiegide estimates for the conditional
incrossing risk (calculated using equation (3-$jinilar tables have been determined for the
other scenarios.

Table 3-6 Conditional incrossing risk values for scenario 5

Scenario 5 Missed Approach Straight on 19R; Missed ApproacimTan 22;

Final Missed Approach Alties are 2000 ft; DH runway 22 is 350 ft
Conditional Heavy 767/747 Medium 737/320 Medium F50
Incrossing risk on RWY 19R on RWY 19R on RWY 19R
Medium 737/320 on 22 9.3x%0 2.0x10° 1.6x10°
Medium F50 on 22 7.0x10 1.5x10° 1.1x10°
Light SW Il on 22 2.5x18 9.3x10’ 6.9x10’
Light C172 on 22 1.7x10 5.7x10’ 4.0x10’

Table 3-7 Conditional incrossing risk values for scenario 6

Scenario 6 Missed Approach Straight on 19R; Missed ApproacmTan 22;

Final Missed Approach Altdes are 2000 ft; DH runway 22 is 200 ft

Heavy 767/747 Medium 737/320 Medium F50

Conditional on RWY 19R on RWY 19R on RWY 19R
Incrossing risk
Medium 737/320 on 22 1.4x10’ 3.2x10° 2.5x10°
Medium F50 on 22 1.1x10’ 2.2x10° 1.8x10°
Light SW Il on 22 3.2x10° 1.1x10° 8.4x10’
Light C172 on 22 2.3x10° 7.8x10 5.1x10’
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The above tables show that the collision risk \wacdensiderably for different types of aircraft
combinations approaching the runways 19R and 2hgears that the collision risk increases in
case of light aircraft conducting a missed appraathunway 22. This is caused by the fact that
light aircraft climb quicker than heavy aircrafb. delation with the specific configuration of the
two runways 19R and 22, this implies that the igattoverlap probability' is much higher for

the case with light aircraft (e.g. SW Il or C178nhducting a missed approach on runway 22.

Step 2: Determination of incrossing risk

The values for the probabilitiel's’{/(ij = (/(i K )} representing the probabilities that each of
the possible twelve aircraft type combinations ocate derived from the statistical data for the
percentages of landing heavy/medium/light airavaftunways 19R and 22 as obtained from
FANOMOS. The results are presented in Table 3-8.

Table 3-8 Probability distribution of the twelve aircraft type combinations

Aircraft type combination Heavy 767/747 | Medium 737/320 Medium F50
probabilities on RWY 19R on RWY 19R on RWY 19R
Medium 737/320 on 22 0.0935 0.166 0.166
Medium F50 on 22 0.0935 0.166 0.166
Light SW Il on 22 0.0165 0.029 0.029
Light C172 on 22 0.0165 0.029 0.029

Theincrossing riskvalues for each of the twelve possible aircrgietgombinations can now be
determined by taking the entry-wise product of €a®8 with the conditional incrossing risk
values (e.g. Tables 3-6 and 3-7 for the nominaéd€ad he numerical incrossing risk value
tables for all 16 key scenarios are given in Bldrale[42].

Step 3: Determination of collision risk given a dteimissed approach

The collision risk given a double missed approaat mow be determined by using equation (3-
4). Below the numerical results are presented daegto the following procedural aspects:

=  Variations in Decision Height (DH) on runway 22;

=  Variations in turning versus straight missed appihea on 19R and 22;

= Variations in missed approach altitudes.

Variations in Decision Height on runway 22

Table 3-9 and Figure 3-4 show the probability abHision given a double missed approach for
the scenarios with turning missed approaches dmrooiways as function of Decision Height
(DH values are 200, 250, 300 and 350ft) with FM#tadle equal to 2000ft (i.e. scenarios 1-4).
The results shows that the risk decreases onllgtklifpr an increasing value of the DH.
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Table 3-9 Impact of Decision Height of Runway 22 on conditional collision risk

Scenario DH on Runway 22 Collision risk
1 350 ft 9.0x10°
2 300 ft 9.3x10°
3 250 ft 1.0x10°
4 200 ft 1.1x10°

x10°  risk per double MA , both turning, level 2000ft
1.5 ; ;

0.5 . .
200 250 300 350

DH22 (f)

Figure 3-4 Impact of DH runway 22 on conditional collision risk

Variation in turning versus straight missed apprbas on 19R and 22

For the four cases in Table 3-4 the collision gaken a double missed approach with final MA
altitudes of 2000 ft are given in Table 3-10. Apested, the risk is highest with straight missed
approaches on 19R and 22, and lowest with turniisged approaches on 19R and 22. The
latter can be seen in Table 3-11 with final MAtalies of 3000ft.

Table 3-10 Conditional collision risk with final MA altitudes of 2000ft

Current Proposed
DH on RWY 22 is 350ft DH RWY 22 is 200ft
Straight MA's 3.6x10° 3.6x10°
Nominal Case 1.7x10’ 2.3x10
ATC Corrected Case 1.2x10’ 1.2x10’
Turning MA’s 9.0x10° 1.1x10°
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Table 3-11 Conditional collision risk with final MA altitudes of 3000ft
Current Proposed
DH on RWY 22 is 350ft DH on RWY 22 is 200ft
Straight MA’s - -
Nominal Case - -
ATC Corrected Case 1.2x10° 1.2x10’
Turning MA’s 9.0x10° 1.1x10°

The above two tables show that — for each of tbasés - the impact of the proposed reduction
of the DH from 350 ft to 200 ft on the conditiomalllision risk given a double missed approach
is relative low. The numerical results also showfitilowing:
=  The collision risk attains an unacceptably highelavhen the approaching aircraft both
make a straight missed approach, and ATC doesitest/ene gtraight MAS;
=  The impact of ATC instructions — “turn right!” — rcraft missed approaching runway
19Rin case of a precedifigtraight missed approach on runway B2considerable, and
can be seen as a very efficient collision risk piolgimeasureATC corrected cagge
=  The impact of ATC instructions — “turn right!” — rcraft missed approaching runway
19Rin case of a precedingirning missed approach on runway &2noticeable, and can
be seen as a measure to further reduce the colliisik, if necessaryTurning MA'S;
»  The impact of raisingothfinal missed approach altitudes from 2000 ft tO®B€ is — with
the exception of th&urning MA’slow, and may be seen as a risk neutral change.

Variation in final missed approach altitude

Table 3-12 below shows the conditional collisicskrgiven a double missed approach for the
turning MA scenarios with proposed DH of 200 ftdamth varying final MA altitudes.

Table 3-12 Conditional collision risk with DH 22 is 200 ft, and varying final MA altitudes

Collision risk with
Scenario MAA 19R / 22 Turning MA on 19R and 22
4 2000 ft / 2000 ft 1.1x10°
8 3000 ft / 3000 ft 1.1x10°
9 2000 ft / 3000 ft 3.0x10%
10 3000 ft / 2000 ft 8.8x10"

° A preceding missed approach on runwayi@plies that the missed approach on 19R is ieitiahortly after initiation of a
missed approach on runway 22 (simultaneously afatdéhe aircraft on runway 22 reaches it finalsais approach altitude).
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It turns out that the impact of increasioige of the final missed approach altitudes from 200 f
to 3000 ft lowers the collision risk significantignd may therefore be implemented safely. The
collision risk is comparable in case the missed@ggh level altitudes of 19R and 22 are equal.

3.5.3 Collision risk per approach and per year

The collision risk per approach and per year aleutated for the current DH (350 ft) and the
proposed DH (200 ft), with final missed approaditades of 2000 ft, through execution of the
procedure described in section 3.4.6. Three vaueprovided — based on sensitivity analysis —
showing the uncertainty about the calculated refezegisk value.

Table 3-13 Collision risk per approach

Current DH ,, = 350ft

Proposed DH, = 200ft

Reference Value 1.3x10% 1.3x10°®
Worst Value 6.4x10° 6.3x10°
Best Value 3.2x10° 3.2x10°

Table 3-14 Collision risk per year

Current DH ,, = 350ft

Proposed DH, = 200ft

Reference value 1.3x10* 1.3x10*
Worst value 6.4x10 6.3x10
Best value 3.2x10° 3.2x10°

Subsequently a sensitivity analysis is performedite missed approach parameters, where
each of the parameter values is varied betweerabesivorst values as given in Table 3-5,
while keeping the other parameters in accordantetive reference values.

The above tables and the sensitivity analysis shaivthe collision risk per approach and per
year are comparable for the current DH (350 ft) praposed DH (200 ft). This is due to the

fact that the distance between the points of ctaggsroach during a double missed approach is
more or less the same for the current and the gezpprocedure. This implies that a reduction
of the OCA to values below 200 ft is risk neutrathin a broad spectrum of changes.

3.5.4 Impact of the assumptions

Some model assumptions have been adopted. To #issaésgpact of all assumptions on the
calculated collision risk, a qualitative analysigtee expected direction and magnitude of the
impact of the assumptions has been undertakenovédrall conclusion of the analysis is that
most assumptions have a negligible effect on thritzded risk. Assumptions that do have a
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noticeable impact (i.e. major or significant) aesgimistic, i.e. due to the model assumptions in
reality the collision risk is smaller than thatamahted. Noteworthy pessimistic assumptions are
that Traffic Collision Avoidance System (TCAS) witched off and that pilots do not use see-
and-avoid. The first has a major impact, whereass#tond has a significant impact under good
visibility conditions and a negligible impact intaal CAT-I weather conditions.

Besides the model assumptions, a number of paresrtege been used to represent relevant
missed approach procedure aspects. Most imporsaatneters are:
»  Missed approach rates for runways 19R and 22, ddnwithr,oz andr,, respectively;
=  Probability metrics for the adherence to the phigitsmissed approach procedures:

= Probability that the missed approach on 19R isgtitahead on runway traakog ;

= Probability that the missed approach on 22 isgititaahead on runway track .
From the calculated worst, reference, and beseMaluthe collision risk — as given in section
3.5.3, Tables 3-13 and 3-14 — it is concluded tihede parameters have a significant impact.

The conclusion can be drawn that the magnitudaetbllision probability per approach is
less than the reference value calculated, provitietl the following conditions are satisfied:

=  The missed approach rate for runways 19R is lems th2 %;

»  The missed approach rate for runway 22 is less thar;

=  The probability that the missed approach on rund@R is straight ahead is less than 0.2;
*»  The probability that the missed approach on run®2ys straight ahead is less than 0.15.

Note that — following Westerveld [46] — it is assedhithat the ILS of runway 22 functions well
below 350 ft. The risk of Controlled Flight Into ffain (CFIT) is therefore not considered.

3.6 Safety and operational feedback

3.6.1 Safety criticality assessment

To judge the acceptability of the collision riskwias decided to execute a two-fold comparison

of thereferencevalue for the collision probability per approach:

= Arelative comparison of the current and proposeson for runway 22;

=  An absolute comparison with tE&JROCONTROLproposed TLS for accidents with an
ATM contribution, i.e. 3.5x18 accidents per movement

It was shown that a reduction of the DH of runwayftdm 350 ft to 200 ft is risk neutral, and
that moreover the absolute value of risk is leas tiheEUROCONTROLproposed TLS. The
conclusion can be drawn that — provided that aextanditions are satisfied — the independent
use of runway combination 19R / 22 in actual CA¥elather conditions is adequately safe.
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This conclusion is also valid for the possible fetsituation, where the final missed approach
altitude is raised from 2000 to 3000 ft and/orwhed criteria for the use of runway

combination 19R / 22 is changed toward 20/7 krithe. latter is expected to have a negligible
impact on the collision risk between aircraft agmioing the runway combination 19R and 22.

3.6.2 Key safety bottlenecks and criticalities

It is clear that — provided that certain conditi@ne satisfied — the proposed reduction of the
OCA of runway 22 to 200 ft may be judged adequatale. From a safety perspective, of
importance is to also locate the factors that doute most to the collision risk. This might
allow for further safety improvements if apprectht€he key safety bottlenecks are those that
might lead to either a missed approach executagybtrahead on track of runway 22 or might
lead to aircraft not conducting an ATC induced tamrunway 19R:

1. Reasons for aircraft conducting a straight misgg@ach on runway 22;

2. Reasons for aircraft not conducting an ATC inducessed approach turn on runway 19R;
3. Reasons for aircraft not conducting an ATC inducessed approach climb.

Investigation of the related causal factors couttjole additional insight into the criticalities.

3.6.3 Measures to improve and monitor safety
Although the proposed reduction of the OCA from &30 values less than 200 ft is risk
neutral, the following recommendations are provitteturther improve the level of safety:

Design the new AIP approach platessuch a way that current possible confusionilotpon
the position of the Missed Approach Point, requirgd, and visibility criteria is alleviated:
=  Turning missed approach:
For a missed approach following a precision apgrpagns may be prescribed at a
designated Turning Point (TP) or altitude/heightasrsoon as practicable’ [32]. For non-
precision approaches a MAPt must be specifiedfamd must commence at a designated
TP (i.e. the MAPY) or at a specific altitude/heighhe present approach plate identifies a
turning point for the LOCalizer (LOC) Glide Slopeserviceable (GS u/s) approach. No
specific guidelines are given for turn initiatioor the ILS approach, it may be assumed
that the turn should be initiated ‘as soon as prabte’. Noteworthy is that the LOC GS u/s
MAPt liesbeforethe point where the Decision Altitude (DA) is csed on a full ILS
approach. It is recommended that:
= The words ‘as soon as practicable’ are added tBoMA following an ILS approach;
= To avoid possible confusion, the MAPt for the LOG G/s approach should lie
behind the point where the ILS GS intersects the WAh a DH of 195 ft, this means
that the MAPt for the LOC u/s should lie not eartiean 0.6 NM before the runway
threshold.
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»  Required visibility:
Presently, the required visibility for the ILS peature is higher than for the LOC GS u/s
approach. This might lead to confusion for piletsriarginal visibility conditions. It is
recommended to either decrease the required vigifol the ILS approach or, just to
avoid this confusion, increase the required vigibfbr the published non-precision
approach.

Monitor the FMS missed approach coding by diffedatabase manufacturers

Missed approach segments are routinely coded iRltget Management System (FMS) to aid
lateral navigation in a missed approach segmerg.cbding of the missed approach may pose
some problems for database manufacturers becagiseoa as practicable’ is not easily
translated into a FMS waypoint. Because of thergitecriticality of the initiation point of the
missed approach from runway 22, the CAA is encoentdg specifically monitor the FMS
implementation of the published missed approachqutore by the different database
manufacturers.

Monitor the reasons and circumstances related tesad approaches

The reasons and circumstances that may lead rafimitiating a missed approach as well as

the missed approach rate are aspects that arweblatncertain. It is therefore recommended

that ongoing safety monitoring activities — suchtesATCOD data base of Air Traffic Control

the Netherlands (the LVNL) — are continued, pogsiblbe extended with the following:

» Information about position of missed approach atitin (altitude / distance to threshold);

» Information about the position of initiation of @ (time after initiation of missed
approach or altitude or distance from / passedstioiel)

» Information about the reason for initiation of asg@d approach.

Furthermore, the LVNL may explicitly request aifft@xecuting a missed approach from
runway 22 to submit a company report, which cam the analyzed.

3.7 Conclusions and recommendations

3.7.1 Conclusions

A probabilistic safety assessment of the collisishk related to simultaneous missed approaches
on Schiphol converging runways 19R and 22 has basied out, focusing on the proposed
reduction of the OCA of runway 22 from 350 ft tdues less than 200 ft. This reduction will
allow a DH of 200 ft, enabling the use of runwayi2actual CAT-l weather conditions.
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Two suitable risk metrics — collision probabilitgppmovement and per year — have been
identified. On basis of a review of safety requiegnts, some guidelines on how to judge the
acceptability of collision risk results have beéneg. An existing risk model has been extended
to enable determination of the collision risk begweircraft simultaneously conducting a
missed approach on runways 19R and 22. This medkhieloped through an integral usage of
3 NLR tools: ISTaR, TOPAZ, and FANOMOS. Applicatitm16 scenarios showed that:
=  The collision risk may attain an unacceptably Hegrel under certain conditions, e.g.
when aircraft on 19R and 22 both make a straigbsed approach, and ATC does not
intervene;
=  ATC monitoring and instructing — “turn right!” oclimb to!” — to aircraft conducting a
missed approach on runway 18Rcase of a precedingraight missed approach on
runway 22is required. It is explicitly stated that such AirGtructions ar@ot necessary
in case of a precedingirning missed approach on runway.22

Provided that the identified risk reducing measaresapplied, the proposed reduction of the
OCA of runway 22 to 200 ft is risk neutral withirbeoad spectrum of missed approach
procedural aspects, and may be judged adequafelyTsas conclusion is also valid for the
situation where the final missed approach altitisdaised from 2000 to 3000 ft.

3.7.2 Recommendations

Although the proposed reduction of the OCA from &30 200 ft is risk neutral, the following

recommendations are provided to further improvedhel of safety:

1. Design the new AIP approach plates in such a watydinrent possible confusion of pilots
on the position of the MAPt, required turn, andhilgy criteria is alleviated;

2. Monitor the FMS missed approach coding by diffedstabase manufacturers;

3. Monitor the reasons and circumstances in relatbanissed approaches on 22, e.g. through
yearly inspection of the ATCOD incident databaséhef LVNL.

It is also recommended that Dutch interest groussuds internally and agree upon a risk
criteria framework to regulate and control collisiésk around Dutch airports.
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4 Probabilistic safety assessment of wake vortex separation
distances for single runway arrivals

4.1 Introduction

During the last four decades overall system sdfety. accident risk per flight hour) of the
United States National Airspace Systems (NAS) aedduropean Air Transport System has
improved despite the growth in number of operatamsducted [59, 63]. This has been
achieved primarily through the introduction of iraped technology in the cockpit and in Air
Traffic Control which has improved safety at a ratexcess of the rate of growth in operations
[74]. Researchers have concluded that as theaaispiortation system reaches its capacity
limits, the introduction of new technology to impeooverall network system safety yields
diminishing returns. Instead the next lever to iover safety is through improving airspace
“flow” safety in the presence of increased volumd aomplexity.

The evaluation of the safety of the airspace flowolves the evaluation of the accident risk in a
system that exhibits stochastic behavior. For exapgmalysis of safe wake vortex separation
distances for the procedures proposed by NASA laadAA [66] require the analysis of the
effect of wake vortex, generated by lead airciity encountered by trailing aircraft for a given
arrival (departure) procedure. The analysis reguiitelusion of stochastic models of wake
vortex evolution, wake vortex encounter, and aft{p#éot response. The analysis must be
conducted for a heterogeneous mix of aircraft uniféerent weather conditions flying flight
paths with statistical variations [68]. Traditiomplantitative safety methods, designed for
evaluation of technologies/products, such as tht Faee Analysis (FTA) and Failure Modes
and Effects Analysis (FMEA), are not easily applieek the dynamic stochastic nature of the
system behavior, and the absence of historic dateafe-events [57, 70]. Qualitative safety
methods, such as Hazard Analysis, provide a fastate of risk prediction, but are inherently
based on the assessments of experts. As a consegegaluation of wake vortex separation
distances have historically been conducted usiregthpproaches: (1) experimental flight test
data, (2) historic operational data, and (3) aizdytodels [11].

NLR has developed a quantitative method for wakéexasafety analysis (WAVIR), which is
based on Probabilistic Safety Assessment (PSA)lyaisaand simulation of the airspace flow
safety is conducted through Monte Carlo simulatioinsare-events that are precursors to
accidents. WAVIR has been used by NLR to evaluatkewortex separation standards for the
European S-Wake research program [10, 62]. WAVI&Sgse being used in the European
projects for ground based wake vortex predictioth detection (ATC-Wake) (Section 5) and
cockpit instrumentation for wake vortex detectiow avoidance (I-Wake) (Section 6).
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Figure 4-1 Wake vortices generated by a Boeing 747 aircraft

This study describes the WAVIR tool for evaluatmfrwake vortex separation distances
between fleets of heterogeneous aircraft approgansingle runway under different
operational, weather, and wind conditions. Sedli@provides an overview of wake vortex
separation procedures during approach and lan8iection 4.3 provides a historic account of
how separation distances have been determine@ id.®. Section 4.4 presents the newly
proposed wake vortex risk requirements and illtistineof the method to derive safe and
appropriate separation minima. Section 4.5 desetibe WAVIR tool. Section 4.6 provides the
main results from the probabilistic safety assessgrag carried out in the S-Wake project. A
comparison of the main results with incident/acotd#ata obtained at Heathrow airport is
included in Section 4.7. Finally, Section 4.8 pd®s the conclusions and recommendations.

4.2 Wake vortex separation standards

Wake vortices are a natural by-product of lift geed by aircraft and can be considered (or
viewed) as two haorizontal tornados trailing aftee fircraft. A trailing aircraft exposed to the
wake vortex turbulence of a lead aircraft can eigmee an induced roll moment that is not
easily corrected by the pilot or the Autopilot. AE€Eparation standards, designed for the worst-
case scenario, have been introduced to ensuretigmenathout a wake vortex hazard. During
application of these static separation standardsglinstrument Flight Rules (IFR) operations,
no fatal accidents have been reported in the 85. Wake vortex separation standards have a

77



NLR-TP-2007-368 NLR

significant impact on airport departure and arrsagbacity especially at the busiest hub airports
[67]. For this reason the National Aeronautic apdc Administration (NASA), the Federal
Aviation Administration (FAA), as well as severalibpean agencies have been developing
technologies and procedures for increased arriéldeparture flows at airports through
reduced separation standards without an impacafetys[66].

Figure 4-2 Wake vortices generated by a Boeing 727 aircraft

Reduced separation standards are largely madélkeasyiincreased understanding of the
impact of ambient weather conditions on wake vottarsport and decay. Modern models of
wake vortex behavior show that with calm winds andatmospheric turbulence, wake vortices
last significantly longer than vortices in high apheric turbulence conditions [71]. Currently
three concepts of operation are under considerbiiddASA and the FAA [66, 67] to improve
runway flow capacity by reducing separation disésnender certain conditions. The near-term
procedure involves modification of the rules asatad with closely spaced parallel runways
[55] to enable dependent parallel runway arrivaragions with parallel runways separated by
less than current standard (2500 ft) under weatheditions that favor reduced wake vortex
separation. Mid-term procedures involve modificatdd separation distances for departures
under weather conditions that favor reduced waktexseparation. Long-term procedures and
systems to execute dynamic separation distancdsaaeel on measurements of existing weather
conditions [60, 69, 71, 97].
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4.3 Determining wake vortex separation

4.3.1 History of wake vortex separation minima in the Unied States

Prior to the introduction of large wide-body jetske vortex upsets or turbulence encounters

by a trailing aircraft were considered to be “pregsh” or “jet wash” and not considered a

flight hazard. The introduction of large wide-badybojet aircraft with increased weight and

wingspan in the late 1960’s changed this percegiahinitiated the detailed analysis of wake

vortices and their impact on trailing aircraft.nmd 1969 a series of flight test experiments were

conducted by Boeing and the FAA to generate detailformation on the wake vortex

phenomenon [65]. By using smoke towers and proairgyaft (Boeing 737-100, Sabre F-86,

NASA CV-990) the wake vortices of a Boeing 747 anBloeing 707-320C were characterized.

This data provided the basis for wake vortex sdfmaraules adopted by the FAA:

*  VFR rules - following aircraft remain above of tiight path of the leading aircraft, and

= IFR rules — minimum radar-controlled wake vortegamation distances were established
for the following aircraft based on the weight bétlead and follow aircraft.

Although under IFR rules aircraft were categoribgdveight, the data from these studies
identified that a more technically correct way stablish categories of aircraft is by wingspan
of the trailing aircraft [73, p. 8]. This was comered impractical to implement and was dropped
in favor of categorization by weight. With a fewceptions, weight exhibits relatively good
correlation with wingspan. Several adjustmenthtowake vortex separation distances have
been made during the 1980’s and 1990’s. It shoelddied that separation distances have
usually been increased with as main exception actexh from 3 NM to 2.5 NM spacing for
similar sized aircraft and short runway occupanmnues.

4.3.2 Current practice regulations for single runway arrivals

In current ATC operations, there is no exchangafofmation concerning wake vortices
between aircrew and ATC. Control practices are dasel CAO recommendations and national
regulation. ICAO separation minima between aircaat based on Maximum Take-Off Weight
(MTOW) of the involved aircraft, distinguishing egfories Light, Medium, and Heavy.
National regulation exists in USA and United Kingd¢UK). Different provisions governing
wake turbulence separation minima are publishelCBO, and depend on the wake turbulence
category of the leading aircraft and the equipnasnailable to them to provide separation [32,
79, 103]. ICAO makes a clear distinction betweerma IFR separation minima and wake
turbulence induced separation minima. AccordinthelCAO Air Traffic Services Planning
Manual [103], wake vortex separation minima aresttuce the wake vortex hazard. Figure 4-3
provides the ICAO wake vortex separation minimasiagle runway arrivals.
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Figure 4-3 ICAQO Separation Minima for Single Runway Arrivals

These separation minima should be applied to dircréhe approach and departure phases of
flight in the circumstances when an aircraft isratieg directly behind another aircraft at the
same altitude or less than 300 m below; or bottrafirare using the same runway or parallel
runways separated by less than 760 m. Wake turbeilggparation is not provided to Visual
Flight Rules (VFR) arrivals, nor to IFR on visugipgoach. In these cases it is up to the pilot to
provide adequate spacing from preceding arrivindegarting aircraft.

4.3.3 Classical Methodologies for Determining Separatioistances
Three methodologies have been used to define spfeation standards [65]:
=  Experimental Flight Test

= Historic Operational VFR data analysis

»=  Analytical modelling.

Experimental Flight Test

The original separation distances for IFR wereldistaed based on the “worst case” wake
vortex turbulence measurements from the flightdestcribed above, at high altitude with low
ambient turbulence [65]. Due to the expectation tihe@ increased ambient turbulence would
disrupt the wake vortices, the actual distancegwkghtly reduced versions of these “worst
case” distances.
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Historic Operational (VFR) Data Analysis

The approach uses the fact that safe operatiores semsistently conducted between 1976 and
1994 by aircraft pairs operating under “see-andeiVdFR separation rules at separation
distances below the IFR separation distance ragokatThis data was used as the basis for the
reduction of the separation distance between dirggater than the B757 to 2.5 NM.

Analytical Modeling

An alternative procedure for determining safe safiam distances was developed during the
1980’s using a probabilistic approach for a paiaiotraft used as a normalizing condition [65].
First, a wake vortex hazard model was used to asBeghreshold strength of a vortex that is
hazardous for a trailing aircraft. Second, vodegray measurements were processed to give an
empirical model for vortex decay expressed as bghitity of the vortex strength remaining
above a given value as a function of wake vortex &inally, data from these two models were
combined to determine the probability of a hazasdencounter for a given separation time.

If the separation distance for the most commonbuaing aircraft pairs can be considered to
be “safe” (based on historic data from 1976 to }98%n safe separation distances of other
aircraft pairs can be computed using these modibis.method is distinct from the other two,
because it accepts that a zero encounter prolyabiliinrealistic and therefore resorts to
establish a probabilistic level of safety. As thieadon system reaches the capacity limits
induced by current separation standards, the irapoetof understanding the impact on safety
risk of different separation standards and procesiotust be addressed. There are several
fundamental questions that must be resolved:

1. What is the safety level of the current standards?

2. Are the standards overly conservative?

3. Can the standards safely be reduced?

These questions cannot be answered with previodelnand require more comprehensive
models and analysis than can be provided by thevapbpes listed above.

4.4 Newly proposed wake vortex risk based policy making

4.4.1 Wake vortex risk requirements

WAVIR is developed as a safety management toaldgulating and controlling wake vortex
induced risk on the basis of incident/accident pekbability assessmeifvllowed by a
comparison with risk criteria. This requires the@elepment of a probabilistic relation between
the occurrence of wake vortex encounters and thexiggof accidents and incidents. For incident
and accident investigation purposes, ICAO conserpidefinitions are: accident, serious
incident, non-serious incident, and non-determineilents. For safety assessment purposes,
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the JAA has defined severity classes for adveraditions: catastrophic, hazardous, major, and

minor. These two classification schemes have besbined into a classification of wake vortex

induced consequences as follows:

1. Catastrophic accidenaircraft encountering a wake hits the ground, Itegpin loss of life;

2. Hazardous accidenthe wake vortex encounter results in one or noordoard fatalities or
serious injuries (but no crash into the ground);

3. Major incident the wake vortex encounter results in one or mareserious injuries, but no
fatality, on-board the encountering aircraft;

4. Minor incident encounter results in inconvenience to occupanitscoease in crew workload.

A method to derive safe and appropriate separatioima for different operational and
weather/wind conditions is now introduced. Thismoetis based on:

» Risk metrics in terms of incident / accident pralités per movement;

»  Risk requirements derived on the basis of histbizadent data from Heathrow airport.

Risk requirements based on the Target Level oft$&1é¢_S) approach are proposed. It should
be noted that the use of the As Low As Reasonatalgtieable (ALARP) approach was also
considered. However, the usage of ALARP is notmeoended for considering the issue of
wake vortices because it is a small proportiorhefdverall landing risk. The approach followed
in reference 4 is largely based on historical da&sylting in the proposed TLS values for the
risk event probabilities pgueuedmovement given in Table 4-1. Note that the TLSugdbr
catastrophic accidents is based on the assump@Enr2% of the landing risk is due to wake
vortices and that about 50% of landing movemerésjaerued.

The usage of the conceptaieued landings proposed. This concept is defined as a pair of
aircraft with the following aircraft separated frahe leading aircraft by a distance less than the
appropriate wake vortex minima for the pairing pdusM. This definition can be used for
airports with single runway operations (e.g. Lon@atwick), independent parallel operations
(e.g. London Heathrow), and closely spaced depénderllel runways (e.g. Frankfurt airport).

Table 4-1 Risk requirements (per queued aircraft movement)

Risk event Proposed Target Levels oéfety
Catastrophic Accident *a0°
Hazardous Accident *a0’
Major Incident 1.810°
Minor Incident 5.8 10*
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The method proposes that all four risk requiremargsio be satisfied, i.e. the most stringent
requirement will determine the required separatiwmima. This approach supports two
commonly accepted rationales for acceptance ofvdyrgroposed wake alleviation system (or
procedure) by involved interest groups (i.e. pilotmntrollers, regulators), namely by showing
that the number of wake vortex induced risk events:

= does not exceed some pre-defined, and agreed dglonequirement;

»= does not increase with the introduction of a nevwiydrocedure.

4.4.2 lllustration of method to derive safe separation miima

Figure 4-4 illustrates the proposed risk basedcgatiaking procedure to derive safe and
appropriate separation distances for different ag@mnal and weather conditions. It is proposed
that the most stringent of the four requirementerieines the required separation minima [10].
Note that the derived separation minima (as detexthivith WAVIR) currently refer to the
minimum separation distanedong the entire arrival pathAirports might relate the required
separation minima to specific points (e.g. thedhodd or the Outer Marker).

Example WAVIR result: Incident/Accident Risk versus Separation
for a Medium Jet behind a Large Jumbo Jet; Average weather conditions, no wind
10

*==Minor Incident
e . —&— Major Incident
<«——Minimum Radar Separation —&— Hazardous Accident

=—&— Catastrophic Accident

10° |-

10

—1 Target Level of Safety ‘

Risk per movement (logscale)

107° £ [

-10 1 1
1.5 2 25 3 3:5 4 4.5 5 55 6 6.5
Separation distance [Nm]

Minimum Separation

Figure 4-4 Risk management procedure to derive safe and appropriate separation minima

4.5 WAke Vortex Induced Risk assessment (WAVIR) tool

The WAVIR tool was developed by NLR [3, 4, 10, BpEcifically to improve the ability to
address the issues outlined at the end of theoseakiove. In view of the probabilistic nature of
aircraft arrival and departure flows, the wake ggnphenomena, and pilot’s response to wake
vortex encounters, WAVIR uses a probabilistic appto This approach enables an assessment
of the safety level related to different separatigiances and under various operational,
procedural, weather and wind conditions. The madate incorporated in the WAVIR toolset

as in the screenshot shown in Figure 4-5 [10] Aggzendix A for the mathematical details).
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The WAVIR toolset is composed of the following 4 dates:
] Flight Path Generation;

=  Wake Vortex Evolution;

] Wake Vortex Encounter;

=  Separation Distance Prediction.

Flight Path Generation (FLIGHT_PATH):

This module generates the lateral and verticahflgath trajectories, and airspeed, for the lead
and trailing aircraft on arrival and approach. Tlight path trajectories are computed using
samples from probability distributions. The compigta also takes into account profiles and
speeds associated with the published arrival proesd ATC speed control, aircraft dependent
Final Approach Speeds. This module also computesbseparation distance and time as
function of the longitudinal position. It generateput data that is used by the Wake Vortex
Evolution and the Wake Vortex Encounter models

Wake Vortex Evolution (VORTICES):

This module performs Monte Carlo simulations of ¢wvelution of a wake vortex pair generated
by the lead aircraft. The wake vortex is computed RD crossplane or ‘gate’ (perpendicular to
the flight track) at several locations along thight path. The computation takes into account
probability distributions of the lead aircraft pi@n and speed (from FLIGHT_PATH
Generation) as well as probability distributionsadfd and weather conditions. Using the
actual separation information (from FLIGHT_PATH)getwake vortex data is analysed at the
time the trailing aircraft sequences the gatestfie same longitudinal position).

Wake Vortex ENCOUNTER:

This module combines the wake vortex data (from WQ@HES) and probability distributions of
the trailing aircraft position and speed (from FHG PATH). Monte Carlo simulations are
performed with the Wake Vortex Encounter model. @atad metrics for encounter severity
are roll control ratio, maximum bank angle, anglosheight. The encounter classification is
currently based on maximum bank angle and encoaittrde.

Separation Distance Prediction (RISK):

This module computes separation minima on basisaoimum acceptable level of risk. The
WAVIR tool currently identifies potential wake vent risk events as follows:

] Minor Incident;

=  Major Incident;

] Hazardous Accident;

=  Catastrophic Accident.
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Wake Vortex encounters that result in a loss afigiarger than the initial altitude of encounter

are considered to be Catastrophic Accidents. Aéoencounters are classified in one of the
other three potential risk events.

/' AERODYNAMICS

Risk per movement logscale)

Vortex positions and strength in gates along

Figure 4-5 Screenshot of WAVIR tool (SPINEware [75] provides middleware)

How to Use WAVIR
WAVIR has been used in the European S-Wake proajegssess the safety level of current

practice single runway flight operations. A safaggessment is carried out in nine steps:

1.

Define the “Gates” on the Flight Paffio represent the wake induced risk along the
aircraft flight path, a set of relevant longitudipasitions along the proposed aircraft flight
pathx is determined, where the instantaneous risk wilétaluated. In each of these
‘gates’, the wake evolution and wake encounter ktrans will be performed.

Initialize Flight Path Evolution Generatdamples of aircraft (lateral and vertical)
position and speed in the selected gates (seedHg6) are obtained with the flight path
evolution model. Speed profiles representing therait movements are also needed as
input for this model (Figure 4-7 represents therait speed profiles at Heathrow airport).
Initialize the Wake Vortex Generatofhe input parameters for the probabilistic wake

vortex evolution model are specified. These comdisteterministic stochastic parameters.
The stochastic parameter distributions are basesirguirical data and/or state-of-the-art
literature. Crosswind and headwind needs to beifspdicas well as the atmospheric
conditions (through the Eddy Dissipation Rate anghBVaissalla frequency). Figures 4-8
and 4-9 represent the atmospheric conditions atrif®aL.

85



NLR-TP-2007-368

1000 -

vertical position [m]

Indicated Air Speed (in kis)

500~

Approach glide path safety corridor with an example selection of gates

~ 10000

I ——
P
o longitudinal position [m]

Profiles for the approach speed for aircraft on Heathrow approach (no headwind)

4t H

Large Jumbo Jet (like B747)
Widebody Jet (like A300)
Special Medium (like B757)
Medium Jet (like A320)
Regional Jet (like F100)
Medium Turbo Prop (like F50)
Light Turbo Prop (like Beech 99)

Emplrical Cumulative Distrioution

Figure 4-8

Frequency distribution of Eddy Dissipation Rate at various height levels

-2.5

-12.4

- -7.5
Longitudinal position relative to threshold (in NM)

Figure 4-7 Aircraft speed profiles

EDR frequency distributions obtained from FDR data

measured at various he

ight levels at London Heathrow

86

—— z=7a5m

1.5
EDR [mZ%/57] 21077

o=



NLR-TP-2007-368 <NLR>

NZ2 frequency distributions at various height levels
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Figure 4-9 Frequency distribution of Brunt-Vaissallafrequency at various height levels

4. Run Wake Vortex Generatavionte Carlo simulations are run with the wake ewvrt

evolution model for the case that the wake vorsegenerated when the leading aircraft
has longitudinal positior. Lateral and vertical positions, strength, and cacbBus of the
vortices are computed as a function of time. Tlselte are analyzed at the time instant
when the vortices have the same longitudinal caratd as the follower aircraft. This time
instant has been computed with the flight path @iah model, which incorporates the
wind speed in longitudinal direction (i.e. influencf head- / tailwind on aircraft ground
speed). The time instant also depends on the jiredcseparation distance or time. This
analysis is repeated for the various prescribedrsgipns (distances or times).

5. Compute Wake Vortex Flow Field for Lead Aircraftizdch of the Gatestising a
dedicated probability density fitting proceduretthacounts for dependencies between the

lateral and vertical position, the strength, areldbre radius of the wake vortex pair, the
joint distribution of the wake vortices positiotregth, and core radius is obtained in each
of the gates. This step is repeated for each sipastandard to be evaluated, and
provides the probabilistic wake vortex flow fieldhind the lead aircraft at all the gates.

6. Compute Wake Vortex Encountérionte Carlo simulations are carried out to sineitéae

wake vortex encounter. In this step the joint disition from step 5 is used and
distributions of the position of the follower aiaft are used. Samples of the follower
aircraft (lateral and vertical) position and speethe selected gates are obtained with the
flight path evolution model. Encounter metrics sashmaximum bank angle, altitude of
encounter and loss of height are obtained. Thisstevides the encounter severity
probabilities in the different gates (for eachtwd specified separations). The simulated
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encounters are classified into four categon®sak, Moderate, SevemmdExtreme
according to the attained maximum bank angle vezsasunter altitude.

Encounter severity diagram
200

180

160

Moderate

Encounter altitude [m]
B ) o5 5
o o [} o

|S]
=]

o

30 40 50
Maximum bank angle [deg]

Figure 4-10 Encounter severity classification scheme
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Figure 4-11 Example wake encounter simulation results

7. Compute Incident/Accident Risk Curvéshe wake-induced incident/accident risk due to a
wake vortex that is generated when the leadingadtravas at positiont is evaluated. This
step provides the instantaneous risk curves (mimgident, major incident, hazardous

accident and catastrophic accident) showing thetoisrailing aircraft along the proposed
aircraft flight track. As an example, Figures 4-12-15 show — for each of the defined risk
events, i.eminor incidentmajor incident, hazardous accident, and catastrogucident

— the instantaneous risk as a function of distérura the runway threshold (in average
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weather conditions). The results clearly show tHat single runway arrivals - the highest
risk occurs near the runway threshold.

Instantaneous Minor Incident Risk; Baseline scenario: B737 behind B747
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Figure 4-12 Instantaneous minor incident risk along the glide slope

Instantaneous Major Incident Risk; Baseline scenario: B737 behind B747
Average weather conditions, no wind
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Figure 4-13 Instantaneous major incident risk along the glide slope

8. Compute Incident/Accident Risk Per Movemente wake-induced incident/ accident risk

is obtained by integrating ovgtthe risk obtained in Step 7. This step, which pested
for different prescribed separation standards, igess/the four incident/accident risk
curves as functions of the separation distance.
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Instantaneous Hazardous Accident Risk; Baseline scenario: B737 behind B747
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Figure 4-14 Instantaneous hazardous accident risk along the glide slope

Instantaneous Catastrophic Accident Risk; Baseline scenario: B737 behind B747
Average weather conditions, no wind
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Figure 4-15 Instantaneous catastrophic accident risk along the glide slope

9. Assess Minimum Required Separation Distagaplication of a risk management
procedure — based on the requirement that allTa& values should be fulfilled —
provides the required separation minima under iffeoperational, weather and wind
conditions. Figure 4-4 illustrates such end resatitsined for a Boeing 737 landing behind
a Boeing 747.
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4.6 Wake vortex risk assessment of single runway arriva

4.6.1 Description of scenarios

For a variety of wind conditions, the wake vortaguced risk has been analyzed. The impact of

crosswind, head- and tailwind has been assesseda feariety of leader and follower

combinations. The aircraft are assumed to follo® @egrees glide path from ILS glide path

intercept to touchdown. The lateral and verticaligon from the nominal flight path is based

on the ICAO-CRM. Nominal aircraft speed profiles apecified by (see also Table 4-2):

= the airport dependent speed at the Outer Marker) (Mt is prescribed by ATC;

= from OM to the Deceleration Point (DP), the spegdinearly decreasing to the aircraft
dependent Final Approach Speed (FAS);

= from DP until touchdown, aircraft dependent spesecbinstant and equal to the FAS.

Table 4-2 Aircraft types for single runway arrivals

>
# | Name _ TR
0 3 3 § T
> 3 @ Q >
o o @ 7 n
0 3 3 o =
2 = @ s )
- & = 3
e
1 | Large jumbo jet H 245000 60.0 150
2 | Wide body jet H 130000 45.2 135
3 | Medium jet M 60000 36.0 138
4 | Regional jet M 34000 30.0 128
5 | Medium turbo prop M 20000 30.0 106
6 | Light turbo prop L 4000 14.0 100
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Figure 4-16 Nominal approach speed profiles
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Analysis of wake induced risk is done in a numkfdoogitudinal positions up to about 7.5 NM
from the runway thresholds, i.e. up to about 2530&ight (see Table 4-3).

Table 4-3 Longitudinal positions where wake vortex severity is evaluated and their relation
between distance to runway threshold and height along the glide path

Label x1 X2 x3 x4 x5 X6 X7
Distance (m) 0 200 400 1000 2000 7408 13813
Distance (NM)| 0.00 0.11 0.22 0.54 1.08 4.00 7.46
Height (m) 16 26 37 68 121 404 740
Height (ft) 52 86 120 223 395 1324 2425

Position x6 and x7 correspond to the OM and FARPoadon Heathrow. The other points are
taken close to the runway threshold, since theaaggion is that the wake vortex induced risk is
highest near the runway threshold.

Especially a combination of cross- and tailwinéxpected to be dangerous. Strong headwind
will be beneficial for the relative vertical positi of encountering aircraft and the wake vortex.
Tailwind has an opposite effect: vortices will bansported in the same direction as the
follower aircraft is flying thereby decreasing thertical distance between vortex and aircraft.
There is no need to analyse strong tailwind coo#j since runways are usually approached
with headwind conditions. Wind scenarios are giveRigure 4-17.
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Figure 4-17 Investigated head- and crosswind scenarios

Frequency distributions of Eddy Dissipation RatBg and Brunt- Vaissalla frequency at
various height levels have been determined usimglan Heathrow meteorological data from
UK Met Office [10]. The EDR data comes from proees&light Data Recordings (FDR) data
(also collected in S-Wake) and the Brunt-Vaisstilguency data is obtained with a model
representing the London Heathrow climatology. Fégu4-8 and 4-9 show the frequency
distribution of the Eddy Dissipation Rate and thhar8-Vaissalla frequency at various height
levels along the approach glide path. This has leed in the Sarpkaya wake evolution model.

92



NLR-TP-2007-368 <NLR>

A

Note that two encounter models are available, titerieled Roll Control Ratio model (ERCR)
and the Reduced Aircraft Pilot Model (RAPM). Theceaft dependent parameters that are
required by the ERCR and RAPM model are determfoed number of generic aircraft types.
In the current study, the ERCR has been applie@dtapute the roll control ratio and the
maximum bank angle. The RAPM was used to verify @alibrate the ERCR model.

4.6.2 Risk assessment results

An initial safety assessment showed that the impBafTM procedural aspects on wake vortex
risk is relatively small [10]. This is due to thect that the largest risk contribution evolves from
possible encounters near to the runway threshatt gensequently a small impact of e.g.
different glide path angles, different glide slop&rcept altitudes). This implies that changes in
ATM procedures at present will not allow safe redhcof wake vortex separation distances
without the use of new wake vortex avoidance systéhe results also indicate that to enhance
capacity, weather and wind conditions favourableethice risk in the runway threshold area
should be exploited. An extended safety assesswasimade, focusing on impact of weather
with the atmospheric conditions according to thatlver climatology of Heathrow (see Figures
4-8 and 4-9). This safety assessment was furtloesséal on the impact of wind conditions.
Different head-, tailwind and crosswind conditiomsre considered. Results are given below.

Safe separation distances behind a Large Jumbo Jet

The wake vortex induced risk for four different &goof follower aircraft: a Large Jumbo Jet, a
Medium Jet, a Regional Jet, and a Light Turbo Fsajetermined. Application of the S-Wake
risk management framework provides safe separdigiances under different wind conditions.
The Figures 4-18 to 4-21 show the safe separatstaretes for a Large Jumbo Jet, Medium Jet,
Regional Jet, and a Light Turbo Prop (all behingege Jumbo Jet). Note that the yellow line

indicates the current prescribed wake vortex séjparaninima for the aircraft combination
under consideration. The purple line indicatesritar separation minima (always 2.5 NM). It
appears that the situation with a small crosswintl m/s is most unfavourable. As can be seen,
in addition to crosswind (drifting of the vorticest of the flight corridor), also strong
headwinds are efficient in reducing the risk tddaler aircraft. For most scenarios, the results
show that the current separation minima are seffici
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Figure 4-19 Safe separation distance for a Figure 4-21 Safe separation distance for a
Medium Jet behind Large Jumbo Jet Light Turbo Prop behind Large Jumbo Jet

Safe separation distances behind a Medium Jet

The wake vortex induced risk for four different &goof follower aircraft: a Large Jumbo Jet, a
Medium Jet, a Regional Jet, and a Light Turbo Ratiehind a Medium Jet) is determined.
Application of the risk management framework pr@ddafe separation distances under
different wind conditions. The risk analysis showiledt radar separation can be applied for
Medium Jet and Large Jumbo Jet follower aircrafterrall wind conditions. The Figures 4-22
and 4-23 show the safe separation distances feg@Ral Jet and a Light Turbo Prop
respectively. Again, in addition to crosswind, sgdeadwinds are also very efficient in
reducing the risk to follower aircraft. In generle results show that the current separation

minima are sufficient.
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Safe separation distance overview for Regional jet behind a Medium jet

under different crosswind and head/tailwind combinations
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Figure 4-22 Safe separation distance for a

Regional Jet behind Medium Jet

Most unfavourable wind conditions

A

Safe separation distance overview for Light turbo prop behind a Medium jet
under different crosswind and head/tailwind combinations
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Figure 4-23 Safe separation distance for a
Light Turbo Prop behind Medium Jet

To analyse the wake vortex induced risk relategntfavourable wind conditions in more detail,
Figures providing the safe separation distancesgecific unfavourable wind conditions are
given below. A variety of follower aircraft behimdo leader aircraft have been analysed. Note
that the green crosses in the Figures below inglitegt prescribed wake vortex separation
between the aircraft combination under considenatibost unfavourable is a combination of
small crosswind (1 m/s) with a negligible to snte@hdwind (of 2 m/s). More specifically, it
appears that without crosswind and with negligh#ead- or tailwind, the current ICAO
separation minima behind the Large Jumbo Jet nmighsuffice.

Safe separation distance overview for crosswind 1m/s and headwindOm/s

for different leader and follower AC combinations
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Safe separation distance overview for crosswind 1m/s and headwind2m/s
for different leader and follower AC combinations
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NLR-TP-2007-368 <NLR>

A

Favourable wind conditions
To analyse the wake vortex induced risk relatef@vourable wind conditions in more detail,
Figures providing the safe separation distancesgecific favourable wind conditions are

given below. A variety of follower aircraft behimdo leader aircraft have been analysed. Most
favourable are a crosswind higher than 2 m/s arad&trong headwind of more than 10 m/s.

Safe separation distance overview for crosswind 2m/s and headwindom/s Safe separation distance overview for crosswind Om/s and headwind10m/s
for different leader and follower AC combinations for different leader and follower AC combinations
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Figure 4-26 Safe separation distance for a Figure 4-27 Safe separation distance for a
crosswind of 2 m/s headwind of 10 m/s and no crosswind

Unfavorable Wind Conditions for Reduced Wake Voi$®paration

Figures 4-24 and 4-25 provides the safe separdigiances for a light crosswind of less than
2 m/s (3.7 knots). The WAVIR computed safe sepamnadistance is also shown in each cell in
Tables 4-4 and 4-5 with the ICAO standard in pdreses.

Table 4-4 Safe separation distances for a small crosswind of 1 m/s and no head- or tailwind.
WAVIR computed safe separation distance (ICAO standard separation distance)

Lead Large Jumbo Jet Medium Jet

Follow
Large Jumbo Jet 4.25 NM 2.5NM

(4.0 NM) (3.0 NM)
Medium Jet 6.5 NM 2.5NM

(5.0 NM) (3.0 NM)
Regional Jet 5.0 NM 3.25NM

(5.0 NM) (3.0 NM)
Light Turbo prop 6.5 NM 3.5NM

(6.0 NM) (5.0 NM)
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Table 4-5 Safe separation distances for small crosswind of 1 m/s and headwind 2 m/s. WAVIR
computed safe separation distance (ICAO standard separation minima)

Lead Large Jumbo Jet Medium Jet

Follow
Large Jumbo Jet 4.5 NM 2.5NM

(4.0 NM) (3.0 NM)
Medium Jet 6.5 NM 2.5 NM

(5.0 NM) (3.0 NM)
Regional Jet 6.5 NM 3.0NM

(5.0 NM) (3.0 NM)
Light Turbo prop 6.5 NM 3.75NM

(6.0 NM) (5.0 NM)

It appears that the WAVIR computed safe separatistance increases slightly with a small
headwind as compared to the situation without heathilwind. This is due to the fact that the
vortices rebound in the area close to the grounth #small headwind, the rebounding
vortices will move closer to into the flight pathtbe follower aircraft. The situation with a
small tailwind of 1 m/s is not shown, but the WAVtRmputed safe separation distances are
more or less the same as the safe separationabstahown in Table 4-5.

Favorable Wind Conditions for Reduced Wake Vortepa3ation

Table 4-6 and Table 4-7 provide the safe separdigiances for a sufficiently strong crosswind
(larger than 2 m/s, 3.7 knots) and for a stronglivrad of at least 10 m/s (18.5 knots)
respectively. Note that the safe separation distanmputed by WAVIR is much lower than
those in Figures 4-24 and 4-25.

Table 4-6 Safe separation distances for a crosswind of 2 m/s (3.7 knots). WAVIR computed
safe separation distance (ICAO standard separation distance)

Lead Large Jumbo Jet Medium Jet

Follow
Large Jumbo Jet 2.5 NM 2.5 NM

(4.0 NM) (3.0 NM)
Medium Jet 2.5 NM 2.5 NM

(5.0 NM) (3.0 NM)
Regional Jet 2.5 NM 2.5 NM

(5.0 NM) (3.0 NM)
Light Turbo prop 2.5NM 2.5NM

(6.0 NM) (5.0 NM)
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Table 4-7 Safe separation distances for a headwind of 10 m/s (18.5 knots) and no crosswinds.
WAVIR computed safe separation distance (ICAO standard separation distance)

Lead Large Jumbo Jet Medium Jet

Follow
Large Jumbo Jet 25NM 2.5NM

(4.0 NM) (3.0 NM)
Medium Jet 25NM 2.5 NM

(5.0 NM) (3.0 NM)
Regional Jet 25NM 2.5NM

(5.0 NM) (3.0 NM)
Light Turbo prop 25NM 2.5 NM

(6.0 NM) (5.0 NM)

4.6.3 Initial estimate for the minimum required separation distance

The results of the quantitative safety assessnfaheaurrent practice are also visualized in
Figure 4-28. A Large jumbo jet and Medium jet aadier AirCraft (LAC) were combined with
Large jumbo jet, Medium jet, Regional jet, and ltighrbo prop as Follower AirCraft (FAC).
Crosswind was varied between 0, 1, 2, and 4 ni8mtaltitude, assuming a logarithmic profile
with height. Evaluated separation distances (atuheay threshold) were 3.0, 4.0, and 5.0NM.

Single Runway Arrivals: Safe separation per aircraft combination and crosswind condition

Om/s
— 1m/s
2m/s
am/s

25

WAVIR assessed safe separation minimum [NM]

1OV4d - LOV1
€OV4 - LOV1
¥OVd - LOV1
90V - LOV1
1OV - €0V
€OV4 - €0V
FOVd - 2OV
90V - €0V

Figure 4-28 Overview of WAVIR assessed separation minima for single runway arrivals
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In case reduced wake vortex separation would biealio all aircraft combinations, Table 4-8
indicates safe separation minima for certain crozbwitervals. Please note that these are
indicative numbers that do not take into accourmeutainty in the crosswind conditions, safety
margins and other factors that may influence saf&iigo, it is assumed that these separations
may only be applied in case the ATC-Wake systerd (geration) is used, and the system
components meet certain performance requiremesgs3peijker et al. [13, 15]).

Table 4-8 Indicative separation per crosswind interval for single runway arrivals

Proposed separation (the largest value in a row applies)
Crosswind Wake vortex induced | Radar separation | Runway Occupancy time
interval separation minima minima (ROT) minima
U.<2mfs ICAO 2.5NM aircraft/runway dependent
2 < uc<4m/s 2.5NM 2.5NM aircraft/runway dependent
4 m/s < u 2.0 NM 2.5NM aircraft/runway dependent

4.7 Comparison with wake encounter data
NATS has been collecting voluntary pilot reportscsi 1972. However, it is not known how
close the reported rate of encounters is to theahcate of encounters. In addition, only limited
information is available from the reported encownten the severity of the encounters. As a
result, these data are not reliable enough fongpecehensive assessment of the current wake
vortex safety levels around major airports. S-Widlezefore also aimed at developing,
implementing and validating an algorithm for thécmoatic processing of Flight Data
Recordings (FDRs) from all incoming British AirwagBA) aircraft at London Heathrow [62].
This algorithm was developed by NLR and is now kn@s WAVENDA. An initial validation
of this Wake Vortex Encounter (WVE) detection algon was performed by NATS, which
shows that it can successfully identify WVESs frdigtit data. Subsequently, an extensive data
collection was performed for incoming flights atridon Heathrow. It covered a one-year
period from September 2001 to August 2002. A dedadlverview of this data collection
activity is provided in De Bruin [62], but it inalied:
=  The collection of segments of FDR data from flight8A aircraft into London Heathrow.
In total 30,000 FDR flight segments were succelsfidthered.
=  The application of WAVENDA to the collected FDR dategments in order to:
a) create a limited set of parameters (including melegical data along the flight path)
for each successfully processed FDR output segment;
b) detect the occurrence of WVEs in the processed &iliBut segments (about 210)
and, in that case, store a more extended set afrpgders for further analysis.
= The storage of all these data in the Heathrow Bate (HDB). This enables correlation
between FDR meteorological data and ground baséglonodogical data, determination of
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actual radar separations between trailing airenadt identification of the wake generating
aircraft and the local atmospheric conditions wAaN'VE is detected.

The WVE results from the statistical analysis oD which were conducted by NATS using
the HDB database, focused on investigation ofimiahips between vortex encounter
parameters and situational parameters such aséparation and wind vector. As an example
of the preliminary WVE results, Figure 4-29 showdan-view of the London Heathrow area
(covering all four approach corridors) with thedtons of the WVEs detected by WAVENDA
(light purple dots). The radar tracking locatiofishe WVE aircraft are shown as well (dark
blue dots). Clearly, WVESs occur both along the flight path and along flight segments
joining onto the ILS path.
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Figure 4-29 Top view of London Heathrow area, with radar flight tracking (dark dots) and WVE
positions detected by WAVENDA from FDR data analysis (light dots)

Analysis of voluntary pilot reports
The additional analysis of voluntary pilot repdids WVES, as performed in S-Wake [62], did
produce two interesting results useful as companigith the above risk assessment results:

Result 1 The rate of WVES appears to increase rapidly ksgere 4-30) when aircraft are
spaced more than 10 to 15 seconds below the siganainimum. The likelihood of an
encounter is relatively constant when the separasi@above the minimum. The precise weather
conditions (e.g. level of turbulence) for all theseounters are unknown but the crosswinds are
generally below 3 - 4 m/s for heights below 4,00&eResult 2below).Result 1does

therefore confirm that the current separationsr@sged in terms of time) have been set at
appropriate levels, at least for the meteorologicalditions in which WVEs are reported.
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Indeed the separation is insufficient to eliminAf¢Es completely even for separations much
larger than the ICAO minima. This suggests thatctimeent ICAO minima might not always
suffice in certain meteorological conditiof@esult 1does not, however, exclude the possibility
that significantly smaller (but safe) separatiores@ossible under certain weather conditions:
seeResult 2for example.
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Figure 4-30 Relative WVE Rates (WVE rate for nominal separations normalised to 1) for
Voluntary Reported Encounters

Result 2:For leader and follower aircraft established onglde slope, the rate of WVES is
considerably reduced when the crosswind is abayréieal level (about 3 to 4 m/s). Figure

4-31 shows the distributions of crosswinds at enteruand also the overall crosswind
climatology at Heathrow as derived from the FDRadats far as possible, the reported
encounters relate solely to incidents where batde and follower aircraft were established on
the ILS at heights less than 4,000ft. Although saagtion must be applied to the information
from voluntary pilot reports, Figure 4-31 clearhosvs that the size of the crosswind seen at
Heathrow is higher than the crosswind experientetheounter for much of the timResult 2
also supports one of the main conclusions i.e.gbparations can potentially be reduced
substantially for crosswinds above a critical leficause vortices would be transported out of
the approach corridor). Section 4.6 suggests kisattitical level may be as low as 2m/s. If
vortices are to be avoided for distances furtheayafrom threshold (where the approach
corridor is wider) greater crosswinds will be reedi (as the statistical data analysis suggests).
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Figure 4-31 Crosswind Distribution for Voluntary Reported Encounters compared with the
London-Heathrow crosswind climatology

In the ‘WAke Vortex Evolution and wake vortex ENCuaer’ (WAVENC) project, a statistical
analysis of the European Turbulent Wake Reportiog (ETWIRL) reported wake encounters
was made [104, 105]. Exploring the ETWIRL data-b@eéeh about 120 reported cases) enabled
a preliminary statistical analysis to be made efabnditions during wake encounter. As shown
in Figure 4-32, most encounters occur during thgr@gch phase (at reasonable low altitude)
and/or in light cross-wind conditions. Combiningstinformation with the other statistical data
leads to the conclusion that WAVENDA detects fewamters at low altitudes [S-Wake, 62].
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Figure 4-32 Statistical analysis of ETWIRL data®#120 samples) with flight data recordings
of wake vortex encounters (Source: [104, 105])
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4.8 Conclusions and recommendations

4.8.1 Conclusions

With the steady increase in air traffic, therensuagent need to use existing and newly
proposed technologies in an efficient way. Thislgtdescribes work undertaken in WP4
“Probabilistic Safety Assessment” of the projedtV@ke for the European Commission. The
study comprises a quantitative safety assessmewdkd vortex induced risk related to single
runway approaches under current practice flightletgons. A probabilistic approach has been
followed to evaluate wake vortex induced risk retbto different separation distances between
landing aircraft on a single runway. The model usdohsed on a stochastic framework that
incorporates sub models for wake vortex evolutwake encounter, and flight path evolution,
and relates severity of encounters to possibleavshts (incidents/accidents) that might occur.

The Wake Vortex Induced Risk assessment (WAVIRho@vlogy has been applied to study,
for single runway approaches, procedural aspectshanimpact of weather and wind
conditions. An extensive risk assessment — witfediht aircraft landing behind a Large Jumbo
Jet and a Medium Jet — has been carried out. Tpadnof weather and wind conditions (e.g.
turbulence, stratification, crosswinds and headHtailwinds) and procedural aspects (e.g. glide
slope intercept altitudes, navigation performagtie path angles, steep descent approaches)
on incident/accident risk has been evaluated. iBkeassessment results show that the largest
runway capacity improvement might be achieved thhoexploiting favourable wind

conditions, in particular in the area close toriln@vay threshold, where wake vortex risk
mitigation measures are most effective. The resisis show that procedural changes that only
have an effect further along the glide slope (&teeper approaches for smaller aircraft,
different glide slope intercept altitudes, increhee decreased navigation performance) are not
sufficiently effective to reduce the wake turbulemisk related to single runway approaches.

A risk management framework (consisting of riskraggrisk metrics, and risk requirements)
has been proposed. The risk requirements are loaseé: Target Level of Safety approach, and
are derived using historical incident data on dottske encounters. The framework has been
reviewed by the FAA and EUROCONTROL within the frawf their Action Plan 3 "Air traffic
modelling for separation standards”, and has beed in the ATC-Wake project as well.

4.8.2 Recommendations

From a safety and capacity perspective, it is gfdrtance to locate those factors that contribute
most to the incident/accident risk related to wakéulence. For this reason, a sensitivity
analysis has been carried out, and the major fgsdame:
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=  The highest wake vortex induced risk is clearlyated near the runway threshold. This
implies that - to reduce the risk - weather bagediption, monitoring and warning
systems should focus on weather and wind effects the runway threshold.

= The risk is most sensitive to wind conditions. Tihiplies that an increase of runway
capacity might be possible if reliable and stabbdtions of wind conditions over a time
period of 20 minutes or more (necessary from amatjfomal point of view to allow
scheduling for approach with prescribed separatiorima) can be made. In this respect,
crosswind and strong headwinds are most favoutablerease runway capacity.

With respect to validation, it is recommended talgse the data collected within the Heathrow
Data Base (HDB) in more detail. So far, only padits of encounter data have been analysed
and compared with the results from the probahilistifety assessment. Further validation
activities shall focus on specific elements ofitidividual sub-models (e.g. wake evolution in
ground effeqt thereby taking into account validity, applicéyiland limitations of these sub-
models (e.g. the wake encounter models dorassperform wellclose to the grounnd The

relation between encounter severity (bank anglsugeloss of height) and the four risk events is
a key element that needs to be further validatéld agtual encounter data as well, possibly
using a validated aircraft performance model aslbged for Eurocontrol [87].
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5 Safety assessment of ATC-Wake single runway departures

5.1 Introduction

With the steady increase in air traffic, airpoms ander continuous pressure to increase aircraft
handling capacity. One potential approach is teicedhe wake vortex separation distances
between aircraft at take-off without compromisitadety. The ATC-Wake project aims to
develop and build an integrated system for Air ficafontrol (ATC) that would allow variable
aircraft wake vortex separation distances, as aaptsthe fixed times presently applied at
airports. The present separation of two to thremutes between departing aircraft is designed to
counter problems aircraft may encounter in the walarge aircraft. For airports with ATC-
Wake in use, the aim is to reduce the time sear&ietween aircraft departing at single
runways to 90 seconds for all aircraft types inghesence of sufficient crosswind.

The overall objective of this study is to quantife possible safety implications of using the

ATC-Wake system and to assess the required crodswgines for which the “ATC-Wake

mode”, with reduced aircraft separation during depas, can be applied (for a safety

assessment of the ATC-Wake single runway arrivalagon, see reference 115). The wake

vortex induced risk between a variety of leader fatidwer aircraft, departing under various

wind conditions, will be evaluated. For the riskessment of the ATC-Wake departure

operation with reduced separation, three main gshage to be considered:

=  The controller working with ATC-Wake will warn thglot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.

= If an ATC-Wake system component provides wrong eg\ihere is a higher risk on the
presence of severe wake vortices. Consequences avigh be catastrophic when reduced
separation is applied and a light aircraft encagrtiesevere wake of a heavy aircraft.

» The actual (real) separation time at start ofwdlll usually not be exactly the same as the
separation time advised by the ATC-Wake system.

Introducing and/or planning changes to the ATM eystannot be done without showing that
minimum safety requirements will be satisfied. Tivifi be supported by a quantitative safety
assessment, based on the WAVIR methodology andetb(dee Appendix A and Section 4).
The effect of failures of the ATC-Wake system aaddrds related to the ATC-Wake operation
will be investigated in a qualitative way, with taesumption that failure and/or hazard
conditions with severe consequences must be extyemprobable [78].

Section 5.2 describes the ATC-Wake single runwaadere operation. Section 5.3 describes
the risk assessment methodology. Section 5.4 cenéadescription of the simulation scenarios.
Risk assessment results are presented SectioBecton 5.6 presents the conclusions and
recommendations. Appendix A provides the matheraatmdel used for the risk assessment.
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5.2 Single runway departure operation

5.2.1 Current practice regulations and recommendations

In current ATC operations, there is no exchangafofmation concerning wake vortices
between aircrew and ATC. Control practices are thasel CAO recommendations and national
regulation. ICAO separation minima between aircaaft based on Maximum Take-Off Weight
(MTOW) of the involved aircraft, distinguishing egjories Light, Medium, and Heavy [32, 79,
103]. National regulation exists in the USA and UBAO non-radar separation minima for
take off, as applied to aircraft operating behiadér aircraft are presented in Table 5-1. The
separation is 3 minutes in case the take off imfam intermediate position on the runway. In all
cases, it is up to the pilot to decide whetherairta initiate the take off (start of roll).

Table 5-1 ICAO non-radar separation minima

Aircraft category Non-radar separation minima
Leading aircraft | Following aircraft Departing
HEAVY MEDIUM 2 minutes
LIGHT 2 minutes
MEDIUM LIGHT 2 minutes

Separation minima of 3 minutes for departing aftapply in case of:

» take-off from an intermediate part of the same raywor

= take-off from an intermediate part of a paralleiway separated by less than 760 m, see
Figure 5-1 below.

3 minutes

Figure 5-1 Three minutes separation for departing aircraft
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5.2.2 The ATC-Wake departure operation

The objective of the ATC-Wake project was to depednd build an innovative platform with

the aim of optimizing safety and capacity. Thefplah serves as a test bed to assess the

interoperability of the ATC-Wake system with exigfiATC systems currently used at various

European airports, to assess the safety and cgpagtovements that can be obtained by

applying the system in airport environments, aneMaluate its operational usability and

acceptability by pilots and controllers [12, 13, 18, 17, 20, 54]. The ATC-Wake operation

consists of two phases that can be summarisedlaw$d54]:

» Planning Phase or Sequencing: wake vortex prediétitormation is used together with
aircraft separation rules to establish the depaaguence;

= Tactical Phase: wake vortex detection informatisnused to prevent wake vortex
encounter during the take-off phase (up to theadride initial climb).

In the ATC-Wake operation for single runway depa$,two separation modes are defined:

*  The baseline mode with ICAO wake vortex separatidmma;

=  The ATC-Wake separation mode with (reduced) sejparatinima that depend on the
weather conditions but do not depend on aircrakienartex category.

For departures, ATC-Wake operations will starhatlheginning of the taxi phase and finish at
the end of the initial climb phase, including théiation of the first turn. Wake vortex
prediction and detection will cover those areasreltiee risk of encountering a wake vortex is
expected to be relatively high, see Table 5-2.demartures this concerns the area
encompassing rotation points (second half of timevay) (Figure 2-2) and the area
encompassing the first turn in the climb phasegtiodt noise abatement procedures might be
applicable).

Table 5-2 Wake vortex prediction and detection areas

Type of Area Description Position and Size

Departure Area 1Area encompassing rotation pointeosition: 2 half of the runway
Length: 2000m

Height: 100 ft
Departure Area 2Area encompassing first turn in | Position: at 10 NM from runway

climb phase, e.g. noise abatemepkength: To be determined
procedures Height: 3000 — 6000 ft

The risk of wake vortex encounters exists if threrait have the same rotation point or if the
second aircraft takes off after the rotation pointhe first aircraft. The case that a light or
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medium aircraft encounters a wake vortex genetaydatie departure of a heavy aircraft can for
instance occur when an intermediate runway takésqférformed by a medium or light aircraft.
Important wake vortex detection and prediction suthat are to be considered are listed in
Table 5-2. The detection is performed along theresibn of the runway axis and approximately
up to a distance of 10 NM from the runway.

Heavy Aircraft

Light Aircraft A

4"
1“»“
T

.

o)

Figure 5-2 Departure rotation points and climb profiles

This initial concept assumes that the first tultetaplace at about 10 NM from the runway,
mainly due to noise abatement procedures. As raiaiement procedures are airport
dependent, so is this location where the first ttamn be initiated. Furthermore, this location
may vary per Standard Instrument Departure (Sld)dgepend on the aircraft climb rate.

The ATC-Wake departure operation will influence thkes and responsibilities of the involved
actors. Identified actors are ATC supervisor, theudd Controller, Tower Controller and the
aircrew. Table 5-3 presents an overview of thesarsgvith their current responsibility and
their specific and/or additional role in the ATC-Kéasingle runway departure operation.

Table 5-3 Overview of human actors in the ATC-Wake departure operation

Actor Current Responsibility Specific/additional Role in ATC— Wake

ATC supervisor Monitors ATC tower and Decision on arrival and departure rate to be agplie

ground operations.

Ground Controller| Sequences departures Use wake vortex detection information to optimise

(GND) according to landings. departure sequencing.

Tower Controller |In charge of final approach, |Uses wake vortex detection information (now cast)
(TWR) landing and takeoff phases. | monitor safe separations between aircraft in the
departure phase (up to the first turn) using aevort
vector (display of wake vortex). On basis of wake

detection information, the aircraft separation time

between departures can be increased.

—
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Actor

Current Responsibility

Specific/additional Role in ATC— Wake

Aircrew

Overall responsible for a safe| Judges ATC instructions and, if considered safé, wi

and efficient flight.

attempt to comply, taking into consideration adittas
that may influence the safe continuation of thghfi

In case of incompliance, the pilot should file poe

to explain his rationale.

Note that an initial climb out profile is chosen ttwe aircrew from various options. Noise
abatement procedures do not overrule the climiprftles as this would have a direct effect on
the safe operation of the flight. It is assumed KBC-Wake mode is only applied for
departures if radar identification of aircraft iwa#able at less than 1 NM from the runway.
When the ATC-Wake separation mode is in operadmegparation of 90 seconds (wake vortex
transport out of runway area confirmed by detegtimetween two departures is envisaged. This
separation time should take into account the piiggibf intersection take-offs. The following
chronological order can be identified for the ATGake& operation for single runway departures:
1. Based on meteorological conditions and runway goméition, the ATC-Wake system will
advise the ATC supervisor about applicable separatiode for a certain runway and
associated validity period.
2. The ATC supervisor decides on the separation madde,taking into account runway
configuration and conditions. In case of ATC-Waked®, the ATC supervisor decides on

the separation time between two consecutive degartu
3. The Ground Controller determines the departureessgpitaking into account Air Traffic
Flow Management (ATFM) slots, departure routesnblout speeds, and in addition wake

vortex prediction information.

4. The Tower Controller uses wake vortex detectioorimiation (now cast) to monitor safe
separations between aircraft in the departure phgsto the first turn) using a vortex
vector (display of wake vortex). On basis of waket@x detection information separation
time between departures can be increased.

<— Typical Distance : 10 NM ———>

Figure 5-3 Example of vortex vectors for departures
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The ATC-Wake system will include four main speciffienctional) components (see Table 5-4
and Figure 5-4), which will also interface with sea existing ATC system components.

Table 5-4 ATC-Wake System Components

Determines applicable separation mode (ICAO or ATC-Wake mode)
and advises about minimum aircraft separation distance. The advisory
Separation Mode |includes expected time for future mode transitions, and an indication of
the aircraft separation minimum applicable

ATC-Wake

Planner
ATC-Wake Predicts for individual aircraft the WV behaviour (“Wake Vortex Vector”)
in the pre-defined departure area(s). The Wake Vortex Vector (WVV) is
Predictor part of the critical area potentially affected by the wake vortex.

Detects for individual aircraft WV position, extent (“vortex vector”) and —

AIMEAYELE [DIEReie); if possible — also its strength in the critical area.

Alerts ATCO in case of :
» significant deviation between WV detection and WYV prediction
information which raises the risk of WV encounter

ATC-Wake
Monitoring and

Alerting

» failure of one or several WV components

The ATC-Wake system will interface with existing 8Tystems, as shown in Table 5-5.

Table 5-5 Existing ATC Systems interfacing with ATC-Wake components

Provides the traffic situation picture and automated support for various

UG ATCO tactical roles (Approach, Tower).

Flight Data Keeps track of flight information and updates, in particular flight plan,

. the trajectory prediction, ETA and ETD, aircraft type and equipment
Processing System J yp yp quip

Provides and maintains the air traffic situation picture using all available

SIS detection means (radars, air-ground data links)
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ATC-Wake (Operational) System/Departure phase %
ATC-Wake
Separation Mode
Planner
Meteo
Systems
geenessenses] Tratiic Situation Jeeees o ATC-wake VAN
Predictor
Surveillance | MAarL“;SIe,
Systems
I WYV Prediction Individual ACI
ATC-Wake Contoler
Flight Data Monitoring & [alam | O
Processing [ Ale;tmg
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Controller
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Figure 5-4 ATC-Wake Operational System and its functional flow during the departures

5.3 Risk assessment methodology

Evaluation of wake vortex separation distanceshigsrically been conducted using three

approaches: (1) experimental flight test datah{&poric operational data, and (3) analytical

models. As the ATC-Wake system and operation lisstine design phase, this study follows

the third approach. The intention is to build stiffnt safety confidence, enabling the decision

makers to decide on operational testing and imphtatien. A probabilistic safety analysis is

conducted for a traffic mix of aircraft departingder different weather conditions flying flight

paths with statistical variations, taking into asebstochastic models of wake vortex

generation, wake vortex encounter, and aircrafifgihd controller responses. For the risk

assessment of the ATC-Wake departure operatioee timain issues have to be considered:

=  The controller working with ATC-Wake will warn thglot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.

= If an ATC-Wake system component provides wrong eguihere is a higher risk on the
presence of severe wake vortices. Consequences avigh be catastrophic when reduced
separation is applied and a light aircraft encagrtiesevere wake of a heavy aircraft.

= The actual (real) separation time at start ofwdll usually not be exactly the same as the
separation time advised by the ATC-Wake system.

This study considers the first two main issues (flirel issue is recommended for follow-up
research, see also reference 107). The risk asees@mperformed in two (sequential) steps:

111



NLR-TP-2007-368 <NLR>

A

1. Assess wake vortex induced risk in the case aiifaibf the ATC-Wake system. The
WAVIR methodology is used to determine indicatie@paration minima dependent on
crosswind conditions. In this worst case situatitmwake vortex avoidance manoeuvre is
performed by the aircraft/pilot. The uncertaintyflight path and speed of involved aircraft
are modeled in the flight path evolution model. Tloeninal flight trajectories are based on
the EUROCONTROL Base of Aircraft Data (BADA, Rewasi3.6) [106]. The uncertainty
about the flight trajectories is based on sta@$@malysis of aircraft departing at Schiphol
airport. The resulting probability distributions a@ifcraft speed and position are used in the
Monte Carlo simulations with the wake vortex evmntand wake encounter models. The
resulting probabilities of an encounter in a pradef encounter severity class are used by
the risk prediction model to come up with incidaotident risk probabilities. The predicted
risk associated for each of four pre-defined rig&re,s (minor incident, major incident,
hazardous accident, and catastrophic acciderttgisrid-result of a WAVIR assessment for
a specific scenario. These risk numbers can thetgpared with risk requirements to
judge whether or not an evaluated scenario is Bagk. event definitions and risk
requirements have been defined during the S-Watjegr(Section 4). The assessment of
the wake vortex induced risk is carried out with tisk assessment model described in
Appendix A.

2. Investigate the setting of requirements for the AlMa@ke system. As the indicative
separation minima determined in Step 1 do not gedant for crosswind uncertainty and
the effect of failures of the ATC-Wake system, algative analysis of ATC-Wake system
failures is performed. Requirements can be detexthimder the assumption that failure
conditions with severe consequences must be exyemprobable and minor failure
conditions may be probable [78].

5.4 Description of scenarios

The setup of the simulation scenarios focuses dewartices generated during departures,
such that the vortices of the leader aircraft empdported into the flight path of the follower
aircraft. Basically, only the first 10 NM after &bff is considered, without initiation of a turn
within this area. A scenario is defined by all gggameters and variables in the WAVIR tool-
set. Basically, the scenarios only differ in thecatled ‘assessment parameters':

* Generator — follower aircraft combination;

» Crosswind;

» Lift off point;

» Initial aircraft separation time.
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Table 5-6 Assessment parameters for the Single Runway Departure (SRD) operation
Assessment Scenarios
1 through 96 97 through 192 193 through 288

Leading A/C LAC1 LAC3 LAC7
% g Follower A/C FAC1,4,5,8 FAC1,4,5,8 FAC1,4,5,8
§ E Lift Off Point LAC Early, Late Early, Late Early, Late
§ g Lift Off Point FAC Early, Late Early, Late Early, Late
<= | (Crossywind[m/s] | 0,1,2,3,4,5 0,1,2,3 4,5 0,1,2,3,4,5

Separation [s] 60, 90, 120, 150, 180 | 60, 90, 120, 150, 180 | 60, 90, 120, 150, 180

Table 5-7 Aircraft characteristics (from EUROCONTROL BADA, Revision 3.6)

# | Name =
_ = 4 Z s o I B < 2 <
o 2T | 2§ = 56 S
2| 828 |25 | ¢ | f» | 58 | of
oo o0 ° &5 = ==
0 % _= = ) » o0 30
> | =g8 |85 |2 | 3¢ | 22 | E:
- g |&a™§ 3 & 3 =2 | &
7 = a B, - 8, -
1 | Large jumbo jet H 372000 300000 60 186 140 149
2 | wide body jet (1) H 287000 208700 60 157 117 125
7 | Wide body jet (2) H 181400 150000 45 164 122 136
3 | Medium jet M 68000 58000 36 168 125 131
4 | Regional jet M 43090 38000 30 148 110 110
5 | Med turbo prop M 20820 18000 30 132 86 92
8 | Light Business Jet L 6025 6000 16 122 90 90
6 | Light Turbo Prop L 4700 4100 14 123 79 83

The rotation points for the different aircraft tgpgdepend on several factors, including take off
weight, engines, wind, air temperature and pressumsvay characteristics, and thrust settings.
A de-rated take off, using the extra available thrgf a runway, is often applied by the pilot to
minimize the load on the engines (to increase fifeitime). The following is assumed (see
also Table 5-8):

The Minimum Lift Off Point is smaller than the Takdf Length, and estimated for a non
de-rated take off using expert opinion.

The Maximum Lift Off Point of an aircraft departingestimated using expert opinion, i.e.
operational expert interviews.

The Take Off Position of leader and follower ar¢hbequal to the Runway Threshold.
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Table 5-8 Estimated lift off points of different aircraft types (at Schiphol runway 24)

Take Off Early Lift Off Point Late I.'Ift .Oﬁ Pomt
# Name CAT (e.g. using intersection
Length (non-derated take off)
take off or derated)
1 | Large Jumbo Jet H 3320 2100 3000
2 | Wide Body Jet (1) H 2925 2000 2700
7 | Wide Body Jet (2) H 2700 1900 2500
3 | Medium Jet M 2500 1500 2300
4 | Regional Jet M 1715 1200 2200
5 | Medium turbo prop M 940 700 1800
8 | Light Business Jet L 727 600 1600
6 | Light Turbo Prop L 506 400 1400

Figure 5-5 shows the vertical profile for differeppes of aircraft, where the longitudinal axis
specifies the distance from threshold. It is asglthat the aircraft follow a ‘'nominal’ climb
profile, as specified in BADA 3.6, i.e. in realitiye climb rate could be higher or lower than
used. The aircraft speed profiles and climb rateganerated using the BADA, which provides
Federal Aviation Regulations (FAR) Take Off Lengdtinue Air Speed (TAS) and rate of climb
for a specified flight level. Combining these numdy@ne can compute height and longitudinal
position as a function of time for different kindfaircraft performing a departure.
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Figure 5-5 Vertical profiles of departing aircraft types based on the BADA database
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The vortex pair behind the generator aircraft isieled as two line vortices with a vortex
spacing, a vortex strength, and a core-radius. & hasgameters do depend on the wingspan,
weight and speed of the generator aircraft. Evotutif the vortex position is modeled
according to Corjon & Poinsot [76, 77]. This inchsdmage vortices and secondary vortices
making the vortex pair to diverge and rebound tigaiground respectively. The decay function
as defined by Sarpkaya [80] is used. Input paramei® Brunt-Vaissalla frequency N and
Eddy Dissipation Rate EDR. Simulations are perfatriog a two-dimensional data set of
Brunt-Vaisala frequencies and EDR values represgittie climatology of London Heathrow at
different height levels. Information on this cliroligy was provided by UK Met Office [9, 10].

Two encounter models are available, the Extendéd@mtrol Ratio model (ERCR) and the
Reduced Aircraft Pilot Model (RAPM) (see Appendix Ahe aircraft dependent parameters for
the ERCR and RAPM model are determined for a nurabgeneric aircraft types. In this
study, the ERCR has been applied to compute theawotrol ratio and the maximum bank
angle. The RAPM was used to verify and calibragesERCR model. Wind is simulated
assuming a logarithmic wind profile up to an atfiguof 1000 ft. Above 1000 ft the wind is
assumed to be constant (this is more or less éwiith a logarithmic wind profile). The surface
roughness is 0.03 m, which is representative fpereeric airport environment. The wind value
is specified at 10 m altitude. Analysis of wakeuoéd risk is done in a number of longitudinal
positions up to 10 NM from the runway thresholdthaa focus on the critical areas: the area
close to the ground and the area encompassingrshéufn in the climb phase.

5.5 Risk assessment

5.5.1 Qualitative risk assessment

Table 5-9 provides an assessment of the effe¢tteoAT C-Wake system component failures.
The individual classifications are in accordancthvhe risk classification scheme provided in
reference 6 and are based on the assumption tietfaflure conditions do not occur. A
simultaneous failure of two system components caglgravate the situation. Failure conditions
with severe consequences must be extremely impl®lbabl minor failure conditions may be
probable [78]. A potential safety issue is thatrii@fter take off, at low altitudes, it will nate
feasible for the pilot to turn away from the vorteha preceding aircraft. Provision of up-to-
date meteorological now-casting information to AT® crucial in order to support the pilot to
prepare for a potential wake encounter in casesofdaen change of wind. From the individual
classifications in Table 5-9, it appears that tlesnsevere failure conditions are related to the
functioning of the Monitoring and Alerting systemdathe Meteorological Now-casting systems
These systems are crucial and sufficient accuradyraiability shall be guaranteed.
Additionally, it is noted that controllers should made very aware that a timely warning to the
pilots is also crucial (safety training might hédpincrease the awareness).
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Table 5-9 Effect of main ATC-Wake system/operation failure conditions

A

pilot:

ATCo does not provide a
timely warning to the pilot, for
example because he does not
hear an aural warning or
misses a visual warning. ATC-
Wake provides an alert, but
ATCo is not aware of it and
does not ask the pilot to
initiate a turn.

crosswind) is not passed on to
the pilot. The pilot will be
unprepared for severe
turbulence, i.e might
experience control problems
in close proximity to the
ground.

Description Effect Classification | Comment
Pilot/aircraft not able to turn | An unfavorable change of MAJOR — The wake vortex is
timely: weather (not enough SERIOUS stronger closer to the
The pilot/aircraft is not able to | crosswind) is passed on by INCIDENT generating aircraft. An
timely perform an avoidance |the controller to the pilot. The encounter with 90
maneouvre, after it is pilot is prepared for a potential seconds separation will
requested by the controller. severe wake encounter, and result in more severe
This could occur in case of a | may be able to control the consequence than in
warning when the aircraft is situation. Nevertheless, ICAO Mode. The pilot
still in initial take off, i.e. control problems in close is prepared for a Wake
limitations in bank angle will proximity to ground could Vortex Encounter.
apply. occur for light aircraft.

Controller does not provide |An unfavorable change of SERIOUS The wake vortex is
atimely warning to the weather (not enough INCIDENT stronger closer to the

generating aircraft. An
encounter with 90
seconds (i.e. reduced)
separation will result in
more severe
consequence than
under ICAO
separations.

Loss of Monitoring and

The controllers will not receive

SERIOUS

The wake vortex is

The air traffic situation
provided by the surveillance
systems is wrong or
inaccurate. The controllers will
most likely not be aware that
the wrong leader aircraft type
(or associated data) is used in
the ATC-Wake Predictor and
on the HMI.

Predictor, causing improper
functioning. The predicted
Wake Vortex Vector will be
wrong, and an alert might be
generated on the basis of
false information. Most likely a
transition will be made to the
ICAO Separation Mode. There
will be an increase of
workload of ATC.

Alerting Function: an alert in case ATC-Wake INCIDENT stronger closer to the

The ATC-Wake Monitoring separation is no longer generating aircraft. An

and Alerting system is not suitable. The aircraft may encounter with 90

operational and provides no encounter severe turbulence seconds (i.e. reduced)

function. The controllers, not | which may lead to control separation will result in

being aware of it, are problems in close proximity to more severe

expecting the system to warn |the ground. consequence than

in case of a discrepancy under ICAO

between prediction and separations.

detection information.

Faulty or Inaccurate WV Incorrect information is SIGNIFICANT — Alert is generated

Model Estimation: passed to the ATC-Wake MAJOR because there is a

The predictions of wake Predictor, causing improper INCIDENT discrepancy between

vortex locations and/or functioning. The predicted prediction and

strengths made by the WV Wake Vortex Vector will be detection information

Model, on the basis of aircraft |wrong, and an alert might be (unlikely to occur at low

data and meteorological data |generated on the basis of altitudes if Meteo

are inaccurate/wrong. false information. There will Nowcast and Predictor
be an increase of workload. are working).

Faulty or Inaccurate Air Incorrect information is SIGNIFICANT The ATC-Wake

Traffic Situation passed to the ATC-Wake INCIDENT separation Mode is

based on a worst case
combination of a
Heavy leader aircraft
and a Light follower
aircraft.
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Description Effect Classification | Comment
Faulty or Inaccurate Meteo | Incorrect information is SERIOUS The wake vortex is
Now-casting Information: passed to the ATC-Wake INCIDENT stronger closer to the
The now-cast meteorological | Predictor, causing improper generating aircraft. An
conditions are inaccurate or functioning. The predicted encounter with 90
wrong. The controllers will transport of the vortices is seconds (i.e. reduced)
most likely not be aware of a | wrong. An unfavorable separation will result in
sudden unfavorable change of | change of weather (not more severe
the wind. enough crosswind) is not consequence than
detected. The aircraft may under ICAO
encounter severe turbulence, separations.
which could lead to control
problems close to ground
Wake Vortex outside No wake vortex information is | SIGNIFICANT It could take a few
Detection Range and/or passed to the ATC-Wake INCIDENT minutes before the
Scanning Volume: The wake | Detector, causing improper transition to ICAO
vortices generated by the functioning. As the ATC Mode is made. The
leader aircraft are not supervisor and the air traffic aircraft already lined up
detected, when they are controllers will likely become for departure will
outside the scanning volume |aware quickly that there will receive their take off
of the ATC-Wake Detector. As | not be an alert, a transition will clearance later.
the WV detection information |be made to the ICAO
suddenly disappears, there is | Separation Mode. There will
an indication and ATCos will | be an increase of workload of
be informed of the failure. ATC.
Faulty or Inaccurate Incorrect information is used | SIGNIFICANT - Alert is generated
Detection of the Wake by ATC-Wake Detector, MAJOR because there is a
Vortices: causing improper functioning. |INCIDENT discrepancy between
The wake vortices generated |Wake Vortices are not or prediction and
by the leader aircraft are inaccurately detected. There detection information.
inaccurately or not detected, |will be an alert if the Wake This is unlikely to occur
because of a failure of the Vortex Vector generated by at low altitudes if
ATC-Wake Detector. the ATC-Wake Predictor Meteo Nowcasting and
indicates a potential wake Predictor are working.
encounter. There will be an
increase of workload.

The operational hazards associated with the ATCaMgderation have been identified in detail

with the NLR Qualitative Safety Assessment (QSAj}hodology. Identified potential safety
bottlenecks for ATC-Wake departure operations age[&7]:
= Supervisors may not follow the advice of the ATCR&&eparation Mode Planner and

tend to deviate to the unsafe side, for examplefficiency reasons;

=  Controllers may not comply with the prescribed sapan and give a take-off clearance
too early, for instance due to a timing error;

=  Controllers may not pay sufficient attention to #isualisation tool and react properly on
an alert, because tower controllers are used t& based on their outside view.

A more extensive description of all the safety leottcks related to the ATC-Wake operation
together with further recommendations for risk gation is provided in references 15 and 113.
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5.6 Quantitative risk assessment

5.6.1 Wake vortex induced risk

Figure 5-10 shows the wake vortex induced riskeims of incident/accident probability per
departure, for a separation time of 90 second$(mathead- or tailwind). Note that LAC
denotes the leader aircraft and FAC denotes theael aircraft (the numbering is in
accordance with Table 5-7). Risk assessment refsunltsoss wind conditions of 0, 1, 2, 3, 4,
and 5 m/s are provided in Figures 5-11 until 5-1% [ Initial aircraft separation times of 60, 90,
120, 150, and 180 seconds are all evaluated. Aiwgugrtant departure specific and aircraft
dependent parameter is the lift-off point. Therefdr is noted once more that in the assessment
a distinction has been made between early andiflatdf of the aircraft. Logically, a variation

of lift-off points results in a variation of depare tracks. When the follower aircraft lifts off
early behind a leader aircraft that lifts off |attee departure path of the follower aircraft well
exceeds that of the leader aircraft, and as a qoesee the associated risks are low. To stay on
the conservative side, the risk results are madthiaver the variation in lift-off points of the
different departing aircraft types before derivithg wake vortex induced risk results provided

in this Section 6. The full details of the quarttita safety assessment are provided in Speijker
et al. [84], in which the impact of the lift off put on risk is also analysed. In this study, thre ai

is to derive safe separation times for departurestherefore the worst case combination of
leader and follower lift off points is consideréh interesting finding is the fact that e.g. Light
Business Jets behind a Large Jumbo Jet could abegsparated with just 60 seconds (see e.qg.
Figure 5-17, in Section 5.6.2). This is explaingdte fact that this aircraft usually takes off
earlier, which implies that its flight path wellaeeds that of the leading Large Jumbo Jet.

As an example, Figures 5-6 until 5-9 present tieant/accident risk curves for a Regional Jet
departing under different crosswind conditions lflead- or tailwind) behind a Large Jumbo Jet.
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Risk versus separation with TLS
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Figure 5-6 Risk with crosswind 0 m/s

Risk versus separation with TLS
for vortices generated by a Large jumbo jet and encountered by a Regional jet
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Figure 5-7 Risk with crosswind 1 m/s
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Figure 5-8 Risk with crosswind 2 m/s
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Figure 5-9 Risk with crosswind 3 m/s
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Risk in case of 90s separation per aircraft combination and crosswind condition
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Figure 5-13 Overview of risk results in case of 2 m/s crosswind
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Risk in case of 3m/s crosswind per aircraft combination and reference separation
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Figure 5-14 Overview of risk results in case of 3 m/s crosswind
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Figure 5-15 Overview of risk results in case of 4 m/s crosswind
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Risk in case of 5m/s crosswind per aircraft combination and reference separation
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Figure 5-16 Overview of risk results in case of 5 m/s crosswind
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5.6.2 Initial estimate of the minimum required aircraft separation time

An initial estimate of the minimum required sepematimes for various leader and follower
aircraft combinations and for various crosswindditians is provided in Figure 5-17 on the
basis of the quantitative risk assessment reskdtelsed in Section 5.6.1.

Single Runway Departures: Safe separation per aircraft combination and crosswind condition

Om/s
1m/s
2m/s
3m/s
4m/s
5m/s

2 -

© N o

=} =] =]
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)
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Figure 5-17 Overview of WAVIR assessed safe separation minima for the SRD operation

Taking into consideration that ATC-Wake Mode shdotdapplied to all aircraft combinations,
Table 5-10 indicates safe separation minima falagercrosswind intervals (these are indicative
numbers that do not take into account uncertamtiré crosswind conditions, safety margins
and other factors that may influence safety). Thsegmrations may only be applied in case
ATC-Wake is used, and the system meets performaneerements that follow from Table 5-9.
Reduced separation of 90 seconds may be applied erbeswind exceeds 3 m/s, while 60
seconds separation can be applied with crosswiodeab m/s.

Table 5-10 Indicative separation per crosswind interval

Crosswind interval Proposed wake vortex separation
0< < 2mls ICAO
2< U< 3mis 120s
3< < 5mis 90s
5m/s< 60s
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5.7 Capacity improvements

To derive the potential benefits of the ATC-WakelsSéperation at an airport with average
(wind) conditions, the statistical data on the openice of crosswind at an airport, the ATC-
Wake SRD separation schemes as function of crodsaim the results from an analytical
study [112, 114] are combined. Expected througigpptovided in Table 5-11.

Table 5-11 Expected throughput for the ATC-Wake SRD operation

ATC-Wake Single Runway Departure operation
Crosswind | Separation| Throughput Probability of Throughput per
interval [aircraft/hour] crosswinlccl))in interval | crosswind interval
0<u=x<1 ICAO 37.8 0.080 3.0
1<u=<2 ICAO 37.8 0.208 7.9
2<U<3 ICAO 37.8 0.206 7.8
3<u<4 90s 38.9 0.164 6.4
4<Uu=<5 90s 38.9 0.118 4.6
5<U.<6 60s 40.0 0.081 3.2
6<u=<8 60s 40.0 0.053 2.1
8m/s< 60s 40.0 0.090 3.6
Expected throughput [aircraft/hour] 38.6
Change compared to ICAO reference situation 2.1%

Runway throughput improves when the ATC-Wake sy&tperation is used. Depending on the
occurrence of favorable crosswind conditions, tieedase in runway throughput is estimated at
about 2% for the ATC-Wake SRD operation at a geregrport with average wind conditions.

5.8 Conclusions and recommendations

With the steady increase in air traffic, airponts ander continuous pressure to increase aircraft
handling capacity. One potential approach is teicedhe wake vortex separation distance
between aircraft at take-off and landing withouthpmomising safety. The European
Commission Information Society Technologies proe€C-Wake has designed an integrated
system for Air Traffic Control that would allow vable aircraft separation distances, as
opposed to the fixed distances presently applieirpbrts.

Introducing and/or planning changes to the ATM eystannot be done without providing
sufficiently validated evidence that minimum safegguirements will be satisfied.

10 A crosswind climatology based on about 400,008eokmtions at about 10 m altitude at 3 large Ewapmerports is used.

128



NLR-TP-2007-368 <NLR>

A

Therefore, this study has quantified the possiatetg implications related to installation of

ATC-Wake. This includes an assessment of requiresswind values for which reduced

aircraft separation can be applied. The wake vartéwced risk between a variety of leader and

follower aircraft, departing under various wind ddions, has been evaluated with the Wake

Vortex Induced Risk assessment (WAVIR) methodolagg toolset [83]. For the ATC-Wake

departure operation with reduced separation, twio isaues have been considered:

=  The controller working with ATC-Wake will warn thglot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.

» |f an ATC-Wake system component provides wrong eglMihere is a higher risk on the
presence of severe wake vortices. Consequences avigh be catastrophic when reduced
separation is applied and a light aircraft encosdesevere wake of a heavy aircraft.

The present separation of two to three minutes éatvdeparting aircraft is designed to ensure
that aircraft will not encounter wake vortices afde aircraft. For airports with ATC-Wake in
use, the present study indicates that the timeratpa between aircraft departing at single
runways might be reduced to 90 seconds for altafirtypes in the presence of sufficient
crosswind. Indicative separation minima dependeartrosswind conditions have been
determined. As these separation minima do notgeiunt for crosswind uncertainty, the
setting of requirements for the ATC-Wake system gonents was further investigated. This
was done through a qualitative analysis of thecefhé failures of the ATC-Wake system. It
appears that the most severe failure conditionsedeed to the functioning of the Monitoring
and Alerting system and the Meteorological Noweastystems. These system components are
crucial and sufficient accuracy and reliability ki guaranteed. Additionally, it is noted that
controllers should be made very aware that a timelgning to the pilots is also crucial (safety
training might help to increase awareness). A cidfitly validated aircraft performance and
dynamics model fodeparturess not yet available. It is therefore recommentteextend the
well known AMAAI toolset (developed for EUROCONTR®@for the analysis of in trail
following aircraft during arrivals with a moduledieated to departure operations [86, 87]. A
further issue to be investigated is the fact thatectual (real) separation time at the start ibf ro
of the aircraft will usually not be exactly the saas the advised separation time.

A full Safety Case for ATC-Wake departures shabaccount for the local weather

climatology and ATC/pilot procedures for wake vartaitigation. In view of this, actual
implementation of the ATC-Wake operation at Europaiaports is not envisaged in the short
term. It is recommended to involve airport authesitand ATC centers for gathering the
required data to build the Safety Case. Followesgearch is foreseen to be performed as part of
the CREDOS project, which is a logical successdheoATC-Wake project.
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6 Safety assessment of a single runway arrival procedure for
aircraft equipped with a wake vortex detection, warning and
avoidance system

6.1 Introduction

Aircraft createwake vorticeswhen taking off and landing, restricting runwayaeity. These
vortices usually dissipate quickly, but most aitpapt for the safest scenario, which means the
interval between aircraft taking off or landingeftamounts to several minutes. The EC project
I-Wakehas designed an on-board wake vortex detectiomimgaand avoidance system for the
flight crew, which helps to minimize the probalyilthat an aircraft encounters a wake vortex.
The |-Wake system is proposed as a safety netpipastiof ATC decided reduced separation,
intended for protection along the glide path frdt8/GS intercept. The I-Wake system is
therefore foreseen as safety net in combinatioh WitC decided reduced separation [116].

The main objective of this study is to provide th&ake system with an assessment of wake
induced risk levels for the approach phase wheunoced aircraft separation (2.0 or 2.5 NM
between all aircraft) is applied. Such analysis kél performed for different aircraft types and
various wind conditions for reduced separationhéligh it is foreseen to use I-Wake as safety
net in combination with ATC decided reduced sepamathis study assumes that a WV DWA
is used as a standalone system. A specific obgeigito support the setting of requirements for
the use of a WV DWA. Aspects to be considered ayetiee time for caution and alert and WV
DWA system capabilities and the initiation of a seid approach.

For a quantitative assessment of the wake vortxded risk related to a WV DWA single

runway arrival procedure with reduced separatioerd are three main issues to consider:

= If one or more WV DWA system components providerang or erroneous advice, there
will be a higher risk on the presence of (severafl@wortices. The consequences might be
catastrophic, in case reduced aircraft separadia@n 2.0. or 2.5 NM) is applied.

» The pilot has to initiate a wake vortex avoidan@noeuvre, in case a WV DWA
warning/alert is raised. Usually, the pilot wilitiate a missed approach and/or turn away
from the wake vortices detected by the WV DWA systm-board the aircratft.

»  The separation distance between leader and follgarées along the approach, and after
missed approach initiation the vertical distandsvken leader and follower increases.

Section 6.2 describes the WV DWA single runwawalrprocedure, for which an assessment
of wake vortex induced risk levels will be provid&ection 6.3 describes the risk assessment
methodology, which is based on integration of tlassical’ WAVIR methodology with a
missed approach model and a causal model for theDWM system failure probability. The
simulation scenarios are specified in Section Rigk assessment results are presented and
discussed in Section 6.5. Finally, Section 6.6 ples'the conclusions and recommendations.

130



NLR-TP-2007-368 <NLR>

A

6.2 I-Wake system and main functionalities

The primary purpose of the I-Wake system is to misé the probability that an aircraft
encounters a wake vortex. The system has a taaticbh strategic function. The tactical Wake
Vortex Detection, Warning and Avoidance (WV DWANfiion is to provide a caution and/or
alert to the flight crew for impending encounteegy( within 30 seconds) with hazardous wakes.
This is achieved by recognising atmospheric distuce patterns for wake vortices using
onboard sensors. The crew is alerted by both vemudilaural cues when a wake hazard is
detected. The strategic WV DWA function is to irese the flight crew’s situational awareness
of local wake hazards. Hazards are predicted agid ghverity estimated with a mathematical
model on-board aircraft. This model uses currerdtiver data, actual aircraft positions and
aircraft characteristics such as weight and wingsgaurrounding aircraft. Information about
possible wake hazards is displayed on the navigdliplay in the cockpit (see Figure 6-1).

Tactical

Detection
alerts

2

I HMI

Strategic

Model alerts

Wake vortex DWA systeml

Figure 6-1 Schematic representation of the main functions of the WV DWA system

A schematic representation of ttaetical WV DWA functiois shown in Figure 6-2.

Attitude
Airspeed

Caution
alerts
Measurement Interpretation PFD
_ of > of Sound
disturbances measurements system
- Warning
H alerts
W ake
strength

Figure 6-2 Schematic representation of the tactical wake vortex DWA function
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The fundamental part of the wake vortex detectighinthe tactical function is a sensor that
physically and independently measures disturbaimcége atmosphere. The sensor for wake
vortex detection will be a pulsed Light Detectiordd&Ranging (LIiDAR) system, fixed to the
lower part of the fuselage at the front of therafic The initial I-Wake system design proposes
a LiDAR detection range for wake vortex induced @pheric disturbances between 800 and
2400 meters. The LIiDAR will scan a volume of aiffriont of the aircraft with an adjustable
angle of regard. The field of view of the scannmgroposed to be about 6° wide and about
1.5° high. The signals received from the sensopeseessed to determine if there is a possible
wake vortex within the scanning volume. This preceses attitude and airspeed information
from the own aircraft. The strength of a wake voméll be estimated. Fifteen seconds or less
prior to encountering a severe wake (i.e. a wakedRkceeds the predetermined warning
severity threshold) the flight crew will receivevisual and an aural WARNING alert. The
visual warning will be displayed on the Primaryghli Display (PFD). The initial I-Wake
system design proposes that a CAUTION alert wilplbevided between 15 and 30 seconds
before encountering a wake vortex that has an astilrstrength that is in excess of a
predetermined caution threshold. CAUTION alertsadse given both visually (on the PFD)
and aurally by a synthetic voice. Alerts can beceiad or inhibited on the master warning
panel. A schematic representation of strategic WV DWA functiois shown in Figure 6-3.
aircraft

Prediction and Navigati
estimation Advisory AVIG e
medule info Display

Figure 6-3 Schematic representation of the strategic wake vortex DWA function

Info of
generating

The strategic wake vortex DWA function is basedaomake vortex model, which is contained
in the prediction and estimation module. The wadtex model requires information about the
wake generating aircraft, such as position, trajgctairspeed, weight and wingspan. It also
requires meteorological data to determine transpuwitdecay characteristics of the wake
vortex. Both aircraft data and meteorological daad to be data-linked to the aircraft. In
rinciple all wake hazards that are relevant todineraft are made available on the Navigation
Display (ND) in the cockpit. Information that cae tetrieved is the calculated location of the
wake, and the estimated wake severity. The tintéyteat of the wake vortex is displayed on the
PFD. The system shall indicate its operationakstatparticular, the Wake Vortex DWA
system will show if it is switched on or switcheff. dt will also indicate known system failures,
at least those of the detection unit. I-Wake ig$een as safety net in combination with ATC
decided reduced separation [116].
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6.3 Risk assessment methodology

6.3.1 General approach

This Section provides the risk assessment methggdty assessment of wake induced risk
levels for the WV DWA single runway arrival operatiwith reduced aircraft separation (2.0 or
2.5 NM between all aircraft) is applied. Such asawill be performed for different aircraft
types and various wind conditions for reduced sajar. A further objective is to support the
setting of requirements for the I-Wake system. &tpé& be considered are e.g. the time for
caution and alert, the horizontal and vertical saag view, the angle of regard, the wake vortex
detection range and the minimum wake vortex sgvérreshold for initiation of a missed
approach.

For a quantitative assessment of the wake vortdxded risk related to the WV DWA single

runway arrival operation with reduced separatibere are three main issues to consider:

= If one or more I-Wake system components provide@g or erroneous advice, there will
be a higher risk on the presence of (severe) wakées. The consequences might be
CATASTROPHIG in case reduced aircraft separation (e.g. 2.2.NM) is applied.

= The pilot has to initiate a wake vortex avoidan@noeuvre, in case an I-Wake warning/
alert is raised. Usually, the pilot will initiatenaissed approach and/or turn away from the
wake vortices detected by the I-Wake system onebtheg aircraft.

» The separation distance between leader and follsarges along the approach, and after
missed approach initiation the vertical distandsvbeen leader and follower increases.

The risk assessment methodology will integratédlassical’ WAVIR methodology (see also
Appendix A) with a missed approach model and aaausdel for the I-Wake system failure
probability. The ‘classical' WAVIR methodology, whioriginates from S-Wake [9, 10], is used
to assess wake vortex induced risk in the casdaifuae of one or more of the I-Wake system
components. In this case, no wake vortex avoidaragoeuvre is performed by the
aircraft/pilot and a ‘worst case’ assessment oftb@ent/accident risk is obtained.

6.3.2 Wake vortex detection, warning, and avoidance probaility

De Jong et al. [88] provides a Functional Hazardedsment (FHA) of the I-Wake system used
in conjunction with a ground based ATC-Wake systkming the approach phase of flight. The
FHA revealed a number of possible consequencdsibirés) of the I-Wake system:

] Unexpected encounter of a wake vortex;

» |nappropriate ATC-Wake separation mode;

= Attempt to operate at the edge of safety;

= Crew confusion;
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» |nitiation of an unnecessary evasive action;
] Incorrect crew awareness of wake vortex hazards;
=  Crew disregarding the wake vortex DWA system.

Of these possible consequences, the only eversifadasas MAJOR (with a potentially even
more severe consequence in case of a very smathftiflying at low altitude behind a large
aircraft) is the inexpected encounter of a wake vdit@kis event will be used as basis for the
construction of a causal model to assess the ordb& DWA system failure probability. The
core of this causal model is based on a failurenef or more of the WV DWA system
components. In addition to the failure probabiited the WV DWA system components, the
performance of the on-board LIDAR system itselhiorporated. The resulting causal model,
explaining the dependencies between the main inding factors, is sketched in Figure 6-4.

IWake
DWA Failure

< O

AI[C[HﬂPﬂUl;ID‘BHE(? e IWaktIaAI g5 Loss of WY DWA

initiate missed approach onitoring and Alerting Tactical Function
(10} Failure )

@

4
Faulty/lnaccurate Improper Model Improper Detector
Aircr ]ﬂ Data Pre(llctlon Pelfonnance

A NYA NS

Faulty or Inaccurate Faulty or Inaccurate Wake Vortex Outside Inaccurate or Faulty
WV Madel Estimation Meteo Nowcasting Detection Range/Scanning Detection of Wake Vortices

) 1] @ ]

Figure 6-4 Causal model for the I-Wake system/operation

The nodes in this causal model have the followiganation:

- |-Wake DWA Failure (11)epresents the probability distribution of airthgifot not able to
perform the I-Wake detection, warning and avoidame@oeuvre when required.

- Aircraft/Pilot not able to initiate missed approa¢tD): represents the probability of an
aircraft/pilot not able to initiate an evasive aotimissed approach) when needed.

- |-Wake Monitoring and Alerting Failure (9fepresents the probability of not providing a
timely warning to the flight crew when one shoukldiven. As a result, no evasive action
is possible and the pilot reacts later to a waleenter when one should occur.
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- Loss of WV DWA Tactical Function (8gpresents the probability of loss of the WV DWA
tactical function. There are 2 possibilities: 1)ated loss: crew is aware (there is a clear
indication of DWA function loss) and the pilot wilkely increase separation, and 2)
undetected loss: crew is not aware (there is rar aelication of DWA function loss).

- Improper Model Prediction (7)epresents the probability that the predictiongvake
Vortex locations and strength, as used in the |-8\&jstem, are inaccurate/wrong.

- Faulty/Inaccurate Aircraft Data (6)represents the probability that the aircraft dasaysed
in the I-Wake system, is inaccurate/wrong. As altesicorrect information is used,
causing improper functioning of the I-Wake system.

- Inaccurate or Faulty WV Model Estimation (5¢presents the probability that the WV
model locations and/or strengths predictions, ad ursthe I-Wake system, are wrong/
inaccurate. As a result, incorrect informationsed, causing improper functioning.

- Inaccurate or Faulty Meteo Nowcasting (4¢presents the probability that the
meteorological nowcasting data, as used in the ké\&ystem, is inaccurate or wrong. As a
result, incorrect information is used, causing iogar functioning of the I-Wake system.

- Improper Detector Performance (epresents the probability that the on-board WV
detection system (LiDAR) performs significantlydeban the flight crew expects (while
they are not aware of the inaccuracies). As atregoing (or even no) alerts are given.

- Wake Vortex Outside Detection Range/Scanning Vo{@jnespresents the probability that
the on-board WV detection system (LIDAR) does retedt the wake vortices of the
leading aircraft, because these are outside thsaavolume of air ahead of the aircraft.

- Inaccurate or Faulty Detection of Wake Vortices (Epresents the probability that the on-
board WV detection system (LIDAR) does not detegk&vvortices of the leading aircraft,
when these are inside the planned scanning voldiraie ahead of the aircraft.

6.3.3 Aircraft flight trajectory model

The aircraft intercept their localizer at the Imbediate Fix (IF). From the IF, the aircraft are
expected to fly along runway direction. During imbediate approach the flight trajectory is

kept horizontal. From the Final Approach Point (FA&h aircraft descends with a glide path
angle of about 3 Several reasons may cause an aircraft to indéiagigssed approach at any
altitude between the FAP and Decision Height (DH)e WV DWA single runway arrival
operation assumes that prior to encountering areevake, the flight crew will receive an I-
Wake warning/alert, after which the pilot may dectd initiate a missed approach. The purpose
of such manoeuvre is to increase the vertical nigtdetween (severe) wake vortices generated
by the leader aircraft and the follower, therebyimizing the probability that an aircraft
encounters a wake vortex. The missed approachcpatists of a curved part and a climb out
part. From the Climb Out Point (COP), the aircrdifinb under a constant climb out gradient.
Important are the determination of the (maximurtijuale loss during the curved part of a
missed approach and the time needed from initiatfamissed approach to the COP.
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Initiation of the missed approach involves exeautib several tasks by the crew, during which
the aircraft first loses height and then as a agusiece of adjustments of the flight controls
attains an ascending trajectory. The height losd ¢mined) during a missed approach is
determined with a model based on the dynamic celdietween the flight path anglend the
pitch angled. This dynamic relation can be expressed as thawilg transfer function [110]:

ns) _ S (6-1)
69 s+9/n,

where g is the gravitational acceleration and the True Air Speed (TAS) of the aircraft. The
normal acceleration sensitivity, nis defined as the "steady state normal accéerahange
per unit change in angle-of-attack at constanséed” [110]. It can be approximated by:

n :CL"

a CL (6'2)

whereC,, is the lift curve slope an@, is the lift coefficient. During rectalinear flighthe latter
is equal to:
mg
¥ pv?s

(6-3)
wherep is the air densitynis the mass, anglis the wing area of the aircraft.

The pitch anglégdepends on the elevator deflecti@n, according to the following transfer
function (constant speed, short period approxinmaibl1]:

2 M<C
%9 i, @ with = |—ted (6-4)
e (s) s?+2¢ ws+w? C.I3C

wherewand are the short period frequency and the dampingjicieat in the dynamic
missed approach model respectively. Other new peteamare the pilot (pitch) gaikd), static
margin (Ms ), dimensionless inertial radiuk (, and the mean aerodynamic cho&d.(

The time needed to adapt the initial pitch anglgg) to final pitch angle &op) is estimated by

Ocop — 9,
TMA curve = coP q MAP (6-5)

where the commanded pitch ratg i assumed constant during the full curved peihe
missed approach. This formula can also be usestitmate the distance flown until the COP.
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6.3.4 Risk assessment model and toolset

Definetyerr andt.auion as the time of alert and the time of cautiongdqotential wake vortex
hazard respectively. The associated positions ateafjight track are denoted by and
Xeauton - The LIDAR detection distance is specified [oP5" , xPET | where x?E" denotes the
minimum detection distance ang;, denotes the maximum detection distance. Definé-the
Wake system detection capabilities further viaftilewing three parameters:

Vrov  LIDAR horizontal field of view;

Zov LIiDAR vertical field of view;

Zror LIDAR angle of regard.

In the detection phase, where, 0 xPET  xPET' 1 and an alert may be provided on the basis of
wake detection information, thecan window'is determined via the position of the aircraft and
the I-Wake system detection capabilities. In tredption phase, where a caution may need to
be provided, there is some uncertainty becausetalavake vortex detection information is
available. It is assumed that this uncertaintygalidwith by defining &caution bounding box'

as a percentage (larger than 100%) of the sizeecdd¢an window at= tyey: .

Due to potential failure conditions of the I-Wakest&m components, it can not be assumed that
the I-Wake system will always be functioning. Defithe failure probabilities for the 1-Wake
subsystem components as constants, which are isgeloif setting requirements for the
maximum allowable failure probabilities to be viif during the I-Wake system life cycle.

Peap  Failure probability for I-Wake inaccurate (or faglaircraft data

Pewyv  Failure probability for I-Wake inaccurate (or fagltvake vortex model estimation

Pene  Failure probability for 1-Wake inaccurate (or figi meteorological now-casting data

Pro Failure probability for I-Wake inaccurate (or fagltletection of wake vortices

Pt Failure probability for loss of the overall wakertex DWA tactical function

Assume now that the caution procedure is operdtiorease:

=  The Correct Aircraft Data is used (iR:ap =0 );

» The Wake Vortex Model Estimation is correct (Peyy=0);

=  The Meteorological Now-casting system is workingreotly (i.e.Penc =0 ).

Assume furthermore that the alerting procedurgéeational in case:

»  The on-board LIDAR detection system is working eotly (i.e.Prp =0);

=  Thereis no loss of the overall wake vortex DWAdtion (i.e.P.tr=0);

=  The wake vortex is inside the scanning volume efdh-board LIiDAR system.
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It is assumed that the pilot reaction time, in aafsgn alert, depends on the fact whether or not a
caution has been given. In case of a previousaautie pilot will react quicker to an alert.

After an alert, the pilot may decide to initiatengssed approach, but only in case the actual
height of the aircraft is above the Decision Hei@it). The pilot may also decide not to

initiate a missed approach depending on e.g. tha@igiion of the wake vortex strength.

The WV DWA single runway arrival operation to béidaved implies the following:

1. If the follower aircraft position is predicted te vithin the wake vortex bounding box of
(at least one of) the vorticemd the caution procedure is operational, a cauti@ivien.

2. If the follower aircraft detects a wake vortex (i least one of the vortices is within the
LIiDAR scanning volumeandthe alerting procedure is operational, an alegiven.

3. If an alert is given and the aircraft is above @Hnissed approach may be initiated. The
reaction time of the pilot depends on the fact Wwhebr not a caution has been given.

4. If a missed approach is initiated, the aircrafitfioses height and then as a consequence of
adjustments of the flight controls attains an adsentrajectory. The height loss (and
gained) is determined with the missed approach hueieribed in detail in section 6.3.3.

The risk assessment model is integrated withilthe WAke Vortex Induced Risk assessment

(WAVIR) toolset. Figure 6-5 provides a result frone execution of the VORTICES module.

The scanning window is used to estimate the prdibabf an alert and a missed approach.
Vortices generated by a Large jumbo jet at x=-1000m, encountered by a Medium turbo prop

at x=-1823m with 3.0NM separation; Elapsed time at encounter 79s; 97% of vortices alive;
Reference crosswind 1m/s; headwind Om/s; Project3_LAC1_x01sub2_FACS5_s3.0NM_cwimps_hwOmps
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Figure 6-5 Simulated wake vortex positions and strengths, 90 % confidence interval about the
aircraft position (circle) and scanning window at the gate where alert should be given
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Figure 6-6 shows the WAVIR Graphical User Interfé&&JI) dedicated to the specification of
the parameters for the assessment of the WV DW@glesiunway arrival operation. The LiDAR
detection system parameter setting (and the camimupdate thereof) is shown in the Figure in
the top-right of the GUI. Note that other paramstings (e.g. for the VORTICES, the
ENCOUNTER, and the RISK PREDICTION modules) arecfj in other GUIs, which are
not described in detail this thesis (an up-to-deeVIR User Manual is available via NLR).

_-J!. Define |-Wake parameters E@
s Lidar vartical angle: 1.5; Lidar angle of tegard: -3 Lidar range: [800,2400]
Specification of |-Wake parameters Exanple position x=~1000m; Assumed aircraft speed 150kt
LIDAR wertical angle [deg) TE: | : : ‘ = Caytion vertical range
LIDAR lateral angle [deg] & : :
L e S e
LIDAR angle of ragard [ded) g =
LIDAR minimum longitudingl distence [ e g 180
=
LID&R maximum longitudinal distance [m 2400 =100+
g [r] 2400 E .
Wake Vortex hounding box as % of scanwindaw 100 sl :
LIDAR minimum vortex strength for detection [nfs)] 0. | ; : :
0 3 SR o
Time of caution [ — a0 o -1000 -2157 -3313
|30 Langitudinal pasition [r]
Time of alert [5] 5 | o »
Failure probability for aircraft data 1E-4 B:lu;icut?uzr:?ea :
Failure probakility for WY madel estimation [1E-4 E‘ i i
£
Failure probahility for meteo nowcasting [1E-4 Tg
=
Failure probability for Lidar detection [E-4 E ] b S
b v
Failure probability for WY DW& functtion [1E-2 3 - R t | ............
0 : _i b R . ; ; ]
60 -B0 40 -20 0 20 40 60 60
Lateral position [t]
Missed approach procedure parameters
Pilot reaction time (in case of no cationd B from fle_| 9
Filot reaction time {in case of caution) [3] A from e | Z
Follower Aircraft type Large jumbo jet (ACT) — |
S— Inftial pitch angle [ 3
hass [kg) | 245000 : UEleg F 3m
; = Final pitch angle [deg] |18
Wing area [m2) 510 —
Pitch rate cammand [deqrs] 2
Lift curve slope [1/rad] 34
hean aero chord [t .4
Inertial radius [chord] 1.54
Static mergin %) E Cortinue

Figure 6-6 WAVIR Graphical User Interface for the specification of I-Wake parameters
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6.4 Description of scenarios

6.4.1 General description

I-Wake aims at final approach operations with safi@n distances below current ICAO wake
turbulence radar separation minima in favourablativer conditions. It is an aim of the current
study to determine conditions under which reducallewortex separation of 2.5 NM (or even
2.0 NM) is feasible in terms of acceptable wakedesorisk and acceptable missed approach
rate. These conditions imply the setting of requigats for the WV DWA system and
operation. This will be done on the basis of fiapproach scenarios for the combination of a
large jumbo jet followed by a medium jet, regioje) and a medium turbo prop. The
identification of conditions under which 2.5 NM (even 2.0 NM) minimum separation may be
feasible is based on a sensitivity analysis foeced assessment parameters in the model of the
WYV DWA single runway arrival operation. The genestenario considers the final approach of
a leader and follower aircraft, both descendingg@lthe ILS path from Final Approach Point
(FAP) to Runway Threshold (THR). A missed appro@obnly initiated, at any height above
200 ft, after the WV DWA system detects a potehtidhngerous wake vortex.

6.4.2 Set up of the simulation scenarios

The set up and results of the quantitative riskssment of the I-Wake operation are obtained
using the quantitative risk assessment methodadeggribed in Section 6.3. The assessments
have been performed for the situation without tbe of an I-Wake system, and also for the
proposed I-Wake operation. Basically, the focusnishe setting of the requirements for the I-
Wake system. Therefore, the scenarios differ ingdbsessment parameters' listed in Table 6.1.
In total, 24 scenarios have been assessed. THferedt follower aircraft are considered: a
Medium Jet (FAC 3), a Regional Jet (FAC 4), andedMm Turbo Prop (FAC 5). A Large
Jumbo Jet (LAC 1) is simulated as wake vortex geoerircraft. Separation distances of 2.0,
2.5, 3.0, and 4.0 NM (between all aircraft) haverbeonsidered. The crosswind is varied
between values of 0, 1, 2, 3, and 4 m/s (measur&d @ altitude with no head- or tailwind).

The aircraft are assumed to follow a 3 degreesglath from ILS glide path intercept to
touchdown. The glide path intercepts the runway 18dfeyond the runway threshold
(corresponding to a Reference Datum Height (RDH)2ft). From previous quantitative
studies for single runway arrivals, it appeared tha risk is highest close to the runway
threshold, i.e. close to the ground. It is expethed this will also be the case for the I-Wake
operation and it is therefore that the safety asseat will focus on the last 4 NM of the
approach. A simulation scenario is further defibgall the parameters and variables in the
WAVIR toolset (including the extension with the sesl approach model from Section 6.3.2).
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Table 6-1 Assessment Parameter Matrix (1)

Scenario] LAC | FAC | Vert. Angle|Lat. Angle] Angle of Regard | Detection distance | Time of Alert| Failure probabilities | Bounding box
1 1 3 1.5 6.0 -1.5 800 - 2400 15 0.001 100
2 1 3 3.0 6.0 0 400 - 2400 10 0.001 100
3 1 3 1.5 3.0 -1.5 200 - 2400 7 0.001 100
4 1 3 1.5 6.0 -1.5 800 - 3200 20 0.001 100
5 1 3 3.0 3.0 -3.0 800 - 2400 15 0.001 100
6 1 3 1.5 6.0 -3.0 800 - 2400 15 0.001 100
7 1 3 3.0 6.0 -1.5 200 - 3200 7 0.001 100
8 1 3 1.5 6.0 -3.0 800 - 2400 20 0.001 100
9 1 3 1.5 6.0 -1.5 800 - 2400 15 0.001 150
10 1 3 1.5 6.0 -1.5 800 - 2400 15 0.001 200
11 1 3 1.5 6.0 -1.5 800 - 2400 15 Nil 100
12 1 3 3.0 12.0 -3.0 800 - 4800 15 Nil 100
13 1 4 15 6.0 -1.5 800 - 2400 15 0.001 100
14 1 4 15 6.0 -3.0 200 - 2400 7 0.001 100
15 1 4 15 6.0 -3.0 800 - 2400 15 0.001 100
16 1 4 3.0 12.0 -3.0 800 - 4800 15 0.001 150
17 1 4 3.0 12.0 -3.0 200 - 2400 7 0.01 150
18 1 4 15 6.0 -1.5 800 - 2400 15 0.1 100
19 1 5 15 6.0 -1.5 800 - 2400 15 0.001 100
20 1 5 15 6.0 -3.0 200 - 2400 7 0.001 100
21 1 5 15 6.0 -3.0 800 - 2400 15 0.001 100
22 1 5 3.0 12.0 -3.0 800 - 4800 15 0.001 150
23 1 5 3.0 12.0 -3.0 200 - 2400 7 0.01 150
24 1 5 15 6.0 -1.5 800 - 2400 15 0.1 100

As mentioned before, the aircraft are planned Hovioa 3 degrees glide path from ILS glide

path intercept to touchdown. The lateral and vertieviation from the nominal flight path is

based on the ICAO-CRM. Nominal aircraft speed pesfare specified by (see Figure 6-7):

= the airport dependent speed at the Outer Marker) (Mt is prescribed by ATC;

= from OM to the Deceleration Point (DP), the speslinearly decreasing to the aircraft
dependent Final Approach Speed (FAS);

= from DP until touchdown, aircraft dependent spesecbinstant and equal to the FAS.
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Figure 6-7 Nominal approach speed profiles
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Analysis of wake vortex induced risk is done in kbvegitudinal positions listed in Table 6-2.

Table 6-2 Longitudinal and corresponding vertical nominal positions for arrivals

Longitudinal positions for the arrival operation
x1 X2 x3 x4 x5 X6 X7 x8 x9 x10
X [m] 0] -300] -900| -2000] -3000] -4000f -5000] -6000| -7408]-10000
[NM] 0,0 -0,2 -0,5 -1,1 -1,6 -2,2 -2,7 -3,2 -4,0 -5,4
Vertical positions for the arrival operation
z [m] 16 31 63 121 173 225 278 330 404 540
[ft] 52 103 206 395 567 739 911| 1083| 1325| 1771

Initiation and execution of a missed approach

The |-Wake operation is based on the initiatiom ofissed approach in case an I-Wake
warning/alert is raised. After missed approachatian the vertical distance between leader and
follower increases (note that for wake vortex safeaisons a missed approach is not
recommendable at altitudes below 200 ft).

Table 6-3 Aircraft and missed approach parameters

Light Medium | Regional | Medium Wide Large

Turbo Turbo Jet Jet Body Jumbo

Prop Prop Jet Jet
Mass 4000 20000 34000 60000 13000(¢ 245000
Wingspan 16 30 30 36 45 60
Root chord 3.70 3.40 5.00 6.50 11.40 17.00
Tip chord 0 0 0 0 2.70 0
Wing Area 29.60 51 75 117 317.25 510
Mean Aero Chord 1.85 1.70 2.50 3.25 7.05 8.50
Initial pitch angle -1 -1 0 2 2 3
Final pitch angle 15 15 15 18 18 18
Pitch rate 2 2 2 2 2 2
Lift curve slope 5.5 6 5.7 5.7 5.0 5.9
Static margin 0.35 0.35 0.35 0.35 0.35 0.35
Inertial pitching moment 24000 330000 1700000 3000000 10530000 42000000
Inertial radius 1.324 2.389 2.828 2.176 1.277 1.540

Pilot reaction time

It is assumed that the pilot initiates a missedaggh after receiving a WARNING alert from
the I-Wake system. No action will be taken by tiietfter receiving a CAUTION alert. The
reaction time of the pilot on a WARNING alert, &gl to initiation of a missed approach, is
2 seconds in case a prior CAUTION was given anelc®isds in case no CAUTION is given.
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Fixed and actual separation

The separation is assumed to be fixed at the rutlwaghold. Separation distances of 2.0, 2.5,
3.0, and 4.0 NM will be evaluated (this separatipplies to all aircraft combinations). Due to
differences in speed profiles, actual separationgthe flight path will vary.

Wake vortex evolution model parameters

The vortex pair behind the generator aircraft islelled as two line vortices with a vortex
spacing, a vortex strength, and a core-radius. & hasameters do depend on the wingspan,
weight and speed of the generator aircraft. Evofutif the vortex position is modelled
according to Corjon & Poinsot. This includes imagetices and secondary vortices making the
vortex pair to diverge and rebound near the graesgectively. Parameters concerning
secondary vortices are:

= strength of the secondary vortices as a fractiah@ftrength of the primary vortices; and
= rebound height

A secondary vortex appears as soon as the pringatgxhas decreased to a certain altitude: the
rebound height. For the rebound height a fixed evaliu0.6<b, will be used, wherb, (= dyi ) is

the wingspan of aircraft i. The strength of theoselary vortex is a fraction of the strength of
the primary vortex. This fraction is drawn from@iform distribution between 0.3 and 0.7.

Meteorological input parameters

* Brunt-Vaisala frequency (N)

* Eddy Dissipation Rate (EDR)

Simulations have been performed for a two-dimeraioiata set of Brunt-Vaisala frequencies
and EDR values representing the climatology of lanéieathrow at different height levels.
Information on this climatology was provided by Wketeorological Office (UK MO).

EDR frequency distributions obtained from FDR data
measured at various height levels at London Heathrow

— z=17m
2=
2=413m

— 2z745m

N? frequency distributions at various height levels
obtained from UK Met Office Modelling for London Heathrow airport

Empirical Cumulative Distribution

i i | L i i I i i
2 25 3 05 1 15 B 25 3

0 0‘5 1 15 = -’ .
EDR [m%s?] x107 N2 [1/5%] x10°

Figure 6-8 Frequency distributions for the London Heathrow climatology
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Decay model
The decay function as defined by Sarpkaya will §edu Input parameters are the Brunt-Vaiséala
frequency N and the Eddy Dissipation Rate (EDR).

Wind input parameters

*  Wind velocity

= Altitude of measurement

*  Roughness coefficient

Wind will be simulated assuming a logarithmic wiprdfile up to an altitude of 1000ft. Above
this altitude the wind is constant. The surfaceghmess is 0.03 m which is representative for an
airport environment. The wind value is specified @im altitude. In this study , it is assumed that
there is no head- or tailwind (i.e. only the crosslwelocity is specified).

Wake encounter model parameters

Two encounter models are available, the Extendéd@mtrol Ratio model (ERCR) and the
Reduced Aircraft Pilot Model (RAPM). The aircraitgendent parameters that are required by
the ERCR and RAPM model are determined for a nurabgeneric aircraft types. In the
current study, the ERCR has been applied to conthateoll control ratio and the maximum
bank angle. The RAPM was used to verify and caiibtlae ERCR model.

WV DWA causal model parameters

The following failure probabilities for the nodesdausal model are to be specified:

- Inaccurate or faulty aircraft data

- Inaccurate or faulty wake vortex model estimation

- Inaccurate or faulty meteorological now-castingadat

- Inaccurate or faulty detection of wake vortices

- Loss of overall wake vortex DWA tactical function

In this study, it is mostly assumed that all theufa probabilities are equal to t0though
values like 16 or even 10 are also considered. A more detailed analysib@frhpact of these
failure probabilities on the overall I-Wake Detectj Warning, and Avoidance probability is
provided in Angeles Morales [107].

Risk prediction model parameters

To obtain incident/accident probabilities for aggivtime separation between leader and
follower aircraft, the risk prediction model devedn within S-Wake is used. This model
includes a definition of risk events (Minor IncideMajor Incident, Hazardous Accident and
Catastrophic Accident), a probability transitiontrhafrom encounter severity classes to risk
events, and the associated risk requirements (Theyel of Safety).
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6.5 Risk assessment

6.5.1 Overview of the risk assessment results

The next sub-sections present the risk assessemrity for each of the 24 scenarios defined in
Table 6-1. To analyse the impact of the assesspaatneters and to assess the lowest possible
risk achievable for a WV DWA single runway arrivgderation, it is firstly assumed that missed
approaches may be initiated at any height. Thigides a best possible estimate for the lowest
risk achievable with a WV DWA system. Results foe tase where missed approaches are not
initiated below 200 ft are discussed later on ictise 6.5.6.

Risk assessment results for a Medium Jet landihghdex Large Jumbo Jet under crosswind
conditions of 0, 1, 2, and 3 m/s (with no headtadlwind) are provided in Figures 6-9 until 6-
12. Separation distances of 2, 2.5, 3, and 4 NIt different crosswind conditions, are
evaluated. Results without a WV DWA system are fged in grey, whereas the colours
provide the incident/accident risk estimates irea$V/V DWA system is used. Note that the
scenario (in accordance with Table 6-1) is indidad® the horizontal axis. Figures 6-13 and 6-
14 provide the incident/accident risk estimatesieurdifferent crosswind conditions, for a
Medium Jet behind a Large Jumbo Jet with 2 andNRISseparation distance respectively. The
incident/accident risk estimates for a Regionaldetnarios 13 — 18) and a Medium Turbo Prop
(scenarios 19 — 24), both approaching and landitiy 2vand 2.5 NM separation behind a Large
Jumbo Jet, are provided in Figures 6-15 and 6-4ewtively.An initial estimate for the
minimum required separation distances for a Medietanding behind a Large Jumbo Jet is
given in Figure 6-17. An initial estimate for thénimum required separation distances for a
Regional Jet (scenarios 13 — 18) and a Medium TBrbp (scenarios 19 — 24), both landing
behind a Large Jumbo Jet, is given in Figure 6Niie that the coloured bars denote the
crosswind (at 10 m altitude).

The intermediate results of the above incidenttheodi risk assessments are discussed in Section
6.5.5. It is important to realize that after timelgtection of a dangerous wake vortex, the pilot
may initiate a missed approach. However, one shaadlize that a missed approach is usually
not appreciated from a capacity point of view asdhcraft will have to approach the airport
once more. Therefore, a requirement might neee teebon the maximum allowable missed
approach rate (e.g. 0.01 or 0.001), for examplery initiating a missed approach in case the
vortex strength exceeds a certain threshold. Suestold can be placed on e.g. the vortex
strength, the roll control ratio, or the maximurtaated bank angle. The relation between these
factors is estimated using the Extended Roll CofRetio (ERCR) model, see Appendix A. The
impact of not initiating a missed approach below Erecision Height (usually 200 ft) on the
lowest achievable wake vortex induced incidentteei risk is analysed also in section 6.5.5.
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6.5.2 Wake vortex induced risk for different crosswind canditions

I-Wake results: Risk in case of Om/s crosswind per scenario and separation distance
(Results without I-\WWake system in grey)
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Figure 6-9 Risk in case of 0 m/s crosswind for scenarios 1-12
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I-\Wake results: Risk in case of 1m/s crosswind per scenario and separation distance
(Results without I-Wake system in grey)
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I-Wake results: Risk in case of 2m/s crosswind per scenario and separation distance
(Results without I-Wake system in grey)
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Figure 6-11 Risk in case of 2 m/s crosswind for scenarios 1 - 12
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I-Wake results: Risk in case of 3m/s crosswind per scenario and separation distance
(Results without I-Wake system in grey)
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Figure 6-12 Risk in case of 3 m/s crosswind for scenarios 1 — 12
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6.5.3 Wake vortex induced risk with reduced aircraft sepaation

I-Wake results: Risk in case of 2NM separation per aircraft combination and crosswind condition
{Results without I-\Wake system in grey)
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Figure 6-13 Risk in case of 2 NM separation for scenarios 1 - 12
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I-Wake results: Risk in case of 2.5NM separation per aircraft combination and crosswind condition
(Results without ['WWake system in grey)
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I-'\Wake results: Risk in case of 2NM separation per aircraft combination and crosswind condition
(Results without ['WWake system in grey)
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Figure 6-15 Risk in case of 2 NM separation for scenarios 13 - 24
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I-Wake results: Risk in case of 2.5NM separation per aircraft combination and crosswind condition
(Results without ['WWake system in grey)
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Figure 6-16 Risk in case of 2.5 NM separation for scenarios 13 - 24
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6.5.4 Initial estimate of the minimum required aircraft separation distances

An initial estimate for the minimum required seqima distances for a Medium Jet landing
behind a Large Jumbo Jet is given in Figure 6-Iviniial estimate for the minimum required
separation distances for a Regional Jet (scendBes18) and a Medium Turbo Prop (scenarios
19 — 24), both landing behind a Large Jumbo Jefivisn in Figure 6-18.Note that the coloured
bars denote the crosswind (at 10 m altitude). Resvithout I-Wake are provided in grey.

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without I-Wake system in grey)
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Figure 6-17 Minimum required separation distances with I-Wake (scenarios 1 - 12)

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without |I-Wake system in grey)
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Figure 6-18 Minimum required separation distances with I-Wake (scenarios 13 - 24)
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6.5.5 Discussion of the results

The incident/accident risk assessment results geovin the previous sub-sections lead to the
following observations:

There is almost no decrease in risk in scenarmsd37, due to small alerting time of 7
seconds. This implies that about 15 seconds iethgeeferred as I-Wake time of alert.
There is a large decrease in scenario 12 riskialtiee large lateral angle of the I-Wake
detection system. This implies that a wide latargjular view is very beneficial.
Reducing the failure probabilities of the I-Waket®ym components further than“i@.g.
compare scenario 11 with scenario 1) has almosffeaot. Apparently it suffices to design
the I-Wake system components such that a maximilordarobability of 10" is

achieved.

When comparing scenarios 13 - 18, the largestdéskease occurs in scenario 16. Again
this is most likely due to the large lateral anglete that the same angle is used in
scenario 17, but here in combination with an aitgrtime of 7 seconds, which — apparently
— is too low for timely wake avoidance. The samklfidor scenario 23 as compared to
scenario 22.

The detection probabilities are relatively high mbee threshold and lower further away
from the threshold. Note that high detection pralias will certainly imply high missed
approach frequencies which are unacceptable froairpart efficiency point of view.
Scenarios 1 to 12 (Medium Jet landing behind aédignbo Jet) would need to provide
the same results, when looking at the results withsing the I-Wake system. The
variation in the grey symbols therefore represgmaincertainty inherent to WAVIR
calculations.

WAVIR assessed safe separation distances when li¥ifadke system never exceed the results

without using I-Wake. The largest reduction is oled in:

Scenario 6. This is probably due to the combinatibangle of regard (-3 degrees) and
lateral angle (6 degrees) resulting in a risk réidacalso further away from the threshold.
Scenario 8. This is probably due to the combinatibangle of regard (-3 degrees) and
lateral angle (6 degrees ) resulting in a risk ofida also further away from the threshold
as well as a alerting time of 20 seconds which idesrmore time to avoid the vortices.
Scenario 12. This is due to the large lateral dete@ngle (12 degrees).

Scenario 16. This is due to the large lateral dete@ngle (12 degrees).

Scenario 22. This is due to the large lateral dete@ngle (12 degrees).

Aspects to be considered for the setting of requéres for the WV DWA single runway arrival
operation are, besides the minimum crosswind fdueced separation, e.g. the time for caution
and alert, the horizontal and vertical scanningvyigngle of regard, wake vortex detection
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range and the minimum wake vortex severity thregsfa initiation of a missed approach.
However, before these aspects can be dealt withcand assessment is made in order to
analyse the impact of not initiating a missed apphobelow 200 ft. This is discussed next.

6.5.6 Refined assessment and discussion of results

In a second, refined, assessment the paramet&ebia 6-4 have been chosen such that the I-
Wake system capabilities provide the lowest risthaut setting un-realistic and non-achievable
requirements on the I-Wake system developmerg.dtso assumed that a missed approach is
not initiated below the Decision Height of 200 ft.

Table 6-4 Assessment parameter matrix (2)

scenario | Lac | Fac Vert. Lat. Angle of | Detection | Time of Failure Bounding Vortex
Angle | Angle | Regard distance Alert [ probabilities box threshold
25 1 3 1.5 12.0 -3.0 800 - 2400 15 0.001 100 70
26 1 4 1.5 12.0 -3.0 800 - 2400 15 0.001 100 40
27 1 5 1.5 12.0 -3.0 800 - 2400 15 0.001 100 30

Figure 6-19 presents an initial estimate for theimum required separation distances for a
Medium Jet, Regional Jet, and a Medium Turbo Patigahding behind a Large Jumbo Jet), in
case this optimal I-Wake setting is used. Noteratfat the coloured bars denote the crosswind
(at 10 m altitude). Results with I1-Wake are prodide grey.

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without I-'\Wake system in grey)
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Figure 6-19 shows the major impact of not initigtanmissed approach below the Decision
height of 200 ft. In fact, the use of a WV DWA seeto reduce the wake vortex induced risk
only slightly as compared to the current practidee main reason for this is the fact that the
largest risk during single runway arrivals occueamthe runway threshold. Therefore, WV
DWA use would be most beneficial at low altitudebgere the probability of encountering a
(rebounding) wake is highest. Unfortunately, folkeaortex safety reasons initiation of a
missed approach is not recommendable at low adt#tu@iherefore, the operational use of a WV
DWA seems to have only minor impact on the wakéexomduced risk during single runway
arrivals. This confirms that a WV DWA system is nigiapplicable as safety net in support of
ATC decided reduced separation (in line with itemded use).

6.6 Conclusions and recommendations

Aircraft createwake vorticeswhen taking off and landing, restricting runwayaeity. These
vortices usually dissipate quickly, but most aitpapt for the safest scenario, which means the
interval between aircraft taking off or landingerftamounts to several minutes. The EC project
I-Wakehas designed an on-board wake vortex detectiomimgaand avoidance system for the
flight crew, which helps to minimize the probabilthat an aircraft encounters a wake vortex.
An I-Wake system, which is intended for protectadong the glide path from ILS/GS intercept,
could be very useful as a ‘safety net’ in case ceduwake vortex separation is applied in the
airport environment. A single runway arrival proaeglfor aircraft equipped with a WV DWA
system assumes that a missed approach is initifiiexdthe flight crew receives an alert
indicating that the aircraft will likely encountarsevere wake vortex. This Section has now also
guantifiedwake vortex risk through the use of the WAVIR noetblogy, extended with an
aircraft/pilot missed approach model and a causalahfor DWA system failure probability.

The assessment of wake induced risk levels foapipeoach phase when reduced aircraft
separation (2.0 or 2.5 NM between all aircraf@pplied has been performed for different
aircraft types and various wind conditions. Aspectssidered are e.g. the time for caution and
alert and the I-Wake system capabilities (sucthasbrizontal and vertical scanning view, the
angle of regard, the wake vortex detection ranga)ther main factors considered are:

= If one or more WV DWA system components providerang or erroneous advice, there
will be a higher risk on the presence of (severaflewortices. The consequences might be
CATASTROPHIG in case reduced aircraft separation (e.g. 2.2.5NM) is applied.

»  The pilot has to initiate a wake vortex avoidan@noeuvre, in case a WV DWA
warning/alert is raised. Usually, the pilot wilitiate a missed approach and/or turn away
from the wake vortices detected by a WV DWA systawboard the aircraft.

»  The separation distance between leader and follgarges along the approach, and after
missed approach initiation the vertical distandsveen leader and follower increases.
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The use of a WV DWA seems to reduce the wake vontgxced risk only slightly as compared
to the current practice. The main reason for thibé fact that the largest risk during single
runway arrivals occurs near the runway threshae Gection 4). Therefore, WV DWA use
would be most beneficial at low altitudes, where pinobability of encountering a (rebounding)
wake vortex is highest. However, for wake vortefegareasons the initiation of a missed
approach is not recommendable at low altitudesréfbee, the operational use of a WV DWA
system seems to have only minor impact on the wakiex induced risk during single runway
arrivals. This confirms that a WV DWA system is migiapplicable as safety net in support of
ATC decided reduced separation.
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7 Conclusions

7.1 General overview

With the steady increase in air traffic, the awiatsystem is under continuous pressure to
increase aircraft handling capacity. The introdutdf Reduced Vertical Separation Minima
(RVSM) above ‘Flight Level 290’ implied that thepzity bottleneck within the air transport
system has changed from en-route towards the Tatmianoeuvring Area (TMA) around

busy airports. The diversity of airport operatigdspartures, approaches, missed approaches)
and risk events (e.qg. collision risk, wake turbekenisk, third party risk, runway incursion)
implies that the safety assessment of newly prap83ev systems and flight procedures in the
airport environment is quite complex. New safetyegsment methods are needed to assess
safety. In this respect, the two most capacitytlimgirisk events, addressed in this Report, are
wake vortex encounteed thecollision risk between aircraft

Various new ATM systems and flight procedures Haeen proposed to increase airport
capacity while maintaining the same (required) le¥eafety. Newly proposed systems to cope
with wake turbulence and allow a reduction of wa&gex separation minima include the
ground based ATC-Wake system (for air traffic coldérs) and the on-board I-Wake system
(for pilots). An increase in runway capacity masoabe achieved by using parallel runways
more effectively or by designing new and advandigtitf procedures. For all the new air traffic
operations evaluated in this Report, ICAO standarakbest practices do not exist and new
safety assessment methodologies, incorporatingpthe of the Air Traffic Controllers and
pilots, are developed and applied. Introducing anplanning changes to the air transport
system cannot be done without showing that minirsafety requirements will be satisfied.
This thesis therefore not only deals with the sefstsessment process itself, but also with the
setting of risk requirements for the newly propo8dd systems and flight procedures.

The approach taken was to apply risk based deasaking to support the introduction of new
air traffic operations and systems for reducedaftseparation in the airport environment. As
worldwide quantitative risk requirements for thevheproposed air traffic operations have not
yet been established, the question arises howstsashe level of risk which may be considered
acceptable. Evidently, a zero incident/accidett can not be realized and therefore risk criteria
have been developed. There are several fundantprestions that have been resolved:

»  What is the safety level of the current air trafffzerations?

=  Are the separation minima for the current air icafiperations overly conservative?

= Can the current separation minima safely be reduiced

=  What are the requirements for the newly proposettafic operations and systems?
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These questions require more comprehensive rigssisent models and risk criteria than
currently available. Therefore, to answer thesestjoes, several methodologies for the setting
of risk criteria are developed and applied to thkiving safety studies:

=  Collision risk analysis of the usage of parallelways for landing;

=  Collision risk analysis of simultaneous missed apphes on converging runways;

=  Wake vortex safety assessment of single runwayoagpes;

»  Safety assessment of ATC-Wake single runway defsstu

»  Safety assessment of the WV DWA single runway dperavith reduced separation.

7.2 Main contribution to knowledge

The main focus has been the development of sassgsament methodologies with the aim to
reduce aircraft separation minima. Historicallyclsmethods are based on experimental flight
tests and operational data analysis. This repartbatributed with new methods based on
mathematical modelling and risk based decision supphere the risk criteria for the risk
events have been expressed in suitable incideitéatdaisk metrics based on historical data.

Collision risk analysis studies

To increase airport capacity, the FAA has propassof the Precision Runway Monitor
(PRM) system during independent parallel approaf2ig28, 39]. Although safety analyses of
the PRM system have provided operational recommnienmtaand requirements, collision risk
during a double missed approach was not previausiyntified or assessed. To fill this gap, this
thesis has developed and applied new collisionagsessment models. It has been shown that
the collision risk between aircraft conducting msitaneous missed approach can indeed be
considerable, and needs to be addressed to ehstisafety is not jeopardized. A limitation of
the modelling approach is that the possibilityrdérvention when blunders occur was not taken
into account. Therefore, to be able to also cogk sch human factors issues (e.g. ATC
monitoring and instructions and pilot reactioneg TOPAZ methodology has been extended
and applied for analysis of the collision risk dgrisimultaneous missed approaches to
Amsterdam Airport Schiphol converging runways 198w indicated as 18C) and 22.

Collision risk analysis of the usage of parallehways for landing

An increase in runway capacity may be achieveddiyguiexisting parallel runways more
effectively or by building additional parallel ruaws. In order to evaluate the risks related to
independent parallel approaches, insight into ttksion risk during all approach flight phases,
including intermediate approach, final approacld, mrssed approach, is nhecessary. Section 2
describes a probabilistic risk analysis of theismh risk between aircraft conducting
independent parallel approaches under Instrumetedvi@ogical Conditions (IMC), thereby
using Instrument Landing System (ILS) proceduresuiable risk metric and a Target Level of
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Safety have been adopted. Various scenarios withngarunway spacing and different

operational conditions have been evaluated. The gwiclusions from the risk analysis are:

=  The collision risk probability can be consideradiel unacceptable under certain
conditions, especially near turn on to the localaaed during a dual missed approach.

»  Technological improvements and operational procegfocusing on increased safety
during final approactonly do not significantly lower the overall collisiorskibetween
aircraft conducting independent parallel approaches

Independent parallel runway approaches may be fldgeeptably safe if the runway spacing is

greater than 1270 m and unsafe if the spacingsstlean 930 m, provided that there is:

= Atleast 20 to 30 degrees angle of divergence hetwlee nominal missed approach tracks,
with turns to be executed ‘as soon as practicaid not above 500 ft;

=  Some longitudinal distance between the parallelvaynthresholds, where the aircraft with
the highest Final Approach Point approaches theayriocated ‘farthest away’.

Collision risk analysis of simultaneous missed apghes on converging runways

Section 3 concerns a risk analysis of simultaneaigsed approaches on Amsterdam Schiphol
converging runways 19R and 22, where the Obstdelar&nce Altitude (OCA) of runway 22
was proposed to be reduced from 350 ft to 200His &llows the use of runway 22 during
actual Category | weather conditions, and suppptinization of the arrival scheduling. A
collision risk model has been developed for assessof various missed approach procedures
on runway 22, with possibly a left turn after coetjn of the initial missed approach phase.

Numerical evaluations show that the collision ms&y attain an unacceptably high level under
certain conditions, especially when approachingraft on runways 19R and 22 both make a
straight missed approach, and ATC does not interviéor trying to maintain the collision risk
at a low and acceptable level, some risk reduciagsures are identified. In particular, ATC
monitoring and instructing — turn right! or climb! t to aircraft conducting a missed approach
on runway 19R in case of a previous straight misggmtoach on runway 22 is required.
Provided that these identified measures are apphiedporoposed reduction of the OCA of
runway 22 to 200 ft is risk neutral within a bragzbctrum of missed approach procedural
aspects, and may be judged adequately safe. Tintusion is also valid for the possible future
situation, where the final missed approach altitisdaised from 2000 to 3000 ft.

Wake vortex risk analysis studies

Wake vortex research has generally focused on sisaly wake vortex behaviour in different
weather conditions and on analysis of the impaatake encountering aircraft. Wake vortex
safety related to proposed operations for reduepdration was not previously quantified or
assessed in terms of incident/accident risk praitiabi To fill this gap, a Wake Vortex Induced
Risk assessment (WAVIR) methodology was developedagplied. WAVIR has received
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significant interest worldwide, and other orgaritmas have followed with similar methods. The
Airspace Simulation and Analysis for Terminal Instrent Procedures (ASAT) tool, which is
used by the FAA, has been extended to assessdhalylity of a wake encounter behind a
variety of leader aircraft and under different viresttconditions. Airbus has now developed a
Vortex Encounter Severity Assessment (VESA) todliclr allows assessment and comparison
of aircraft reactions and effects of vortex enceummbehind various aircraft. DLR has
established the WakeScene (Wake Vortex Scenanogl&ion) Package to assess the relative
encounter probability behind different wake vortgnerating aircraft. However, so far, the
WAVIR methodology is still the only method that &éhes explicit modelling of the role of both
pilots and air traffic controllers working with nesystems for reduced aircraft separation.

Wake vortex safety assessment of single runwayappes

Both in Europe and in the United States, the fél@tgibf increasing runway capacity through
reduced wake vortex separation distances betweenafiin the arrival and departure flows is
being investigated. Traditionally three methodsehbagen used to determine safe wake vortex
separation distances: (i) flight test experimefiishistoric operational data, and (iii) analytica
models. Section 4 describes the development theeWaktex Induced Risk assessment
(WAVIR) methodology and its application, within Sake, to assess the safety of single
runway wake vortex separation distances. The meginlts of the S-Wake project show that an
increase in runway throughput might be achievedugi exploiting favorable wind conditions
(sufficiently strong crosswind and/or strong heaui It is further motivated that this can only
be achieved through the use of new and advancezkptsof operations with appropriate
decision making tools for air traffic controllenschpilots. Both in Europe and the United States,
such proposed Concept of Operations for reduce@ waktex separation depends heavily on
the use of wake vortex prediction and detectioarmiation, with explicit roles and
responsibilities for the pilots and controllers wiog with such wake avoidance systems. This
has therefore led to the design of the ground bA3&ltWake system and the on-board I-Wake
system, the topics of Sections 5 and 6 of thisntaespectively.

Safety assessment of ATC-Wake single runway degpsirtu

One potential approach to reduce the wake vortearsgion distance between aircraft at take-
off is by utilizing the ATC-Wake system and opevatil concept designed to allow variable
aircraft separation distances, as opposed toxkd fiistances presently applied at airports.
Section 5 has quantified the possible safety imagibnis related to installation of ATC-Wake
and use during the departure phase of flight. fusides an assessment, with the WAVIR
tool-set, of required crosswind values for whictiueed aircraft separation can be applied. For
the ATC-Wake departure operation with reduced sejmar, two more issues have been
considered: 1) the air traffic controller will wattme pilot about a potential wake vortex
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encounter in case an ATC-Wake alert is raised ,2nidan ATC-Wake system component
provides wrong advice, there is a higher risk angresence of severe wake vortices.
Consequences might be catastrophic in case ohidigcraft following a heavy aircraft.

For airports with ATC-Wake in use, Section 5 intisathat the present separation of two to
three minutes between aircraft departing at theesamway might be reduced to 120, 90, or
even 60 seconds for all aircraft types in the presef sufficient crosswind. As these indicative
separation minima, dependent on crosswind conditida not yet account for crosswind
uncertainty, the setting of requirements for theCAWake system components was further
investigated. This was done through a qualitathaysis of the effect of failures of ATC-Wake
system. It appears that the most severe failurditions are related to the functioning of the
Monitoring and Alerting system and Meteorologicavidcasting systems. These system
components are crucial and sufficient accuracyrahability shall be guaranteed. Additionally,
it is noted that controllers should be made vergrathat a timely warning to the pilots is also
crucial (safety training might help to increase d@lneareness).

Safety assessment of the WV DWA single runway tigrerith reduced separation

Another potential improvement of wake vortex saietyhe airport environment is through
installation and use of a wake vortex detectiorrmiveg, and avoidance system on-board
aircraft. The fundamental part is a pulsed Lightd2gon and Ranging (LIDAR) sensor system
that measures disturbances in the atmosphere atdesmeal-time forewarning of turbulent
conditions. Section 6 presents an investigatiowale vortex safety undeeduced separation
(2.0 or 2.5 NM between all aircraft) during the eggrh and landing phases of flight when
using such I-Wake system on-board aircraft.

The I-Wake system is proposed as a safety netppastof ATC decided reduced separation,
intended for protection along the glide path frat8/GS intercept. The WV DWA single
runway arrival procedure assumes that a missedagpipiis initiated, after the flight crew
receives an alert indicating that the aircraft Villely encounter a severe wake vortex.. This
study hagjuantifiedwake vortex induced incident/accident risk throtigh use of the WAVIR
methodology, extended with an aircraft/pilot misspgroach model and a causal model for the
WV DWA system failure probability. The assessmentake induced risk levels for the
approach phase when reduced aircraft separatidro(2.5 NM between all aircraft) is applied
has been performed for different aircraft types @ibous wind conditions. Aspects that have
been considered are e.g. the time for caution Ertdand the WV DWA system capabilities
(such as the horizontal and vertical scanning viee,angle of regard, and the wake vortex
detection range).
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The use of a WV DWA seems to reduce the wake vontgxced risk only slightly as compared
to the current practice. The main reason for thibé fact that the largest risk during single
runway arrivals occurs near the runway thresholeeréfore, WV DWA use would be most
beneficial at low altitudes, where the probabibfyencountering a (rebounding) wake vortex is
highest. However, for wake vortex safety reasoesdrhiation of a missed approach is not
recommendable at low altitudes. Therefore, theaimeral use of a WV DWA system seems to
have only minor impact on the wake vortex indudsk during single runway arrivals. This
confirms that a WV DWA system is mainly applicabkesafety net in support of ATC decided
reduced separation.

7.3 Impact of the main results

The new mathematical methods all support two comratianales for acceptance of a newly
proposed air traffic operation, namely by showimgttthe number of risk events does not
exceed some pre-defined, and agreed upon, riskeagent and furthermore also does not
increase with the introduction of the new operatiime developed risk assessment models are
based on risk metrics in terms of incident/accigeababilities per movement, with risk
requirements derived on the basis of historicatient/accident data. It has been shown that the
current wake vortex aircraft separation minima,chhdepend on the aircraft weight, are indeed
overly conservative under certain conditions. ldtrction of variable wind dependent aircraft
separation rules will enable increase of airpopiacity, while maintaining safety. Aircraft
separation can be reduced safely, provided thatwesee vortex prediction, detection and
avoidance systems - such as ATC-Wake (for airicrafintrollers) and I-Wake (for pilots) - are
implemented for operational use. It has been shbanspecific missed approach procedures,
which take into account local airport runway layowill lead to an increase of airport capacity.

The safety assessments have built sufficient centid in the operational use of the new
proposed ATM systems and flight procedures foragglication of reduced aircraft separation
in the airport environment. The results from thiision risk analysis studies have been used
directly by the Dutch Civil Aviation authority arfir Traffic Control Centre, and were brought
forward successfully to the ICAO Obstacle ClearaPagrel. The results from the wake vortex
risk analysis studies have been used directlyhferdiesign and the setting of requirements for
the ATC-Wake and I-Wake systems and their assat@iacepts of operation. It has been
shown that both are promising concepts for incrgpaircraft handling capacity in the airport
environment. As a result of the wake vortex sattylies, new concepts of operations for
reduced wake vortex separations are now beingatalitin Europe (under co-ordination of
EUROCONTROL) and the United States (under co-otiinaof the FAA and NASA). Trials
at European airports are foreseen as the ideafavesard for gathering the required data to
complete the local Safety Cases realize the remlucti the wake vortex separation minima.
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Appendix A WAKke Vortex Induced Risk assessment (WAVIR)

A.1 Introduction

To determine the probability of occurrence of eatthe defined wake vortex induced risk
events (see Section 4.4.1), a safety assessmeet imodquired. In view of the uncertainties
and the difficulties in understanding of the waketex phenomena, it is proposed to follow a
probabilistic approach. This probabilistic methbdwd enable evaluation of wake vortex
safety under various operational and weather crmmgit It should also be possible to evaluate
the current practice as well as promising new cptscesuch as new operational improvements,
aerodynamic aircraft designs, or weather relatedrsgion minima. The approach should be
able to handle both single runway and dual or ¢yosgaced parallel runways. Considering
these requirements, three probabilistic sub maatelsntegrated within a stochastic framework:
=  Wake vortex evolution model

=  Wake encounter model

=  Flight path evolution model

For the evaluation of wake vortex induced risks ihecessary to develop a mathematical model
to characterise wake vortex induced incident/actigeobabilities. This is done as follows. In
section A.2, an overview is given of the safety eitidg relations and dependencies. Section
A.3 introduces the main notations. In subsectiof A.stochastic model for the wake vortex
severity prediction is presented. Subsequentlgulrsection A.5, this model is extended with a
stochastic wake encounter model to predict thearail loss of height of the following aircraft,
resulting in an assessment of encounter sevegty $&ction A.6). Section A.7 presents a
stochastic dynamical incident/accident predicticrdel to assess the selected risk metrics.

A.2 Overview of the modelling relations and dependencse

The incident/accident risk, in terms of minor iremd, major incident, hazardous accident, and
catastrophic accident probability, provides th@infation necessary for regulatory authorities
to judge the acceptability of risk. However, pilotew and passengers will have a different
perception of safety (in relation to actual enceusivith wake vortices). Therefore, to also
support the acceptability of risk assessment redylipilots/crew and passengers, the concept of
encounter severity is introduced. Clearly, the nfesvere” the encounter, the larger the
incident/accident risk. The issue of appropriateoemter severity metrics (or hazard criteria)
has been studied for many years [9, 64, 65, 8598499]. The following two metrics have
been chosen to classify individual encounters:

» Maximum attained bank angle;

=  Encounter altitude.
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To assess the numerical values of the selectednasiics (in terms of risk event probabilities
per aircraft movement (e.g. per approach or peadere), an incident/accident prediction
model is proposed (see Section A.7). It describescharacterises the probabilistic relation
between individual (simulated) encounters and iglieaf an incident or accident. The relations
and dependencies between the different sub-modelgsualised in Figure A-1.

, Vortex Encounter Risk event
Flight path . .
evalution Severity Severity classes
model
Extreme Extreme Catastrophic
accident
EXPOSURE g g Hazardous
Initial parameters evere evere ‘Accident accident
Runway configuration ncounter [:> rediction I::>
Pn:iedma;lt;:p o Moderate [‘/'\ severity El/\ Moderate iI\HOHdBl/ Major
1CT €S s .
‘FHuman factors W Incident
Weather .
Separation distance Weak Weak Minor
incident
Wake vorts . .
‘Weather class & vortey Aerodynamic | |Pilot encounter
) evolution
climatology model model model

Figure A-1 Overview of modelling relations and dependencies

A.3 Notations
A situation of a sequence of aircraft, which flward an airport, is assumed. For the position

and velocity components of aircrafthere is a process!, y!, z', X!, ¥/, 2 ). In addition,

W, WiZ’t ) for the wind speed components, and also for therot

i
there are processeéw Vit

Xt
main meteorological components (including atmosighterbulence and stratification effects)
together defining the ambient weather conditiorisgdocally on aircraft

A.4 Wake vortex severity prediction

The left and right centres of the vortex at monsanhich are generated by aircrafit moment
t, are represented by two field$ (t,s) andd’* (t,9), with s> 0, each of which assumesz]
values inlR?. At momentt+s, the strengths of the left and right vortices trat generated by
aircraftj at moment are represented by the two fields (t,5) and/™ (t,5), each of which
assumes strength valuesi At moment+s, the core radius of the left and right vorticestth
are generated by aircrgfat moment are represented by two fieldé;e(t,s) andr* (t,s),each

core

of which assumes valuesIR. Note that it is assumed that the x co-ordinatie¥ea from the
flight path evolution model (using the relationgiwg, s, and aircraft speed profiles). To shorten
the notation, the components are placed into & Rirvalued fieldy!(t,s):
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X' (t.9) =column{5i=(t,5), 7% (t.8), TI~(t,s), F1*(t,9) 1zt 9). 1%t 9} (A1)

Research is ongoing for many years to improve iiffdal equations for the motion and decay
of the components of the joint fiejd(t,s). Widely known equations in current literature tre
ones given by Corjon & Poinsot [76, 77, 95], whaoke largely based on those of Greene [90]
and Liu [91]. Recent European research activitiebide work on the validation of different
decay models and the simulation of probabilistikevaortex behaviour under different weather
and wind conditions [3, 4, 7, 10, 11, 96]. Wheniaddn extension for the wind velocity in
direction, these equations are of the form:

Qs (9016 (#2)

where/7 ! (s)denotes local external influences such as thé Voical {ij’t, W), sz’t} at

momentt, the local Briint-Véaissalla frequenby(t+s), the Turbulent Kinetic Energy (which
depends on the Root Mean Square (RMS) velocityrobspheric turbulencg,s (t+s)) and/or
the Eddy Dissipation Rate/(t+s).

To define the solution of the differential equatfons> 0, the components gf'(t,0) (the initial
boundary conditions) have to be characterized. khown that [77, 98]:

3,*(t0)=y! £4b]

3 (t0)=2 (A-3)
mig
bs o/

M(t0)=+r), =+ (% - wi )"

with bly the initial spacing between the primary vortextoesim’ the mass of aircraft g the
gravitational acceleration, ap, the local air density.

Next, the moment in time that (the longitudinal ifos of) an aircrafti reaches the wake
generated at longitudinal position(by aircraftj) is characterised. To do so, it is assumed that
the longitudinal wind speed component is heightetielent and constant at a certain height, and
denoted byvith (2). Then that moment in time is a stopping timefjroed by [3]:

Z')'i :T)! +|nf {S>O,Z>O‘ X;-j+5 :X+SW)I(TJ(Z)} (A'4)
S, Z
with
i =3 i = )
o) =inflt] x'=x} .
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It is furthermore assumed that the airspeeds df otraft inx direction are bounded and either
both strictly positive or both strictly negative. View of this, this equation means that § is a
monotonous process. Hence,Rfhvalued stochastic procesg’{}, which represents the
properties (of the vortices generated by airgjattat are used to characterise the risk imposed
to aircrafti, can be defined as follows:

Xy = xieh ol -1l (A-6)
The decay of the vortex circulation strength degesithe ambient atmospheric conditions
such as e.qg. stratification, turbulence, and winehs. Several deterministic wake vortex decay
models have been given in literature. Those of @¥¢@0], Donaldson & Bilanin [92], and
Sarpkaya [80, 81, 82] have been implemented. Alletouse the same decay model for
atmospheric stratification, but differ in the mdae] of atmospheric turbulence effects. In the

model of Greene an additional (weak) viscous déeay is employed. Table A-1 gives an
overview of the decay terms of the wake vorticasegated by aircraft j.

Table A-1 Wake vortex decay terms of the different models

Model Viscous Interaction Stratification Turbulence
Donaldson & dar i r
— =-04q,) () —
Bilanin none dt Gms (1) by
2
Sarpkaya none ar _AND (-2 a .S Mo ex;{—cst}
dt by dt Ts Ts
dr ar _ i r
Greene i -1.045W4.s.Cp il —O.41qr'ms(t)b—O

Proper values for the model constants have beaémediefnainly on the basis of LIDAR wake
data. Model constamts is defined asA, = 77/4* 1.73* 209* b = 2.83976* b? andz, is the initial

height of the vortex (the flying altitude of the keagenerating aircraftlysescis the wake vortex
descent speed ar@} the viscous drag coefficient € 0.2). The Brunt-Véissalla frequenty
characterises the stability of the atmospheric dawnlayer. It is directly related to the vertical
temperature gradient:

) ni
NI = /g% (A-7)
g dz

Here 6 is the so-called potential temperature in the aphere acting on aircratft j. The root-
mean-square velocityns' (t+s)) is equal toy 2TKE, in which TKE is the Turbulent Kinetic
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Energy. In Sarpkaya’s model, the param@eis a constant (it was taken equal to 0.45 as
proposed by Sarpkaya) afigdepends on the Eddy Dissipation Ratedr EDR). It should be
noted that the decay rate due to stratificatiarei® initially (z=2) but then increases with time.
On the other hand the decay rate due to turbulisriaegest initially (for the Donaldson &
Bilanin model the decay rate is proportional'tand therefore largest initially, for the Sarpkaya
model the exponential term is equal to 1 initi@hd then decays). For the effect of crosswind
on vortex decay, a simple model proposed by Cak. ¢93] can be used. The model assumes
that the decay of the vortex with opposite-sigrtiedy in comparison with the crosswind shear
is accelerated by applying a couple in the oppasitese to the vortex circulation:

dr 2
ot :_ECDVO—CWObO (A-8)

where Gy is the viscous coefficient caused by the crosdwimdg; is the crosswind shear.

The following characterisation for the vortex caadius at the moment in time that the aircraft
reaches the vortices generated at longitudinatipast (by aircraftj) is adopted [76, 77]:

j —_ | _ '
rcore,riJ max{ core,0’ 80\/r0 r) )} (A-9)

]
with rcore 0

the initial radius of aircraits vortex cores.

The vortex pair can be non-symmetric, with possitifierent intensities and radii, and can
induce a non-zero bank angle. For a pair with gsteengths and radii, the Burnham-Hallock
profile of tangential velocity as a function of tistanced,. to the vortex centre is:

rh

e 10

core, 1)

Alternatively, a Lamb-Oseen tangential velocityfjleocan be used:

) 2
ry
j d,
Vi (Gie) = —(1-exp -1, 256{—)] (A-11)

]
ve ( corer,

The velocity field resulting from the pair is thector sum of the velocity fields of each vortex,
which consists of a side-wash and down-wash veglaciponent.
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A.5 Wake encounter severity prediction

For computing a metric of the wake encounter sgvarivake encounter model is to be used. In
WAVIR two models of different complexity are avdila. A short description of the models

and their assumptions and limitations is giverhimmext sub-sections. At the moment, the
models only take into account the effect of thengrivortices. Extension of the models to also
include the effects of the secondary and mirrotiges is to be further investigated.

A.5.1 The Extended Roll Control Ratio Model (ERCR)

The Extended Roll Control Ratio (ERCR) model conepufbr a given wake induced rolling
moment an estimate of the maximum wake induced bagle. It is based on the one Degree
Of Freedom (1-DOF) roll model of Tatnall [85]. Thal-control ratio is the wake induced
rolling moment divided by the available roll-cortpmwer for a given position of the aircraft
with respect to the wake vortices. The wake induodithg moment &, is computed with a
simplified analytical model as defined by Tatnalhe wing span of the aircratﬂj) and the
wing planform (Taper Ratiol{g' ) and Aspect Ratio®g' ))are taken into account, but
aerodynamic effects on the fuselage and the teihases are neglected. The vortex flow field is
defined with a Burnham-Hallock type vortex pairrtex circulation strength(), vortex core
radius (.ore ) @and the initial lateral distance between thdives ()io =1t/ dyj) are user
controlled input parameters. The roll control povgecomputed from a simplified formula.

The aircraft is assumed to be aligned with the wakéces (zero wake intercept angle) and
therefore does not move with respect to the wakgces (frozen aircraft position). The
duration of the encounter has therefore to be dichib order to prevent infinite roll. However,
Tatnall derived a table of suitable (aircraft tyfmpendent) wake encounter duration timgs T
such that the 1-DOF model predicts equal maximuirarmles as with a more elaborate 3-DOF
model. So the aircraft type dependent wake encodui@tion time T implicitly accounts for

the dynamic aspect of the encounter. In the WAMRli@ation these maximum duration times
are also used. This is probably not fully justifieeécause not only the most severe (vortex
centred) encounters (for which the model has besigded) but also weaker encounters
(aircraft positions relatively far from vortex cejeplay a role in the wake encounter severity
metrics. Using the vortex encounter timg & pilot response timexTand the aircraft roll
characteristics (max roll control power, rolling ment of inertia), formulas are obtained for the
roll rate pti , the bank angle' and the maximum bank ang#,. inr (Without control input).

The maximum bank angle is the most important outptite Tatnall model [85], but the roll-
control ratio (RCR) is an output too and can alsa$ed to classify the encounter severity. The
pertaining equations (A-12) are:
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HereK; andK, are aircraft dependent constants which, for dir¢raare equal to:
) f2(di)3 _ . g
DO T (G ) . s
A;?lxxl ' 2th

wherev; denotes the three dimensional velocity (airspeéiqi%,i is the roll damping coefficient
of the aircraft (note tha‘B,ﬁ <0), AR is the Aspect Ratid,, the inertial rolling moment, and the
roll control capability ¢ maxis assumed equal to 0.Q7;; [85]. This is based on a minimum
requirement and therefore a conservative estinaataal roll control power capability may be
larger, leading to lower roll control ratio RCRpractice and smaller maximum bank angles. In
the above equations sub-fix f denotes the follovéingraft.H is the Heaviside step function:

H(x)={(1) zig (A-14)

The finish timeTe for the control input, i.e. when the bank angle tesrned to 0, is given by:

Te =Tr+<$Ty (A-15)

whereé is the roll control ratio (RCR):

CR,V

€=C

(A-16)

R, c,max

Worst case conditions are assumed: the wake ereringpiaircraft is placed (instantaneously) in
the centre of the (non-decayed) wake generatingadir assuming a rather small vortex core
radius (0.02'3dyj ). The vortex induced rolling moment coefficient &nd the vortex encounter
duration time Tare taken according to Tatnall [85]. A rather conatve pilot reaction timed

= 0.6 seconds is assumed. A summary of the RoltrGoRatios (RCRs) and maximum bank
angles is given in Table A.2. The relation betwtentwo wake encounter severity metrics is
also visualised in Figure A-2. The higher the Radintrol Ratio (RCR), the less becomes the
influence of the controls on computed maximum aoldjle (compar@max andPpax inf)-

179



NLR-TP-2007-368

Roll control ratio and maximum bank angle as function of vortex strength
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Figure A-2 Relation between roll control ratio and maximum bank angle
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Table A-2 Summary of computed RCR and maximum bank angles with ERCR model

Follower Leader

Medium Jet (F'=244.3) Large Jumbo Jet [[= 550.5)

Ty RCR | ®pnax @Paxint | Tv RCR DPrax D ax inf
Light Turbo Prop | 0.72 5.18 845 109.9 0.72 9.67 272} 205.2
Regional Jet 0.89 242 25.2 37.9 0.9p 4.72 60.5 9 78.
Medium Jet 1.00 2.02 12.6 31.9 1.1 3.88 36.3 67.4
Large Jumbo Jet 1.08 1.76 8.0 19.7 1.78 2.81 278 165

A.5.2 The Reduced Aircraft/Pilot Model (RAPM)

For the characterisation of how the proceg§}{induces a roll and loss of height proces¥'§

for aircrafti, the reduced aircraft/pilot model developed in 8Ke/is used [89, 100, 101]. It
consists of a flight dynamics model for the simiglaiof the aircraft response and a pilot model
for simulation of the pilot behaviour during wakertex encounters. The model provides:

= Vertical position (i.e. loss of height), verticgled & acceleration;

= Lateral position (i.e. sideslip) and lateral accaiien;

= Bank angle, roll rate and roll acceleration;

=  Pitch angle and pitch rate;

=  Yaw angle (i.e. ILS localizer deviation), yaw rated yaw acceleration.

Aircraft flight dynamics model

Let the bank angle, pitch angle, and yaw angleahant s during the encounter which starts at
moment t, be represented by the three fied€iss), 6 '(t,s) and¢ '(t,s) (where s=0 denotes the
beginning of the wake encounter). Let the body-ediisrate (pti ), pitch rate qt‘) and yaw rate
(r.) now be defined by:

. dﬂi
L= A-17
Pt ot ( )
Also, let ht' denote the height of aircrafturing the encounter, |é1t' = zt‘”ij , Where the
encounter severity is evaluated from the monm&ponwards. To shorten the notation, the
above components are placed into the jBhtvalued fieldd" (t,s), characterising the rolling
process induced on aircraft

91(1,9) Scolumn{h (49, vi(t.9) @ (15) @ (t.5).¢' .9 (A-18)
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Differential equations for the components of thietjéield 9! (t,s) are given in Escande [101],
and are of the form
d29" (t, s) .\ s’ (t,9) _
ds ds

ol 9. (9.4 (9) (A-19)

with @'(s) denoting the local external influences sucthagauto)pilot response time, aircraft
characteristics (e.g. airspeed, wingspan, aspgeatafthe wing, horizontal tail, vertical tail,
mean aerodynamic chord, mass, moments of inegfadgnamic derivatives), glide path angle,
angles of attack and sideslip, heading angle, nudetéection, air density. The aileron
deflectiony' (s)is influenced by the pilot behaviour and allowszke into account the actual
reactions from the pilot to the roll upsets expeeedl when encountering the vortices.

To define the solution for the above differentigiation for &0, the components at’ (t,0) and
d&" (t,0)/dt (the initial boundary conditions) havelt® characterised. It should be noted that the
moment s=0 corresponds to the momeqthat a wake generated at longitudinal positidry
aircraftj will arrive at the longitudinal position of airdta.

It is known that the initial state of the aircreftn be represented by [101]:
h' ¢0) =2z,

Y €0 =Yy,

g 0=0 (A-20)

g t0)=al

t+7)

¢ 0)=F

with @'

e and ,B:HE denoting angle of attack and angle of side slifnatime of encounter.

Pilot behaviour model

For the characterisation of the rolling processiosdl on aircraft, an appropriate model of the
pilot behaviour during wake vortex encounters goakquired. The pilot behaviour and its
effect on the aircraft is modelled through a sdechtrossover model for the inceptor deflection
or aileron deflectiony| [100]:

hy
- 1 _cla_die)b el€| i C g -
wt_KPE%(T fzJ{f fZJ(f fZle :| +KPEEf}mﬁ (AZ]—)

with the so-called pilot (roll rate) gaiig), pilot lead time Tead), aircraft lag time Tiag), and
equivalent time delayr{) being the four tuning parameters representinguttaptation of the
pilot model to the different dynamics (of aircrgft
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The six constants a, b, ¢, d, e and f are to bergdinied on the basis of the latter three tuning
parameters (pilot lead time, aircraft lag time andivalent time delay) [100, page 25]. Note
that the pilot lead-time is determined throughubke of a pilot activation time (representing the
initial time with the pilot not responding) and alert bank angle (allowing the pilot inactive /
not responding as long as the bank angle excudsiea not exceed a prescribed value).

The input of this model is the bank angle eﬁqf, which represents the difference between the

commanded bank angle and the actual bank anglerllduring an approach the pilot tries to
establish wing levels, so that the commanded bagleds zero. HenceAg = ¢ . This pilot

model can be integrated into the aircraft flighbdmics differential equation model.

A.5.3 Comparison of the ERCR and RAPM Model

A comparison of computed maximum bank angles ferHRCR and the RAPM model, as a
function of the initial aircraft position in the W&, is shown in Figure A.3. The results are for a
Regional Jet behind a Large Jumbo Jet configurdtiake circulation strength is equal to 300

m?/s). The wake intercept angle was assumed equakto

st PSS ERGRUG A
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18al : : : ’5
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147 | : ; ;
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Figure A-3 Comparison between computed maximum roll angles for ERCR and RAPM models,
as a function of (initial) aircraft position in the wake. Regional jet (wingspan 30m) in the wake of
a 60m span aircraft having a wake circulation strength of 300 m?/s.

The difference between both results is relativetals. Note that simplifying assumptions are

made on the initial aircraft attitudes, becausestreuations are made in gate planes at fixed
longitudinal positions and, as a consequence, dntex and aircraft positions are defined
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independently. Further improvements might be redlisy developing a wake intercept model,
which defines more realistic wake intercept routes.

A.6  Wake encounter severity classification

To support the acceptability of risk assessmentlteby pilots/crew and passengers, the
concept okencounter severitias been introduced. The following two metricsehbgen chosen
to classify individual encounters:

» Maximum attained bank angle excursion;

= Altitude at which the encounter occurs.

NASA determined encounter severity boundariesim$eof maximum bank angle, where the
boundaries under IFR conditions remain constandifiiudes above 350 ft, but decrease with
lower altitudes [94, 99]. It was e.g. noted thataximum roll angle of more than 7 degrees is
perceived by pilots as hazardous at altitudes 6ff20r less, whereas roll angles as large as 15
— 20 degrees seem acceptable above 200 ft. Fan#tgsis of incident reporting data, NATS
have introduced three encounter severity categfr#y:

=  Category A for a roll angle of more than 30 degrees

=  Category B for a roll angle of more than 10 degaresless than 30 degrees;

=  Category C for a roll angle of less than 10 degrees

These classification schemes are now combinediim@nly proposed categorization with four

encounter severity classes as follows:

1. Extreme aircraft disturbance resulting in temporary datdoss of control, with an
increased possibility of a catastrophic accidertase of an encounter close to the ground.

2. Severeaircraft disturbance resulting in a severe maximbank angle (possibly higher than

30 degrees) and a critical flight state, wherepthat initiates a go around with considerable
corrective recovery actions required, and an irsgrdgossibility of a hazardous accident.

3. Moderate aircraft disturbance with approach limits likelyceeded, resulting in a moderate
maximum bank angle (possibly in between 10 andetfpeks), where the pilot initiates a go
around without exceptional skills required, andrammeased possibility of a major incident

4. Weak a slight to moderate aircraft disturbance (noraggh limits exceeded), resulting in a
weak maximum bank angle (less than 10 degreed),omitsiderable pilot action required,
can be experienced. An increased possibility ofreonincidentwith moderate disturbance.

with the aim to establish some kind of probabitisglation with the four defined risk events

that are proposed for policy making of wake voiteduced risk. It is now assumed that the
threshold boundaries are defined as functionsefitaximum bank angle, and are dependent on
the height at which the following aircrafencounters the wake, i.e.
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&WeakEnL(h) < &ModEnc(h) < &SevEm.(h) <&ExtrEnc(h) (A_22)

It is furthermore assumed that:

=  The threshold boundaries of the four encounterrégweategories are constant above a
certaincritical crash-into-terrain heighth_.; (e.g. the height of 350 ft as determined for
Instrument Flight Rules (IFR) conditions by NASA&yom the above categorisation, it
follows that @, e () =10 and @, ., (h) =30 for h>h ;.

=  The lower threshold boundary of tiiéeak Encounter Category constant and
independent of the encounter height. The valuadh shat aircraft disturbances caused by
regular air turbulence (i.e. small bank angle)raveclassified as being related to a wake
encounter.

= Thereis an increased probability of Bxireme Encountein case the encounter occurs
below the critical crash-into-terrain height,; . Clearly, for such encounter heights, the

threshold boundaries for the four encounter sevedtegories decrease with altitude.

Thus the four tests that lead to a classificatibimdividual (simulated) wake encounters into
the wake encounter severity classes are (A-23):

Weak Encounter: BuenendN) < mta){;d}‘ < Puogendn) , tO[T 70 +T, ]
Moderate Encounte ZoModEnC(h) < mta){gd}‘ < _¢SevEn<(h) O, o+,
Severe Encounte Deeenfh) < mtax@}‘ < Peendn) L O[T 70 +T, ]
Extreme Enounter Oeenc(n) < ‘mta){qd}‘ Ol + T, ]

A.7 Incident/accident prediction

The incident/accident prediction model relatessieerity of individual wake encounters to the
severity of the possible risk events, e.g. throaghobabilistic relation that includes the initial
encounter altitude. The encounter severity prolimsilare related to accident/incident
probabilities via a transition probability matriréiprobability distributions for the loss of
height. These probability distributions enable assent of the catastrophic accident risk
probability, on the basis of the assumption thatltiss of height shall be larger than the initial
encounter altitude. In order to also assess ther dhinee risk eventdinor Incident Major
Incident andHazardous Accidehta transition probability matrix is defined. Thigtrix gives
the fractions of the simulated wake encountersrémtlt in the three (non-catastrophic) risk
events, provided that the loss of height is leas the initial aircraft altitude at the start of an
encounter. The probability distributions for thedwf height during an encounter (and
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consequently height above ground at the end ohaaumter) are to be determined using wake
encounter simulations with the Reduced/AircrafoPiodel (RAPM).

As an example, Table A-3 shows thideak encounterwill most likely result in alinor

Incident whereasSevere EncounteemdExtreme Encountensay result in dazardous
Accident Appropriate values for the transition probalglitican be determined using encounter
data from incident/accident data collection adegt(such as being collected at Heathrow
airport). Note that, in the following, it is alsssumed that certain transition probabilities are
zero (see also Table A-3). For example, Weak Enessinill never result in a Major Incident
or Hazardous Accident and Extreme Encounters willen result in a Minor Incident. The
values in Table A-3 are elicited through expergjment [61]. Further study on appropriate
values in the Table A-3 is recommended.

Table A-3 Transition Probability Matrix (individual elements are denoted by eg Pt 4 . 5))

Risk Event| Minor Incident| Major Hazardous | Catastrophic
Encounter Severity Incident Accident Accident
Conditional event Loss of height smaller than emter altitude | Loss of height is
Weak 1.0 0 0 larger than the
Moderate 0.6 0.4 0 initial aircraft
Severe 0 0.6 0.4 encounter altitude
Extreme 0 0.2 0.8 (i.e. crash)

The risk metrics to be characterized are:

1. Probabilityp”Mm.nc of a minor incident of aircraft(induced by the vortices of aircrjft

2 Probabilityp”Ma“nC of a major incident of aircraft(induced by the vortices of aircrgjt
3. Probabilityp”HazAccof a hazardous accident of aircriafinduced by vortices of aircrgfi
4. Probabilityp’canccOf @ catastrophic accident of aircraftnduced by vortices of aircraft

Let’s start with the characterization @dtastrophic accident riskAs long as the aircraift

encountering the vortices of aircrafs able to maintain position above ground, thedélve no

reason for a catastrophic accident. Or, the maxirhaight loss of aircraftshall be less than its
initial encounter height. Leln(i denote the height of aircraftiuring the encounter. Then

pgatAcc =1- PI’{ htl >0, Dt} (A'24)
Theinstantaneous catastrophic accident r{gk terms of probability at moment t) is definesl a
Plawce (1) = Pr{n} =0} (A-25)
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Evaluation yields
Lanee (1) = 1=["_p, (h)dh (A-26)

where p,, (h) denotes the density bf .

To evaluatecatastrophic accident risk terms of probability per movement, the instaetaus
risk is integrated over the entire aircraft movenh{erg. approach or departure):

i 1 Trov ii
éatAcc = T_ .[0 éatAcc(t) dt (A'27)

mov
whereT,,, denotes the time-duration of the aircraft movengferg. approach or departure).

Alternatively, it is also possible to evaluate taastrophic accident per movement through the
use of themaximuminstantaneous risk over the entire aircraft movaiee.

ij B
Pcatace = mtax pgatAcc(t) (A'28)

The subsequent characterizationrfanor incidents, major incidentandhazardous accidents
follows a similar approach, but is however based dwo-dimensional requirement on the bank
angle and the height loss of aircriafturing the encounter. Since these two stochaatialles

are dependent, their joint probability density filme is used. The encounter severity
classification scheme defined in section A.6 i® alsed to assess the other three risk metrics.

Let’s proceed with the characterizationnaihor incident risk Provided that the aircraft is able
to maintain position above the ground, it is nosuased that aveak encountenr amoderate
encountemight lead to aninor incident Let @,,..e.{(h) . @youenc(N)and @, .. (h) denote the
height dependent threshold boundaries of the weesiunter class, then equation (A-29) is:

Pinine = Prweak - MiNoR) Pr{ Ot: { Aveakendht) <|§4 | < @rodeneny) } 0 {hs >0, DS}}
+ I:)T(MODﬁMINOR) Pr{ bt { éModEnc(hit) < |¢1fI | < &SevEnc(hit) } n {hls >0, DS} }
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Theinstantaneous minor incident rigka terms of probability at moment t) is definesi(@-30):

pE/IinInc (t) = I:)T(WEAKHMINOR) Pr{{&WeakEnc(hti) < ‘ﬂ‘ < &ModEnc(hli) } n {hé > 0’ DS}}
+ I:)T(MODﬂMINOR) Pr{[EoModEnc(hti) < ‘ﬁ‘ < &SevEnc(hti) } N {hIS > O’ DS} }

Evaluation yields
. ©  Pmodenc(h)
Phinne (1) = Proeacumon | | Py (N @)dgzih
h=0 ¢=yearend )
o Pseendh)
*+ Prmop-. minor j prﬂ 4 (h,¢)dgdh

h=0 (”:&ModkEnc( h)

(A-31)

wherep,, (d(h,qt) denotes the joint density dh,q, Py (h) denotes the marginal density
function of the heighh', and P, (¢) denotes the marginal density function of bank eggl.

To evaluateminor incident riskn terms of probability per movement, the instaetaus risk is
integrated over the entire aircraft movement (gogproach or departure):

i l Tmov ii
plf/linlnc = T_ JO plfllinlnc(t) dt (A'32)

mov

whereTq,, denotes the time-duration of the aircraft movengierg. approach or departure).

From aminor incidentpoint of view, the critical moment in time and th&sociated point along
the aircraft flight path are defined via:

flglinlnc = argmtax pEAinlnc (t) (A_33)

Let's proceed with the characterizationnadjor incident risk Provided that the aircraft is able
to maintain position above the ground, it is nosuased that anoderate, severe or extreme
encountemight lead to anajor incident Let EoModEnC(h), &Sevm(h) and EoExtEnC(h) denote the
height dependent threshold boundaries of the assocencounter classes, then (A-34) is:

pE/IajInc = Pr(weak - MAJOR) Pr{ 0t :{ Gvodenc () < ‘(AI‘ < Beuenc(h) } 0 {hs > 0,0s} }
+ Pr(sev_ masoRr) Pr{ ot aSevEnc(hit) < ‘(4" < CZExtEnc(hit) In {his > O*DS}}

+ Pr(ext - masoR) Pr{ Ot :{ Gexenc () < ‘ﬂl‘} n {h§ >0,0s} }
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Theinstantaneous major incident rigka terms of probability at moment t) is definesi(@-35):

p:j/lajlnc (t) = I:>T(MOD-. MAJOR Pr{{&ModEnc(hli) < ‘@‘ < &SeVEnL(hli) } n {hls > 0’ DS}}
+ I:>T(SEVﬂ MAJOR Pr{{&SevEnc(hti ) < ‘ﬂl‘ < &ExtEnc(hti) } N {hé > 0’ DS}}
+ I:)T(EXT—» MAJOR Pr{{&ExtEnc(hli) < ‘(‘” } N {h; > O’ DS}}

Evaluation yields
. o &SevEn(,(h)
plnl/lajmc (t) = P (mob - masoR J I Py 4 (h, p)dgdh
h=0 wz&ModEnc(h)

Ll &ExtEnc(h)
tPisevwaon | | Pyy (h@dah (A-36)

h=0 ¢:¢SevEnr,(h)

tPoawon | | Py (h@dah

h=0 ¢:¢ExlEnc( h)

wherep,, (ﬂi(h,qz) denotes the joint density ¢h,q, Py (h) denotes the marginal density
function of the height'; and P, (¢) denotes the marginal density function of bank eugl.

To evaluatenajor incident riskn terms of probability per movement, the instaetaus risk is
integrated over the entire aircraft movement (@pgproach or departure):

0

i 1 Tmov ii
plf/lajlnc = m J. plf/lajlnc (t) dt (A-37)

whereT,,, denotes the time-duration of the aircraft movengferg. approach or departure).
From amajor incidentpoint of view, the critical moment in time and th&sociated point along
the aircraft flight path are defined via:

tAlglajlnc = argmtax pE/IajInc (t) (A_38)

Let’s proceed with the characterizationhaizardous accident riskerovided that the aircraft is
able to maintain position above the ground, itds/mssumed thatsevereor extreme

encountemight lead to &azardous accidentet g, . (h) and @, (h) denote the height
dependent threshold boundaries of the associataiater classes, then equation (A-39) is:
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Piazace = Pr(sev_ HAZARDOUS Pr{ Ot { @sevendht) < |44|| < @exenc(h}) } n {h} >0,0s} }

+ Pr(ext . HAZARDOUS Pr{ ot{ (;ExtEnc(hit) < |(4| |} n{ his >0,0s} }

Theinstantaneous hazardous accident riskterms of probability at moment t) is definexd a

pEIazAcc (t) = I:)T(SEVA HAZARDOUS F)r{{&SevEm.(l’]ti ) < ‘ﬂ ‘ < &ExtEnc(hli) } n {hé > 0’ DS}}

_ o i (A-40)
+ PT(EXTAHAZARDOUE'; Pr{{¢)ExtEnc(ht ) < ‘ﬂ‘ } n {hs >0, DS}}
Evaluation yields
. © &ExlEnc(h)
p&azAcc (t) = PT(SEV~ HAZARDOUS j j ph,‘ a (h,¢)d¢dh
h=0 (”:&SevEnc(h) (A'41)

+ I:)T(EXTA HAZARDOUS J. B J. ph["W‘ (h1 Co)dwh

h=0 g=@¢,ieqc(h)

wherep,, ﬂi(h,(;) denotes the joint density ¢h,q, Py (h) denotes the marginal density
function of the heightt'; and P, (¢) denotes the marginal density function of bank egg.

To evaluatdhazardous accident risk terms of probability per movement, the instaetaus
risk is integrated over the entire aircraft movenh{erg. approach or departure):

i 1 Trmov ii
pl{IazAcc = m .[0 pIJ-IazAcc(t) dt (A'42)

whereTq,, denotes the time-duration of the aircraft movengerg. approach or departure).
From ahazardous accidergoint of view, the critical moment in time and thesociated point
along the aircraft flight path are defined via:

tAli-jlazAcc =arg mtax p:LazAcc(t) (A'43)
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Acronyms and abbreviations

A320 Airbus A320

AGARD Advisory Group for Aerospace Research andddgyment
AIAA American Institute of Aeronautics and Astrorigs
AIP Aeronautical Information Publication

ALARP As Low As Reasonably Practicable

AMAAI Aircraft Models for Analysis of (ADS-B basedp-trail following
AMJ Advisory Material Joint

ATC Air Traffic Control

ATCO Air Traffic COntroller

ATCOD Air Traffic COntrol incident Database
ATC-WAKE Air Traffic Control Wake Vortex Safety anf@apacity System
ATFM Air Traffic Flow Management

ATIO Aviation Technology, Integration and Operaison
ATM Air Traffic Management

AOM Aircraft Operational Manual

AVOSS Aircraft Vortex Spacing System

AWOP All Weather Operations Panel

B707 Boeing 707

B737 Boeing 737

B747 Boeing 747

BA British Airways

BADA Base of Aircraft Data

BKN Altitude at which the clouds are broken

C172 Cessna 172

CVv990 Convair 990

CAA Civil Aviation Authorities

CBA Cost Benefit Analysis

CAT Category

CFIT Controlled Flight Into Terrain

COP Climb Out Point

CR Contract Report

CRM Collision Risk Model

CROSS Control, Risk, Optimization, Stochastics Sggtems
CRT Collision Risk Tree

DA Decision Altitude

DASC Digital Avionics Systems Conference
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DCIA
DCPN
DH
DNV
DOT
DP
DTOP
DWA
EC
ECAC
EDR
ERCR
ESARR
ETA
ETD
ETWIRL
EUROCONTROL
F50
F86
F100
FAA
FAC
FANOMOS
FAP
FAR
FAS
FCOM
FDR
FHA
FL
FMAA
FMEA
FMS
FORTRAN
FTA
GND
GS
HALS

Dependent Converging Instrument Approaches
Dynamically Coloured Petri Net

Decision Height
Det Norske Veritas

U.S. Department of Transportation
Deceleration Point

Dual Threshold OPeration
Detection, Warning, and Avoidance

European Commission

European Civil Aviation Conference

Eddy Dissipation Rate

Extended Roll Control Ratio
EUROCONTROL Safety Regulatory Requirements
Estimated Time of Arrival

Estimated Time of Departure

European Turbulent Wake Reporting Log
European Organisation for the SafetgioNavigation
Fokker 50

North American F-86 Sabre

Fokker 100
Federal Aviation Administration

Follower Aircraft

Flight track and Aircraft Noise Monitorirggystem
Final Approach Point

Federal Aviation Regulations

Final Approach Speed

Flight Crew Operational Manual

Flight Data Recorder

Functional Hazard Assessment

Flight Level
Final Missed Approach Altitudes

Failure Mode and Effects Analysis

Flight Management System

Formula Translation/Translator

Fault Tree Analysis

Ground controller

Glide Slope

High Approach Landing System
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HDB
HMI
IASC
ICAO
ICAS

IFR
ILS
IMC
IST
ISTaR
I-WAKE
JAA
JAR
KLM
LAC
LiDAR
LOC
LOP
LVNL
MA
MAG
MAPt
MTOW
NAS
NASA
NATS
ND

NM
NLR
NTZ
NPA
OCA
OCP
OoM
PANS-ATM
PANS-OPS
PFD

Heathrow Data Base

Human Machine Interface

International Aviation Safety Conference
International Civil Aviation Organization
International Congress of Aeronautical Science
Intermediate Fix

Instrument Flight Rules

Instrument Landing System

Instrument Meteorological Conditions
Information Society Technologies

Information System for Safety and Risk arialys
Instrumentation for on-board wake vortex DWA
Joint Aviation Authorities

Joint Aviation Requirements
Koninklijke Luchtvaart Maatschappij

Leader Aircraft

Light Detection And Ranging system

Localizer

Lift Off Point
Lucht Verkeersleiding Nederland

Missed Approach

Magnetic North

Missed Approach Paint

Maximum Take Off Weight

National Airspace System

National Aeronautics and Space Administration
National Air Traffic Services Ltd.

Navigation Display

Nautical Mile

National Aerospace Laboratory

No Transgression Zone

Non Precision Approach

Obstacle Clearance Altitude

Obstacle Clearance Panel

Outer Marker

Procedures for Air Navigation Services i Araffic Management

Procedures for Air Navigation Servicesper@tions
Primary Flight Display
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PRM
PSA
QSA
RIT
R&D
RAPM

RASMAR

RCR
RDH

RGCSP

RMS
ROT
RVSM
RWY
SID
SW I
SRC
SRD
TAS
TCAS
THR
TLS
TMA
TOL
TOP
TOPAZ
TP
TWR
UK
USA
VFR

WAVENC
WAVENDA

WAVIR
WV
WVBC
WVE
WvvV

Precision Runway Monitor

Probabilistic Safety Assessment

Qualitative Safety Assessment

Radio / Telephony
Research and Development

Reduced Aircraft Pilot Model

Risk Analysis of Simultaneous MAs on convaggRunways 19R/22
Roll Control Ratio

Reference Datum Height

Review of the General Concept of SeparatoelP
Root Mean Square

Runway Occupancy Time

Reduced Vertical Separation Minimum
Runway

Standard Instrument Departure

Swearingen Metro |l

Safety Regulatory Commission

Single Runway Departures

True Air Speed

Traffic Collision Avoidance System

Runway Threshold

Target Level of Safety
Terminal Manoeuvring Area

Take Off Length

Take Off Position

Traffic Organization and Perturbation AnalyZe
Turning Point

Tower Controller

United Kingdom

United States of America

Visual Flight Rules

Wake Vortex Evolution and Wake Vortex Enctem
Wake Vortex ENcounter Detection Algorithm
WAKke Vortex Induced Risk assessment
Wake Vortex

Wake Vortex Behavior Classes

Wake Vortex Encounter
Wake Vortex Vector
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Articles and Conferences

All the work presented in this report has beeniedrout under contract to and/or with key
customers of National Aerospace Laboratory NLR. figseilts have been published and
presented at various conferences in the field @tiawn safety and risk analysis. The customers
have all granted NLR permission to publish the ltes@he details and acknowledgements to
the co-authors of the technical publications arigied in the following. Acknowledgements
for review and feedback are e.g. provided in thaipations listed below and in reference 117.

Section 2 has been carried out under contractedagdy the Civil Aviation Authorities the
Netherlands over the period 1995 — 1997. This stuay published by NLR as TP-97183,
entitled"Collision risk related to the usage of paralleinways for landingwith authord..J.P.
Speijker, M.J.H. Couwenberg, H.W. Kleinge[@}. The study was presented by Mr. Speijker at
the International Aviation Safety Conference (IAB@97), Rotterdam, 27 - 29 August 1997.

Section 3 has been carried out under the RASMARraot awarded by the Civil Aviation
Authorities the Netherlands. This study was pulglishy NLR as TP-2000-644, entitl&disk
analysis of simultaneous missed approaches on Bahipnverging runways 19R and 22"
with authord..J.P. Speijker, H.A.P. Blom, G.J. Bakker, A.K.\Walr G.B. van Baren, M.B.
Klompstra, E.A.C. Kruijsef2]. The study was presented by Mr. Speijker at@th
International Conference on Probabilistic Safetggssment and Management (PSAMG6) [8].

Section 4 is based on work carried out under théaRe contract awarded by the European
Commission (EC), contract number G4RD-CT-1999-00098s study was also published by
NLR as TP-2003-248, entitle&-Wake Final Report for Work Package 4, ProbatidiSafety
Assessment’'with author_.J.P. Speijkef10]. Part of the S-Wake study has also been ptede
at the 22° International Congress of Aeronautical Scienc€48 2000), in Harrogate, and the
239 Digital Avionics Systems Conference (DASC 2004t 8ake City, Utah (see [11]).

Section 5 is based on work carried out under th€-AVake contract awarded by the
European Commission (EC), project number IST-2007123. A summary paper has been
published by NLR as TP-2006-465 for the ESREL 2(08he Proceedings dSafety
assessment of ATC-Wake single runway departunai authord..J.P. Speijker, A. Vidal, and
R.M. Cookg56]). ATC-Wake results have been published inJitwernal of Air Traffic Contral

Section 6 results from work carried out as pathefNLR basic research programme, using
an overview of a WV DWA system developed underlitidéake contract for the EC (contract
number G4RD-CT-2002-00778). A summary paper has pablished by NLR as TP-2006-
532, entitled'Safety assessment of a single runway arrival ptace for aircraft equipped with
a WV DWA systemivith authord._.J.P. Speijker, G.B. van Baren, R.M. Cofik#].
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