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Abstract — Headwind conditions on final approach cause a
reduction in the landing rate which impacts not ony the achieved
capacity, but also the predictability of operations time and fuel
efficiency, and the environment (emissions). The gund speed
reduction in headwind conditions results in an incease in the
time spacing between each arrival pair for distancebased
separations. The Time Based Separation (TBS) condeghanges
the separation rules on final approach from distane based to
time based to stabilize the time spacing between raral pairs
across headwind conditions in order to recover théost landing
rate currently experienced. This paper presents th&ey results of
the final research phase of the validation of the BS concept.
This validation has been conducted in the frameworkof the
SESAR Development phase project P6.8.1 Flexible ardlynamic
Use of Wake Turbulence Separations. The work in P8.1 started
in 2010 and is about to be finalized in February 208 achieving
pre-industrial development (V3) maturity level. The project has
developed and assessed both the generic TBS concapd a local
adaptation of the concept to the London Heathrow ograting
environment. The scope of this paper is focused dhe validation
of the concept for London Heathrow airport coveringthe real-
time simulation results and the wake turbulence saty data
analysis results.

Keywords - time based separation, time based spacing, wake
turbulence, LIDAR, SESAR.

l. INTRODUCTION

In today’s operations, aircraft are either separdte wake
turbulence rules or by runway and radar separatisapply
when wake turbulence separations are not requiféase
separations requirements are expressed in termsnef for
take-off clearance and in terms of distance fawals on final
approach.

Existing departure and arrival wake turbulence ssjmns
are considered at times to be over-conservatiteanthey are
fixed regardless of the prevailing meteorologicahditions
impact on the transport and decay of the wake teroe.

A reduction of the aircraft ground speed is obsgnuben
the headwind speed increases (despite the lanthbdisation
speed adjustments). This results in increased separation
for each aircraft pair, a reduction of the landiatg and a lack
of stability of the runway throughput during ariivgerations.
This impacts not only the achieved capacity, b athe
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predictability of operations, time and fuel efficty, and the
environment (emissions).

The impact on predictability for core hubs is parfarly
important at the network level. The service disuptcaused
by the reduction in achieved runway throughput carag to
declared capacity in medium and strong headwinds da
significant impact on the overall network perforroarand is
particularly exacerbated if this occurs on thet fictation of the
day because of the impact on all the other rotattbroughout
the day.

The Time Based Separation (TBS) concept is addigssi
this problem by defining procedures and specifyisgr and
high level system requirements to allow stablevalriunway
throughput in all headwind conditions on final aggueh.

The concept has been extensively evaluated refaret
partially validated by EUROCONTROL (ECTL), NATS amd
the European Commissiorf’ &ramework Program (EC 6FP)
RESET project since 2001. The scope (V1) and lidigi
(V2) validations were successfully conducted ptiothe TBS
concept becoming part of the SESAR Development éhas
P6.8.1 project, which is aiming to achieve pre-sidal
development (V3) maturity by 2013 for transitiortoiriocal
implementation and deployment:

* Model based assessments have been conducted in orde
to quantify the risk of a wake vortex encounter
associated with the use of time based separaéns [

* Model based assessments have been conducted in orde
to quantify the costs and benefits and the return o
investment of the time based separation concefb]3]

(6] [18].

* NATS has developed, evaluated and carried ouglniti
validation of the ATC tools that can provide foaspl
visualization of the time based separation ruletho
final approach and tower runway controllers [7].

 Real time simulations for the TBS concept were
conducted by EUROCONTROL [8] [9], and by the
Swedish ANSP LFV for EC 6FP RESET project [10].



« A detailed TBS concept of operation was produced byine of the final approach controller radar disptad the tower
Eurocontrol in cooperation with NATS in 2008 [11] runway controller air traffic monitor display, astlanging the

[12].

controller separation/spacing procedures to take @&ccount
the use of the separation indicators in supportiveg arrival

* A dedicated wake turbulence LIDAR measuremenl‘de"\,ery on final approach.

campaign was conducted at London Heathrow from
October 2008 to December 2010 at IGE/NGE (in-
near-ground effect) glideslope

ground effect /
elevations.

e« A TBS human-in-the-loop real

conducted by NATS in October 2010 [13].

time simulation
validation with Heathrow approach controllers was
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Figure 1: Example of Separation Indicators on Figbroach

The wake turbulence time based separations have bee

derived from the distance based separations takingaccount

* TBS user group workshops were held in NATS inthe ground speed profile of aircraft on the fingp@ach
2010 and 2011 with Heathrow Approach Controllers gjigesiope in low headwind conditions. A complicatiis the

Tower Runway Controllers, and Airspace Users, tQgjyersity of airspeed profiles flown on final appah, both the

address the issues and recommendations from tqﬁ

ocedural airspeed profiles prior to landing spstedilization,

ECTL, NATS and RESET validation activities and 10 anq the airspeed profiles employed during landtagikization

further develop and refine the TBS concept.

II.  TBSCONCEPT DESCRIPTION

A. Generic Concept

The objective of time based separation is to imerthe
landing rate resilience to headwind conditions adnalf
approach through recovering the lost landing rateeatly
experienced when applying distance based sepasafitis is
to be achieved by stabilizing the delivered timeacépgs
between aircraft on final approach across headwamtlitions
[14].

The time spacing impact of headwind conditions whe

applying distance based separations is significaable 1

shows the increase in the time spacings for thante based
separations when compared to the reference landiegfor a

160kn ground speed in low headwind conditions.

Table 1: Time Spacing Impact of Headwind Conditions

Mean Time Spacing
Headwind Impact
15kn 6.7 %
25kn 143 %
35kn 231 %

A procedural airspeed of steady 160kn indicatedpaied
(IAS) is applied to 4ADME (4Nm from the runway langi
threshold) on final approach at Heathrow. For thdegree
glideslope and the runway surface elevation of 8t
Heathrow, this is at glideslope altitudes of 14GafdDME to
3,300ft at 10DME, where headwind conditions of 15ki25kn
occur frequently. In low headwind condition whehe typical
landing rate for the Heathrow traffic mix is arou#d aircraft
an hour, the increase in time spacing in a 20kro\wie
reduces the landing rate by up to 4 aircraft arr.hou

The TBS Concept involves changing the separatitas on
final approach from distance based separationsrme based
separations. There is a need to facilitate deliteryme based
separation constraints by the final approach andeto
controllers.  This is achieved through the provisiof
separation indicators displayed on the extendediayircenter-

in relation to the aircraft type, landing weightlasther factors.
These result in a multiplicity of time spacingsasated with
each distance based separation in the low heacdwinditions.

To manage this complication a reference airspeefileis
used to establish the reference time based sep@at low
headwind conditions. This reference airspeed mradilapplied
to the prevailing glideslope wind conditions to ctdéte the
TBS distance to be displayed by the separatiorcatdi. The
actual airspeed profile of the follower aircraftden TBS will
still vary, but only in the same way that it vari@sder DBS
today. Therefore, the variation in time spacingemrBS will
rfe no different to that under DBS in low wind cdiatis, and

or TBS this time spacing for a particular airspeedfile is
stabilized across headwind conditions. In this tydiversity
of airspeed profiles employed on final approach
accommodated without the need to explicitly take account
the airspeed profile intent of the aircraft.

The TBS distance is to be applied from the followiecraft
merging on to final approach until the lead aircrabsses the
runway landing threshold in the same way as fdadie based
separation.

The low headwind conditions proposed is a minimum
5kn in order to provide additional spacing in tbe| still and
tail wind conditions in which pilot reported wakerlbulence
encounters are most prevalent for distance bagedaeons.

The reference airspeed profile is to be represeatat the
local airspeed procedures of the aerodrome. Forgémeric
concept a reference landing stabilization airspEeib0kn 1AS
is proposed. The impact of the runway elevation glittkslope
angle on the true airspeed profile and resultirguigd speed
profile is to be taken into account when estahtighthe
reference time based separations.

Generic reference time separations have been issizdhl
by applying the wake turbulence distance basedratpas for
the ICAO wake categories, applied to the runwayditzgn
threshold. These are for a 5kn headwind on theegllighe over
the spacing to the runway landing threshold. Thisfar a
reference airspeed profile of 170kn IAS to 6 DMé&gucing to
150kn IAS by 5 DME, and flying steady landing skaliion
airspeed of 150kn IAS to the runway landing thrédtom a 3
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degree glideslope and an 80ft runway elevation. dpacing
minimum pairs, 60s is proposed to provide sufficiiime for
the runway occupancy time of the lead aircraft.

Table 2: Generic Reference Time Based Separations

The TBS distance is calculated taking into accotinet
ground speed effect of the prevailing wind condisimn the
final approach glideslope over the spacing to 4DMi&e
reference airspeed profile of steady 160kn IAS éherspacing
to 4DME is applied for the applicable referenceditmased

Follower separation for the lead and follower aircraft wakebulence
Heavy : : categories. The headwind impact on the resulting dB&tance
A380 Vore i Medium Light is presented in Table 4 for selected time basearatpns.
ore than
Leader 5601 136T /T10136T | 7T orless Table 4: Wind Conditions Impact on TBS Distance
A380 60s 145s 167s 189s Mean Mean
Heavy 605 98s 122s 145s Headwind Gsfgggg 90s 113s 1355
Medium 60s 60s 60s 122s 5kn 160kn 4.0Nm 5.0Nm 6.0Nm
Light 60s 60s 60s 60s 15kn 150kn 3.8Nm 47Nm 5.6Nm
B. Heathrow Concept 25kn 140kn 3.5Nm 4.4Nm 5.3Nm

Heathrow reference wake turbulence time based stmas
have been established by applying the UK distanased
separations for the UK wake categories, applieddDME
under the local Heathrow procedures. These ara fioean 5kn
to 7kn headwind on the glideslope over the spatrgDME,
such that the ground speed equates to the indicatepeed
when applying the Heathrow procedural airspeedilprof a
steady 160kn IAS over the distance based sepasation
ADME. This equates to a 22.5s per Nm conversioth@fUK
distance based separations and is applied to the vategory
pairs requiring wake separation. For spacing minmnpairs,
60s is proposed to be applied over the spacingDt@lE2 for
providing sufficient time for the runway occuparafythe lead
aircraft and the provision of sufficient time folearance to
land to the follower aircraft. The 60s time spaciag spacing
minimum pairs is applied in the context of the 20@RNm
minimum radar separation or spacing minimum procesju
where the separation indicator distance displayedthe
controllers is required to not be less than theinmim radar
separation or spacing minimum.

Table 3: Heathrow Reference Time Based Separations

Follower
Heavy Upper Lower .
A380 More Medium Medium Small | Light
560T | than | 104Tto | 40Tto | 17710 HITOr
Leader 162T 162T 104T
Agf)o 90s* | 135s 158s 158s 1584 180
Heavy %
(HH) 90s 90s 113s 113s 1359 158
Upper
Medium 60s 60s 68s 90s 90s 135
(Um)
Lower
Medium 60s 60s 60s 60s 68s 113
(LM)
small | 605 | 60s 60s 60s 68s| 90
(SS) )
Light
(LL) 60s 60s 60s 60s 60s 609

90s* for runway occupancy time of lead aircratft.

The TBS distance is the same as the distance based
separation in light headwind conditions, it is laksn the
distance based separation in strong headwind d¢onsliand it
is more than the distance based separation in tajiwind
conditions.

The separation indicator is required to first beptiiyed to
the final approach controller before the turn owmisien that
sets up the initial spacing on merging on to feggproach, and
is then required to support the refinement of ecsg set up,
and to support the monitoring of the appropriatenes the
spacing until the lead aircraft crosses the runvanding
threshold.

The separation indicator is required to first beptiiyed to
the tower runway controller when both the lead &itbwer
aircraft have established on final approach, ancdsired to
support the monitoring of the appropriateness ef spacing
until the lead aircraft crosses the runway landimgshold.

To support the parallel dependent runway operatioins
Heathrow, chevron shaped not-in-trail separatiodicators
have been developed to provide clear distinctiamfrthe
straight line in-trail separation indicators.

The separation indicator represents the time based
separation on the controller radar display. Thalfapproach
controller is responsible for efficiently delivegirto the radar
separation using the separation indicator as tferemce for
the separation to be applied from the followerraifttmerging
on to final approach until the lead aircraft crastiee runway
landing threshold. The follower aircraft is to lented on in the
zone behind the separation indicator with suffitiadditional
spacing for the distance spacing compression eggeict be
experienced in the prevailing glideslope wind ctinds for the
anticipated airspeed profiles of both the leadraftcand the
follower aircraft.

Ideally, sufficient spacing is set up by the firsgdproach
controller such that there is no need for furtheervention
action. In the event of unanticipated compressioa final
approach controller and the tower runway controlée
required to take active steps to preserve the atparand to
recover separation when infringed. System suppart be
provided for monitoring and alerting for aircrafinploying



abnormal airspeed profiles on final approach, arud
monitoring and alerting for infringement scenarfosm the
distance spacing compression caused by lead ainertdf a
slower than anticipated airspeed profile, or frooilofver
aircraft with a faster than anticipated airspeedfiler.

On first call to Approach ATC, the pilot is requirdo
confirm the aircraft type of the aircraft and toowde
notification of approach speed non-conformancesnagahe
procedural airspeed profile published in the AlRotB of
airline operators that regularly use Heathrow aptionally
provide notification of the intent to employ an atmally slow
or an abnormally fast landing stabilization spegdfile for the
aircraft type (e.g. from landing light or landingdvy).

TBS awareness briefings are to be provided tonairli
operators and pilots. Pilots are to be informedt thBS
procedures apply at a destination airport at thedaparture
briefing and when entering the destination airpairspace
through the airport air traffic information servicdBS
procedures are to be incorporated into the top edcent
briefing.

The wake turbulence time based separations areeto
applied in the context of all the other separatim spacing
constraints on final approach. These include thairim
radar separation constraints, the runway spacingt@nts
appropriate for the runway visual conditions, thenway
spacing constraints appropriate for the runwayaserforaking
conditions and exit taxiway serviceability, the smeo specific
spacing requirements such as for a runway inspecofor
accommodating conflicting or crossing traffic, arttie
interlaced departure gap spacing for
operations. The separation indicator is requiredchearly
represent the maximum separation or spacing camstmabe
applied between the arrival pair.

The tower supervisor in coordination with the amoto
supervisor, or the tower runway controller in canation with
the final approach controller, are responsiblecftanges to the
runways-in-use, changes to the runway modes, aadgels to
the separation and spacing constraints that angreeqto be
applied on each runway-in-use. This informationeiguired to
be provided electronically to the TBS tool.

The arrival sequence order, and the aircraft lapdimway
intent indicating which aircraft are to land on tHeparture
runway for parallel dependent runway operations,
coordinated by the approach supervisor and thenmagiate
approach controllers and reflected in the AMAN same.
This information is required by the TBS tool togathvith the
incorporation of late changes to the arrival seqaeorder or
the aircraft landing runway intent.

Missed approaches and late runway switches aréreeldio
be automatically tracked in order to support theety removal
and updating of the associated separation indgatdissed
approach aircraft are required to be re-insertéal time arrival
seguence.

Scenario specific spacing may be initiated throtmler
procedures or approach procedures depending omptefic
scenario and coordinated across tower and appro
operations. The scenario specific spacing is reduio be

f provided electronically to the TBS tool. This algaplies to the
departure gap spacing for interlaced mode opemation

Any discrepancy between the pilot reported aitdsgfe on
first call to Approach ATC and the aircraft type the flight
progress strip is required to be corrected.

A glideslope wind conditions service is requirectovide
the glideslope wind profile to the TBS tool.

The degraded mode procedure in the event of asitipe
wind conditions service failure is for new sepamatindicators
to be displayed with the current day distance baspdrations.

The degraded mode procedure in the event thatrthala
sequence is not of the required integrity is totawioff the
separation indicators and revert to current datadee based
separations.

The degraded mode procedure in the event of thdesud
loss of separation indicators is to continue withe t
separation/spacing set up on final approach pravtte final
approach controller and tower runway controller sider it
safe to continue, and to switch off the separatidicators and
evert to current day distance based separations.

A. Thekey validation objectives towards V3 maturity level

As already described in Introduction, the concegfinition
and feasibility phases have already taken place£2001. The
key validation areas necessary to reach the V3rihatevel in
SESAR Development phase (2010-2013 for TBS) hawn be

VALIDATION TOWARDS V3 MATURITY IN SESAR

interlaced emoddefined as follows [15]:

Definition of the time based separations correspund
to the current ICAO distance based wake turbulence
radar separations;

Validation of the defined time based separationgeas
the application of the E-OCVM and the resulting TBS
validation strategy and plan and anticipated assedi
validation priorities below;

Assessment of the change in the wake vortex eneount
hazard risk associated with the reduction of the
distance spacing resulting from applying the pre-
specified fixed time based separations under tile fu
range of headwind conditions that are experienoed i
operations;

Assessment of the spatial headwind stability altrey
glide path and the impact that this has on theadcst
spacing resulting from applying the pre-specifieed
time based separations;

Assessment of the potential benefits of employiB& T
for various airports considering the distributidrtteeir
wind conditions throughout the year;

Definition of the HMI and ATM component
requirements and operational procedures enabliag th
air traffic controllers to apply time based separs;

Assessment and refinement of the HMI and ATM
component requirements and operational procedures

ach



enabling the air traffic controllers to apply tirhased
separations;

« Definition of the operational, functional and aliglom
requirements of the TBS tool support;

being alternated between DBS and TBS to mitigatg an
influence of running one method before the other.

Nine different traffic samples were used during the
validation exercise, six westerly and three eastedmples.
These traffic samples were combined with fourtedfergnt

*+ Assessment of the operational, including functionalying profile scenarios ranging from light wind cdtighs to

and algorithm requirements of the TBS tool support;

e Validation that actual delivery to the TBS minim& i

extremely challenging wind conditions, includingabde/inds,
tailwinds, crosswinds, and changing winds on fiagproach.

safe with respect to the wake turbulence encountef,N€ Spacing minimum (2.5Nm or 3Nm) for each winergrio

mid-air collision, runway collision, runway acciden

was agreed with an operational Heathrow tower rynwa

and the spacing related missed approach ATC toweontroller prior to the start of the validation eoise.

collision hazard. This should take into accourg th

variability in aircraft landing stabilization spexd

Nineteen specific scenario exercise runs were ogheq)
which included seven exercise runs with a Heathtower

prevailing wind conditions, spatial wind stability, rynway controller. The scenarios included the foifay;
controller performance and pilot performance on allextreme catch up, pull away, crosswind and lighthdwi

points on the final approach path;

conditions, aircraft speed non-conformances, 3Nracisg

« Validation that the proposed tool support for theMinimum, controller handovers, arrivals landingtbe parallel

approach controllers and for the tower
controllers operating in all conditions has an ptalsle
impact on task performance and safety; and

« Validation that the procedural changes for the aagin
controllers and for the tower runway controllersd an
aircrew operating in all conditions have an acdepta
impact on task performance and safety.

B. Validation exercises

In order to cover the key validation areas, fourirma

validation exercises have been defined:

¢ Real-time simulation — Approach controllers

* Real-time simulation — Tower controllers

e Wake turbulence assessment
collection campaign and LIDAR data analysis

runway

via LIDAR datam

departure runway, runway inspections, blocked ryswa
missed approaches, aircraft emergencies, incoraedval
sequences and separation indicator failures.

A total of ten Swanwick Heathrow approach contrsliand
one Heathrow tower controller were involved in tradidation
exercise simulations. Overall the exercise had @ gumber
and a good mix of controllers and operational expee to
assess TBS.

Aircraft landing rates were consistently increagétth TBS
for all eleven matched runs, for the traffic sarspéd wind
conditions simulated; up to 5 additional aircradt nour were
landed with TBS compared to DBS, with a mean of
additional aircraft per hour. Note that mean afeflects the
range of wind conditions simulated but not theriistion of
winds that are typically experienced at Heathrowhe T
easured improvement in the landing rate is sieift
significant.

e Safety assessment and human performance assessme ~*

These aspects of TBS validation are not covered il

detail by this paper but are the subject of widsrailed
assessment within the SESAR P6.8.1 project.

V.

A. Heathrow Approach Validation Exercise

The thirteen day Time Based Separation (TBS) Heuathr
Approach validation exercise was run fronf"Bebruary 2012

REAL TIME SIMULATIONS — APPROACH& TOWER

to 5" March 2012 on the Swanwick approach real-time

simulator at NATS CTC. The measured positions weéral
Approach Controller, Intermediate Approach ConéndINorth
and South and the Tower Runway Controller when rednn
[16].

A total of fifty one simulation exercise runs were

completed, of which six were for training. Thirteerercise
runs were DBS as baselines for the matched TBRisreauns;
the remaining thirty eight exercise runs, includsgenarios,
were using TBS. Matched runs were pairs of exertise with
the same wind conditions and same controllers & same
measured positions, conducted with DBS for refezeand
TBS for direct comparison; the first exercise runtlee pair

Landing Rate - all matched runs

50

48 I

46 ]

44 A

alc per hour passing4DME

40

DBS TBS

Figure 2: Aircraft Landing Rates - Passing 4DME

Separation accuracy for Wake pairs at 4ADME shoalear
and statistically significant improvement with TBS8pugh for
Spacing Minimum pairs the accuracy was the samBES.
Overall TBS performed generally better than DBS.

The percentage of under-separation with TBS waostim
half that compared to DBS.



Holding times and Stack entry to touchdown timesewe
reduced with TBS compared to DBS. The mean redudtio
holding times with TBS was 0.9 minutes, with a nnaxim
reduction of 9.4 minutes. The mean reduction aclsentry to
touchdown times with TBS was 1.4 minutes, with aimam
reduction of 9.3 minutes. Note that these regéltects the
range of wind conditions simulated but not theriistion of
winds that are typically experienced at Heathrawe trend of
the graph in Fig. 4 can be seen to move toward®Bte axis,
indicating earlier touchdown times with TBS.
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Figure 3: Aircraft Landing Times - TBS comparedhmiBS

There was no difference in controller workloadshwitBS
compared with DBS. There was a very slight incraase/T
usage, but this appears linked to the higher dir¢aading
rates.

Situation Awareness for the final approach corgrolas
slightly reduced with TBS, though this reduction swaot
statistically significant at the 95% significancevél. The
reduction was evident through a change of focue tireé TBS
indicators and away from the flight strips resigtim less
awareness of aircraft types, wake vortex categaaied the
relative position of the lead aircraft.
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Figure 4: Situation Awareness (SA) - Matched ExardéRuns

The findings from the Heathrow Approach Validation
Exercise show that the TBS concept is viable asllsited for
Heathrow Approach and could deliver significant féa in
terms of higher aircraft landing rates in strongend
conditions along with reduced holding and apprdanks.

B. Heathrow Tower Validation Exercise

The seven day TBS Heathrow Tower validation exercis
was conducted on the Heathrow Airport Tower 36@fusator
at NATS Heathrow House, London betweeff Itly 2012 and
24" July 2012. The measured position was the TowemRyn
Controller [16].

A total of thirty one exercise runs were completEdjht
exercise runs were DBS as baselines for the maftB&druns;
the remaining fifteen exercise runs, including scenruns,
were using TBS. Matched runs were pairs of exerose
derived from the same traffic samples with the samied
conditions from the Heathrow Approach ValidationeEoise,
run with DBS for reference and TBS for direct conigin; the
first run of the pair being alternated between D TBS to
mitigate any influence of running one method betbeeother.

Eight matched runs were planned along with a sesfes
scenario runs. During the seven days of the simonlat total of
twelve controllers took part which was a good numaed
good mix of controllers with extensive operatiopaperience
to assess TBS.

On each day two controllers took part, alternabegveen
controlling on the single measured position, antihgcas an
expert observer, for each run. Nine specific sdienans were

Several TBS tool issues were observed during th€ompleted, covering the following scenarios; TBSlidator

simulation that adversely affected the usabilityhef prototype
tool along with user confidence and trust. Theseeweainly

associated with the indicator support for airctafiding on the
departure runway where the requirement for theraih-t
separation and spacing requirements to be condi@sragside
the not-in-trail separation requirements was ngiémented in
the prototype, and where the new requirement fppsting

the provision for a departure gaps between arriadding on

the departure runway was raised.

failure, runway closure, aircraft landing on thepaeure
runway, runway inspection, reduced visibility, aweke-only
indicators.

The higher aircraft landing rates as delivered fve t
Heathrow Approach Validation Exercise with TBS were
handled easily by the Tower controller. There was
statistically significant difference in separati@tcuracy at
runway threshold between DBS and TBS.

There were no statistically significant differencés
controller workload with TBS compared to DBS: alens
found to be acceptable. Situation Awareness regdahigh



and comfortably above the acceptable limit atiedes, there and 3 times per hour in order to measure headwind
were no statistically significant differences betweTBS component) and crosswind (named “in-plane wind”);

compared to DBS. .
* Anemometer data: given by the runway anemometer

There were no statistically significant differendetween whose purpose is to determine the surface wind at
the clearance to land margins (of 15 seconds @),ldke Heathrow. Headwind and crosswind components are
number of go-around instructions, the number of evaertex available every minute as two-minute mean wind; and

advisories, or the number of expedited runway veoat

requests issued between DBS and TBS.  METAR data: of the weather conditions over the

previous 30 minutes reported at 20 minutes and 50
The Tower runway controllers indicated that thewldo minutes past the hour.
accommodate the TBS indictors into their scanptfesence of
the TBS indicators reduced the need to obtain aldegs
information on aircraft types and wake turbulene¢egories
from the electronic flight progress strips. Thisaebe of scan
indicates that the TBS tool needs to perform wittighh degree
of accuracy and reliability because of the highelgwof trust

Following detailed data cleaning, the LIDAR dataneént of
the database contains 104,201 tracks (56,779 far &w
47,422 for 27R), where each LIDAR track can containto
two vortex tracks (positive and negative). Theakdown by
UK WT category pairs is shown in Table 5.

placed on the correct calculation and display of BS Table 5: LIDAR Tracks by UK WT Category Pair
indicators.
o . . . Follower
The findings of the Heathrow Tower Validation Exsec
show that the TBS concept is viable as simulatedifsathrow - HH UM LM SS LL
Tower and could deliver significant benefits innterof higher JJ 11 316 9 360 9 2
aircraft landing rates in stronger wind conditions. HH 321 | 24159 506 20528 230 a1
V. WAKE TURBULENCERISK ASSESSMENT B UM 22 2289 243 1588 80 4
Wake turbulence at Heathrow was measured using a§ LM 163 | 10231 | 2122| 37685 2333 245
Lockheed Martin WindTracer® LIDAR. By scanningarplan
perpendicular to the approach path and measurirg th ss | 1 ” 25 220 13 4
movement of particles in the air the LIDAR estinsatihe LL 0 1 0 2 1 1
circulation strength and location of wake vortigenerated by
aircraft. VI. LIDAR DATA ANALYSIS
The Heathrow IGE/NGE measurement campaign stanted i In order to support the TBS safety assessment alysis

October 2008 and ended in December 2010. The LIBn&R  of the collected LIDAR data has been undertakenhis T
installed at London Heathrow Airport, at about 1200om the  analysis focuses on the IGE/NGE LIDAR data and &m
runway threshold (see Fig 5). It was set up to smaiving understand how the likelihood of vortex persistenci

aircraft on both runways 27L and 27R. change under a TBS separation regime [17].
B '_J_é_ﬁ_um-mm-;ﬂ'.sws..;— = ;. B e The primary metric for the LIDAR data analysis let
1 [_; L S el s e T probability of vortex persistence, for a given uiation
£ % ~ Efq strength or greater, after a defined time periothens the
!vafrse;=.531._em : vortex circulation strength is measured in metepsased per
e Ve second (rfis), and the time period reflects the time spabimg
5> Sottest ok v e K _the modeled aircraft pair at the LIDAR scan pla_h'dajs r_netric
~TLEN PR is expressed as a Complimentary Cumulative Didiohu

(ECR ) > .
- g Function (CCDF), an example of which is given ig.H.

It is accepted that although the LIDAR data mayegan
estimate of the vortex strength, this data canmovige an

17‘ ‘.m : ~

e £ R absolute answer as to the severity of an encouhttrmay

i @'*’t"*”“‘ . occur. Therefore, comparative analysis is usednake a

X ia 7 Ao : relative assessment of the probability of persistirortex

Figure 5: Heathrow IGE/NGE LIDAR Location strength, i.e. vortex strength CCDFs, under currelay

. operations (DBS) against those from a TBS separadgime.

The following data have been collected: This assessment is performed by addressing thewfioky
«  Aircraft data: time of the aircraft passing througje ~ duestions:

scanning plane, aircraft type and WV category; etc. « Is the probability of persisting vortex strength,

considering “all wind conditions”, under a TBS
separation regime no more than 5 percentage points
greater than today, i.e. current DBS operations?

« LIDAR data: concerns WV data (position of port and
starboard vortices at each time of the track, Gtan,
time age of the WV, etc.) as well as wind datahbot
headwind (LIDAR makes a ~90° rotation between 1



« Is the probability of persisting vortex strength“amny

represent the TBS system. That is, rather tharesepting a

wind condition” under a TBS separation regime nofixed time spacing between aircraft, the Pairwisethrad

greater than today under “low wind conditions”,nar
greater than today in the same wind conditions?

e Is the probability of persisting vortex strength“any

wind conditions” under a TBS separation regime with

separation infringement no greater than today aith

determines the actual time spacing that would obased on
the calculated TBS distance and the follower aftera
divergence from the TBS reference airspeed profile.

Finally, in order to address the various wind ctinds, the
LIDAR data is associated with anemometer data cagtfirom

equivalent separation infringement under “low windeach of the four Heathrow runways over the same period.

conditions”, or no greater than today in the sanrew
conditions?

In each case, a TBS scenario is compared to a B&ibhe
(reflecting “today”). The LIDAR data analysis makeo
assumption as to how controllers may actually @eliv

This data provides, the wind speed and directiomgratnd
level, as a two minute average reporting every tainu

For certain pairs the number of observations widtidv
LIDAR tracks is insufficient for persistence probeyp
calculations to be made. Fig. 6 summarizes thes pladt could

separations, therefore both the DBS baselines aB& T (green) and could not (red) be analyzed.

scenarios assume that minimum separations areedpplihat
is, the assessment is made at exactly the defiapdration
minima for the separation regime being modeled.
addressing the above questions the following assangphave
been made:

« “All wind conditions” considers all vortex tracks
measured by the LIDAR, irrespective of the assediat
wind conditions.

e “Low wind conditions” is assumed to be where the
total wind speed associated with the vortex track i
between Okn and 5kn, and represents reasonable wors

case conditions with regards to vortex persistence.

« “Any wind conditions” focuses on analyzing tracks i

2kn pure headwind bands; pure headwind bein

defined as when the crosswind is less than 2kn.

In conducting the LIDAR data analysis two methodséh
been employed. The Eurocontrol (ECTL) method sskbe
the generic case, using default ICAO separatiommegy and
then goes on to examine four major European aspbyt
applying local traffic mixes and local wind profile The ECTL
method applies a technique to extrapolate vorseks in order
to maximize data usage, as defined in detail in IDRAT
paper [1].

The local London Heathrow analysis considers UKcEjoe
aircraft wake turbulence (WT) categories and tlassociated
separation rules. This analysis also thereforesidered a
Heathrow specific interpretation of the TBS separategime.
In addition, the local Heathrow analysis considdte
separation between an arrival pair being delivetetbME.

The NATS Pairwise method is an innovative approch
LIDAR data analysis in that only observed arriviatiaft pairs
on approach to Heathrow during the IGE/NGE LIDARada
collection campaign are considered, i.e. ther@isampling of
LIDAR tracks for any other follower. For a giveeparation
regime, e.g. DBS and TBS, the time spacing at tBAR scan
plane is calculated using associated detailed rddtx. Any
observed catch-up or pull-away between aircraferathe
separation delivery point (4DME) and the LIDAR sqalane
(~0.5DME) is therefore maintained.

In addition, given the availability of associatedtailled
radar data, for TBS scenarios the Pairwise methot 40

In

Follower

Leader

Figure 6: Wake Turbulence category pairs that cégriden) and could not
(red) be analyzed

Under current DBS rules, the time spacing betweenads
increases as headwind speed increases. The stramge
peed both enhances the natural decay of the e®srdnd
ncreases the likelihood of the vortices beingspated out of
the path of the follower aircraft. As the TBS ceptaims to
achieve consistent time spacing between aircnaiftspective
of the wind conditions, the first key result is tmderstand
whether the probability of persisting vortex strdnghanges as
wind speed increases.

Fig. 7 shows that under a TBS separation regimeemte
time spacing remains constant, the probability efsfsting
vortex strength still decreases as the wind speeteases.
Therefore, the reduction in time spacing under TB®s in
moderate to strong wind conditions is outweighed thg
increase in decay and transportation of vorticethase wind
conditions. It can therefore be concluded thatearstrong
wind conditions TBS rules still reduce the probi&pilof
persisting vortex strength compared to low winddithons.

Prabability of Vortex Peraiatence At Follower Time

[ ——wiBEVEEN ) AND T WSBETWEEN I AND! _ ——VISBETAEEN § AND§  —— WS BETNEEN § AND§  ——WS BETWEER £ AND 10 ——Ws 510

Probanlity ef Vertax Perststonce

Figure 7: Example of probability of persisting ttstrength as wind speed
increases under TBS rules (WS = wind speed in knots



Fig. 8, Fig. 9, and Fig. 10 provide examples ofltssin
response to the three key questions (as definedrepbo
addressed by the LIDAR data analysis. Fig. 8 shaws
example comparison where for all vortex circulatgrength
thresholds the probability of persisting vortexeagith under
TBS rules in all winds (red dashed line) is no mtran 5
percentage points greater than under DBS ruledl iwiads
(solid blue line). In this case, the maximum meeguncrease
is 2.3 percentage points, with the maximum measunaease
across all analyzed pairs and all strength threshbeing 3.9
percentage points.

——ALL-MInDBS NATSat4  -+4--ALL-Min TBS NATS at4 |

. Probabllity of Vortex Persistence
/
i
q
i
q
i
g

o
5
2

>=100 >=150 >=250

Vortex Strength (m2/s)

>=300

Figure 8: Example of TBS versus DBS all winds

Fig. 9 shows an example of the comparison of 2kre pu
headwind bands under TBS rules versus DBS undemliog
conditions (total wind between Okn and 5kn). Thessults
show that for the lower pure headwind bands théaliity of
persisting vortex strength under TBS is greaten ttie DBS
low winds baseline.

Probability of Vortex Persistence At Follower Time

~+--HW BETWEEN 0 AND 2 CW <2
--+--HW BETWEEN 6 AND 8 CW <2
= =--HW >12 CW <2 - Min TBS NATS at4

HW <0 CW <2
----HW BETWEEN 4 AND 6 CW <2
- - -HW BETWEEN 10 AND 12 CW <2

——WS BETWEEN 0 AND 5
~-+--HW BETWEEN 2 AND 4 CW <2
-+~ -HW BETWEEN 8 AND 10 CW <2

moderate and therefore from a qualitative perspecthe
assessment criteria are still met.

0.01 -

y of Vertex Persistence

Probabilit
&
&

>=400 >=450

>=150 >=200 >=z50

Figure 10: Example TBS 4-6kn pure headwind versBS B-6kn pure
headwind

A summary of the pure headwind results for all WT
category pairs analyzed is provided in Fig. 11. atidition,
when analyzing the separation infringement casggN(@ and
1INm) for the same WT category pairs the same dveral
conclusions are reached. This analysis process alss
conducted for pure crosswind conditions (headwintdtéd to
Bkn) and examining total wind bands, and the same
conclusions reached. Therefore, at the level didation
maturity being assessed it is considered that afetyscriteria
are satisfied.

Comgaris on to DBS Minima
4-Gkn 6-8kn 8-10kn

=0kn 10-12kn | =12kn
Pass
Pass
Pass
Pass
Pass

Pass

0-2kn 2-4kn

Pass

WT Category Pair
JJ-HH
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HH-JJ

HH-HH
HE-UM
HH-LM
HH-S&
UkA-UKA
UM-LM
UN-SS

Pass
Pass
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Pass

Pass
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Pass
Pass
Pass
Pass

Pass
Pass
Pass
Pass
Pass
Pass
Pass

Pass Pass Pass Pass

Pass
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Pass Pass
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Pass Pass Pass

Pass
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01

0.01

Probabllity of Vortex Persistence

0.001
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Vortex Strength (m2/s)
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Figure 9: Example TBS pure headwind versus DBSwvands

Fig. 10 shows example results for 4-6kn pure headywi
comparing TBS versus DBS in the same wind conditig.
10 also illustrates how 95% confidence intervatga@ed areas)
around the CCDFs are used in the analysis to atcdaun
statistical variation in the results, in particular the small data
sets. The TBS probabilities are only deemed tetatstically
greater than the DBS probabilities where the cemfoe
intervals do not overlap.

There is a single instance only where the assedsritaria
are not met from a purely quantitative perspectiveat is for
UK Heavy-Heavy pairs in 4-6kn pure headwind, whére
persisting circulation strength is less than 186mFor Heavy
followers, circulation strengths below 208m are deemed

LM-S8 Pass Pass Pass Pass Pass Pass Pass Pass

Figure 11: Summary results for analysis of puredinéad bands

The Pairwise method makes a number of assumpt®oites a
how both TBS and DBS separation regimes are modeled
Therefore detailed sensitivity analysis has alssnhendertaken
to assess whether these assumptions impact orlBA€RLdata
analysis conclusions. In each case the analysiseps was
repeated, i.e. the key questions were addressedjnanach
case the same results were achieved.

For example, the Pairwise method defines vortex
persistence as vortices measured as present witliém of
the centerline at the LIDAR scan plane (for the ISGE
location). Sensitivity analysis conducted by b&tATS and
ECTL has shown that, although the absolute resiitmge,
varying the width of the corridor does not chande t
comparative analysis conclusions.

The Pairwise method also assumes that any vortex
observation is valid for up to 15 seconds aftemhservation
time (for both DBS and TBS scenarios), unless wqatily a
more recent observation. Again, although varyhey\talue of
this parameter changes the absolute results it Woeshange
the comparative analysis conclusions.



In conclusion, the LIDAR data analysis for the loca

Heathrow case, using the NATS Pairwise method,shasvn

that:

The

Validation Exercises and the Heathrow and GenelBAR
Data Analyses have been used to provide evidergieasighe

issues

Performance Assessment, the Business Benefit Arsessand

(1]
The probability of persisting vortex strength ihvaind 21
under TBS is not more than 5 percentage pointdeyrea

than under DBS in all winds; (3]

In moderate and strong wind conditions the proligbil
of persisting vortex strength under TBS is Iessntha[4]
measured in low wind conditions under DBS.

In low wind conditions, the probability of persiggi (5]
vortex strength under TBS is not statistically ¢geea
than under DBS in the same wind conditions; [6]

The same conclusions can be reached when a
separation infringement of 0.5Nm and 1Nm is appliedm
equally to the TBS scenarios and DBS baselines;

Under strong wind conditions TBS rules still pravid (8

lower probability of persisting vortex strength 9

compared to low wind conditions. o
VII. CONCLUSION [10]

results of the Heathrow Approach and Tower

being addressed in the Safety Assessmeniuman

the Environment Assessment.

(11]
[12]
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