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1. Introduction

On airports, runway is the limiting factor fdret overall throughput, and more especially thedfik@AO wake turbulence
separation minima, that are over conservative ag tto not take into account wind conditions. Theaeardous flows
usually dissipate quickly because of decay dudrttuebulence or transport by cross-wind. Howewkre to safety reasons,
most airports assume a worst-case scenario anadarservative separations, which means the intdrgdheen aircraft
taking off or landing often amounts to several réisu However, with the aid of accurate wind data gmecise
measurements of wake vortex by Radar sensors, efficent intervals can be set, particularly whesather conditions are
stable. Depending on traffic volume, these adjustmean generate capacity gains, which have majmnercial benefits.
This paper will present European SESAR P12.2.2eptdjhat develops a verified wake turbulence sysdepording to
related operational concept improvements in oraderpunctually or permanently, reduce landing angadere wake
turbulence separations and, therefore, to incré@seunway throughput in such a way that it saéddgorbs arrival demand
peaks and reduces departure delays. This globatig will be achieved by means of Radar sensodgliver in real time
position and strength of the wake vortices andsgesas wind conditions including ambient air turboéeby EDR. This paper
will present the Radar component of sensors tdampaign, performed at CDG Airport in Spring 20gfviding results of
statistical analyses of two UHF wind Profilers Radand one X-band Wake-Vortex Monitoring Radar dagfiection,
respectively benchmarked with Sodar/Lidar Profilexd 3D Wake-Vortex Monitoring Lidar. The main rdsulvere
convincing in terms of wake vortex detection. Mobtvake vortices were detected in both criticalagreResults show that
Radar and Lidar are complementary depending onheeabnditions: X-band Radar performances are @ptimder rainy
conditions when Lidar performances are optimalny air. For wind, the overall availability of UHF Md Profiler Radars
data as a function of the height above the surfatde presented (the percentage of the time bk ctivity was sufficient
to make a measurement and that the atmosphere uffagestly homogeneous and stable). The statibtamamparison
between 2 UHF profilers (and with Sodar/Lidar Fes§) will be based on histograms of interpolatathdavailability, wind
velocity and direction profiles in specific perigdslculation of bias, standard deviation and dati@n for wind velocity
and direction by altitude. Using combinations ohs®s, models and real measurements, and thanksnte improved
sensors already planned within the project (X-barstanning radar), it should be possible to regarational needs for the
Wake-Vortex Advisory system.

2. Rational for wake-vortex hazards mitigation on Airport

Wake vortices are a natural by-product of liéngrated by aircraft and can be considered as twiadmtal tornados
trailing after the aircraft, and their encountethie main cause of loss of control by Pilots. Alitig aircraft exposed to the
wake vortex turbulence of a lead aircraft can elgmee an induced roll moment/bank angle that issastly corrected by the
pilot or the autopilot. Most recent accidents eferenced in: November 12, 2001 - AA Flight 58@stred shortly after
takeoff from John F. Kennedy Airport, due to piator in the presence of wake-turbulence from aiidp&47; November 4,
2008 - Mexican Government LearJet 45 with Secretdthe Interior, flying behind a Boeing 767-30fdaabove a heavy
helicopter, crashed before turning for final apgtoat Mexico City Airport.

reasons for loss of control
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Fig. 1 (at left) Statistics for loss of control s, (at right) Occurrence/severity of Wake-Voeegounters
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To characterize Critical Area of Wake-Vortex Banter, we can use results of NATS enquiry thatdmsvn that highest
occurrences of wake-vortex encounters are at thehttbown (behind 100 feet in altitude) and at tumooglideslope
(between 3500 -4500 feet in altitude). But, seweaie-vortex encounters mainly occur less than =@ in altitude, and
should be monitored in this critical area with asaciated Alert System defined as a Safety net.

As given by in statistics of figure 1, main omemce and severity of wake-vortex encounters areentrated at low
altitude. We can also observe that impact of wakeex encounter is more critical at low altitudesdo roll angle, due to
flying command limits, more especially during firsgdproach and Initial Climb phases.

WV Encounter severity vs altitude

Do't.rdld
Fig. 2 (at left ) Wake-Vortex Encounter Severitssue altitude indexed by roll angle , (at rightjtaral phases of wake-
vortex encounters at low altitude during Initiali@lor Final Approach

As it has been previously underlined, criticadaaof wake-vortex encounter is localized at lotituade. But these area are
also characterized by complex behavior of Wake-&oHazards due to Ground Effect:

* Wake vortex behavior differs significantly depedon altitude in high altitude, out of ground effect, wake wort
behavior is affected by the wind, but remains stadmhd predictable by “Wake-Vortex Predictor”. Awlltitude,
Ground effect can lead to unexpected wake vort&avier. These phenomena are very difficult to prednd to model.

« In Ground Effect, Wake Vortices Behaviors are dril®y very instable causesebound of vortices on the ground,
strength enforcement of 1 Vortex due to low levaldashear induced by airport infrastructure, getienaof secondary
vortices, and decay of wake-vortex due to lowdii atmosphere stratification.

‘l

Fig. 3 Wake-Vortex in ground effect (vortex rebgurattex enforcement by wind-shear, secondary xayémeration)

Because of high severity of Wake-Vortex Encouatdow altitude where wake-vortex have also caxrfiehavior due to
ground effect, it is very important and requestechbnitor wake-vortex by sensors in all weatherditions.

3. SESAR P12.2.2 XP0 Sensors Trials Campaign
Two configurations relative to the North runways Réris CDG Airport (i.e. 09L/27R and 09R/27L) warsed to
benchmark the Wake Vortex and Weather sensorsrist E2G Airport.
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Fig. 4 (at left) Sensors deployment on Paris CDéit for SESAR P12.2.2, (at right) Wake-Vortexatd Radar at Juilly
under the glide with vertical scanning
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The Weather sensors benchmarked during senssessament campaign (XP0) were: One UHF wind praqf#€L1300 of
DEGREANE deployed under the glide), One UHF windfiter (PCL1300 of METEO FRANCE deployed at CDG pgart),
One SODAR PCS 2000 (METEK) (SODAR of METEO FRANCHI ®perational in CDG),One LIDAR wind profiler
(WINDCUBE-70 of LEOSPHERE), Two Anemometers (of MED FRANCE still operational in CDG). The Wake Vorte
sensors benchmarked during sensors assessmentigarGdB0) were: One X band RADAR (BOR-A 550 of THEB),
One LIDAR (WINDCUBE 200S of LEOSPHERE).

4. X-band Wake-Vortex Radar Detection in Rainy Weather

In the plane orthogonal to the glide axis, dyime rainy weather condition, 34 aircrafts hawessed the scanning plane of
the radar: 13 aircrafts taking-off: 4 heavy (B7A340, A330, B767), 9 medium (B737, A319, MD80, EMRE); 21
aircrafts landing: 9 heavy (B777, MD11, A330), 18dium (B737, A320, A321, B717, EMB170).
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In rain, the BOR-A X-band radar was able to dieteake vortices for all of them, via the Doppleabyssis of the raindrops.
The observation time of the wake vortices variesnfra few seconds up to 250 s. This time seems tarited by two
factors: when the rain rate is too low, it is mdificult to detect raindrops and then wake vorsicen most configurations,
vortices are lost when they go out of the radan gzarange or angle) after some time.

4.1 Synthesis of wake-vortex Radar data exploitation

The X-band RADAR has successfully detected wakéiogs generated by aircraft of categories HEAVYI AEDIUM in
rainy conditions. The BOR-A X-band RADAR has deételcwake vortices up to 1350 m above the instruni2ué to the
less favorable weather conditions for Doppler-RADARasurements in combination with the limited potmedget of the
BOR-A, wake vortices could only be detected duniagn. Wake vortices were detected merely becausscattering on
raindrops and the variation of relative dielectimstant within the vortices. The X-band RADAR vadrde to distinguish the
two vortices in some cases. However its angulasluéisn limits its capabilities to provide accuratertex core positions.
For future campaigns, the new X-band RADAR will designed with a narrower beam width to investighte issue.
Detection in dry air requires a higher power budbean the power which could be used in XPO. Thistpoffers room for
improvement and will be assessed during future oreasent campaigns, especially in XP1 (power budgetase by 10,
beam width divided by 2). The ability of the wal@tex sensors to detect aged vortices depends on:

- the time the vortices stay within the area wheeesnsor is scanning and thus on the dimensiocaningng sector
and crosswind,

- rapid vortex decay (e.g. due to strong atmosplteriulence) would also result in shorter vortexeddbn times,

- other parameters like wind shear and atmospheaahiligy (they are also assumed to affect wake wodecay and
transportation, but are not included in this study)

With the X-band RADAR, wake vortices could besetyed up to a maximum of 250 s after the airplaveke vortices
could be observed in relation to the crosswind,civitransported the vortices more or less quickly afuthe scanning
domain). The relationship between EDR and wakeexadecay could not be finally analyzed. For theetbeing, algorithm
to compute wake vortex circulation from a Dopplf#fee on raindrops is not yet available, but wi developed based on
Multi-physic simulation: an algorithm of inversiahould be developed and calibrated on Wake-Vorixlation based
Fluid mechanical model coupled with Electromagnetadel.

4.2 Recommendation on Wake-Vortex Radar sensor basedP6 trials results

The main results were convincing in terms of evakrtex detection. Most of wake vortices were cketet in both critical
areas with detection ranges that have been deratetio be over the detection needs. Wake voréexdetected as long as
it was in the sensor scanning domain, except forescases where detection algorithms must be tuned.

For Radar sensor deployment, two principal sepesition options can be distinguished: underfligat path which allows
the two vortices to be separated due to the angegaution. However it requires a large scan anglen the vortex is close
to the sensor, sideways, with a vertical scan peligalar to the corridor axis. This setup is welited to track vortices down
to the ground. The two vortices could be separdtezlto the range resolution. Both concepts havie $pecific strengths
and weaknesses. The optimum geometry should besghdEpending on the selected operational conceatalhas more
restrictive limits with respect to small scan asgie order to avoid ground clutter, but this shomég can possibly be
compensated because of the RADAR'’s longer range.

Thanks to XPO results, it has been demonstridizt] in high altitudes, wake vortex behavior, le#ifected only by the
wind, is predictable. Out of ground effect, wakeater predictors will be able to compute wake vortehavior based on
theoretical models. They need as input an accuvatd speed and direction. In these areas, no wakix monitoring
sensor is recommended. On the opposite, closeetgribund, where wake vortex behavior is affected@y (In Ground
Effect) and low wind shear that can lead to unetqubavake vortex behavior like complex rebounds amidrcements that
cannot be accurately predicted and modeled, a waitex monitoring is mandatory. Sensors scannogain must be large
enough to cover both landing & take-off. The b&mhsors position is demonstrated to be sidewawshitendred meters
upstream from the touch down area.

Results show that Radar and Lidar are complemedigpending on weather conditions: X-band Radafopmances are
optimal under rainy conditions and Lidar performasare optimal in dry air. In consequence, for wakgex monitoring the
recommendation is to deploy an X band Radar (e@airscanning) coupled with a 1.5um Lidar, monitgriin a
collaborative way as meta-sensor , both locategeaticularly to the runways, a few hundred metgrstream from the
touch down area.

Nevertheless, some improvements have to be dortbese sensors to reach the performances negdad dperational
system. Update rate needed to scan the Wake-V8BDeasolume should be around 10 s. This capacityréady available for
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Lidar, but should be developed for Radar by eleitr@écanning. Both Lidar and Radar have evaludtedctrculation of
Wake-Vortex, but this part needs further algoritihevelopment to be able to assess accurate iniitiailation and decay.

A gap in data availability has been observegdadrticular weather conditions, after a raindrop wig& has been cleaned
from aerosols. Thus, the Radar power budget mugtdseased in order for it to detect wake vorticethe whole domain
where Lidar data are not available. These develogngere already planned within the project. Thiog,campaign results
confirm the theoretical analysis.

A new multifunction X-band Radar (wake-vortex,atleer, traffic) with Electronic scanning capabilityll be deployed in
September/October 2012 at Paris CDG Airport for XAdls campaign of SESAR P12.2.2 project, for dtemeously
monitor Wake-Vortex close to the runways and asgéss in the glide and around the airport.

Fig. 8 (at left) Radar Sensors deployment at XR4l§ campaign scheduled in Sept. 2012, (at rigietyv Multi-Function
(wake-vortex, weather, traffic) Electronic scannigpand Radar for XP1 trials at CDG airport

5. SESAR P12.2.2 XPOWind Sensors Trials

For wind, the overall availability of UHF Windréfiler Radars data as a function of the heightvaebthe surface are
presented (the percentage of the time that refigctivas sufficient to make a measurement and tthatatmosphere was
sufficiently homogeneous and stable). The statistomparison between 2 UHF profilers (and with &dddar Profilers)
have been based on histograms of interpolated ala#ability, wind velocity and direction profilda specific periods,
calculation of bias, standard deviation and cofi@fafor wind velocity and direction by altitude.
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The ranges that could be covered by the varioush@eaensors are summarized in the table:

Maximum range
Sensor Minimum % availability
range 90% 10%
LIDAR wind prof. 100m 950m 1950m
SODAR 20m 150m 370m
Anemometers 10m 10m 10m
UHF wind profiler 170m 1600m 3950m
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The wind field was performed using data thatemprovided every 10minutes. For safety criticahon applications
however, update intervals around 1 minute are émest least for the most critical parameters. Hihdy Dissipation Rate,
EDR, needed for Wake-Vortex Predictor is still &jsat of research: EDR retrieval algorithms derifman Radar or Lidar
wind profile measurements are under study. EDRi&ett algorithm is already available for the UHmdiprofiler.

Regarding the X band Radar, a rationalizatiariccbe done by using a multifunction Radar, ablenamitor both wind and
wake vortices. As the scanning domains are diftethis RADAR should be an electronic scanning. drres kind of Radar
will be used for the following phases of the projec

For weather monitoring, the recommendation isléploy two sets of sensors. One located undeglitie interception
point, including an UHF wind profiler and a 1.5pndér wind profiler, the other one located closethie runways and
composed by an anemometers field, a high power Eaxd Radar and a 3D 1.5um Lidar scanner.

For wake vortex tracking and predicting, weatiheta are critical. The following parameters arexdaaory for the system:
Wind field (u, v and w components), EDR (Eddy Disdion Rate), Temperature vertical profile. Waketexw tracking and
predicting need accurate data in the defined atititeas, requiring direct measurements. EDR igranpeter which can be
computed from wind measurements coming from diffesensors or provided by weather forecast models.

6. Conclusion of XPO Trials campaign

XPO confirmed the feasibility of a prototype edon existing sensor technologies. Using comioinatof sensors, models
and real measurements, and thanks to some impearexbrs already planned within the project (e.gerpowerful Radar),
It should be possible to reach current operatiopads. Considering the state of the art on saasbnology, and the needs
for operational monitoring of Wake Vortices, itrescommended that further developments on senslnaémgy focus on the
performance of the selected technologies on a teng-basis, which will allow verification of the esall reliability of the
sensors and their maintenance needs, evaluatiothefopportunity for upgrading or replacement ofesosensors with
current R&D sub-systems. For future, wake vortecision support system performances should takerddge of
technology progress on sensors and associatedthigsr Technologies study (Low Cost 2D Electrorntarsing Radar
Antenna and high power laser source Lidar) and Radar simulators/algorithms upgrades (Wind/EDR nitoring in
Clear Air), validated by trials on Munich and Tou$e airports, will be conducted by THALES and 1BeotEuropean
partners in FP7 Call 5 study UFOlfraFast wind serSrs for wake-vortex hazards mitigatipn
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