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Abstract—At airports, runway operation is the limiting factor
for the overall throughput; specifically the fixed and overly
conservative ICAO wake turbulence separation minima The
wake turbulence hazardous flows can dissipate quiek because
of decay due to air turbulence or be transported ouof the way
on oncoming traffic by cross-wind, yet wake turbulace
separation minima do not take into account wind coditions.
Indeed, for safety reasons, most airports assume &orst-case
scenario and use conservative separations; the im&l between
aircraft taking off or landing therefore often amounts to several
minutes. However, with the aid of accurate wind dat and precise
measurements of wake vortex by radar sensors, morefficient
intervals can be set, particularly when weather coditions are
stable. Depending on traffic volume, these adjustrms can
generate capacity gains, which have major commerdidenefits.
This paper presents Electronic scanning radar trialsas Safety
Net of a wake turbulence system supporting increade
throughput as part of the European ATM research progam
SESAR, and complementary study UFO (Ultra-Fast wind
sensOrs for wake-vortex hazards mitigation) funded by
European FP7 program, on Radar EDR retrieval & Calibration.
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l. INTRODUCTION

All aircraft naturally generate wake vortices a®rsas
there is lift. Wake vortices can be consideredaashorizontal
spiraling tubes trailing behind the aircraft angisible to the
human eye. A trailing aircraft exposed to the wabsices of a
lead aircraft can experience an induced roll montteattis not
easily corrected by the pilot or the autopilot.

To avoid jeopardizing flight safety due to enatauwing
wake vortices from the leading aircraft, time/dista
separations have been conservatively increasedgeftne
restricting runway capacity. The concern is higtering the
most critical phases of take-off and landing. Ttakevvortices
typically dissipate quickly (e.g., through decaytbsbulence or
transport by cross-wind), but most airports opeffate the
safest scenario; this means the interval betweenaéti taking-
off or landing often amounts to several minutes. de&dine
more efficient intervals, smart planning techniquese

integrated in a decision aid tool for the air ti@af€ontroller
called Wake Vortex Decision Support System (WVDS3)s
system relies on both the detection and monitodhgvake
vortices and the prediction of their transport lbgss-winds,
both driving factors to the capacity limitationgpeS8ifically,
accurate wind data and precise measurements of wakex
are required, as well as an assessment of thditgtabtime of
favorable conditions.

Depending on traffic volume, these adjustmeras c
generate capacity gains, which have major comnidveizefits
for both the airlines and the airport. In particuthe limitation
of capacity from wake turbulence is significantigcantuated
with the arrival of new heavy aircrafts: Airbus AB&tretched
version of Boeing B747-8.

Radar (and lidar) sensors are low cost techinegogith
highly performing and complementary wake-vortexedgbn
capability to cover all weather conditions. Furthere, the use
of these sensors can be extended to sense othes byfp
atmospheric turbulence in the airport domain, sashwind-
shear and micro-bursts. Their complementarity plesi
operational coverage for varied weather conditeurh as fog,
rain, wind, and clear air.

This paper initially paints the landscape for aivh
constitutes wake-vortex hazards and why it is irgur to
mitigate them in the airport domain. The Electrosé@anning
X-band Radar results for Wake-Vortex monitoringnfrahe
first validation campaign at Paris CDG airport in
September/October 2012 are discussed in terms roévearl
performance and lessons learned, while areas forovement
are highlighted. Recommendations for circulatioaKervortex
strength) retrieval and calibration from theseldriare taken
into account in the setup of new validation campaigupled
with use of radar simulator developed by ONERA #BAE.
We present new developments for joint retrieval
calibration of EDR (Eddy Dissipation Rate) that rewderizes
atmospheric turbulence inducing wake-vortex decgwally,
the paper discusses further use of the Electrardaarsng X-
band radar for Wind/EDR algorithms validation atulcuse
Airport for FP7 UFO project, in coordination witl lother
partners and 4 associated partners.
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Il.  WAKE-VORTEX HAZARDS

Wake Vortices shed by an aircraft are a natmakequence
of its lift. The wake flow behind an aircraft cae described
by near field and far field characteristics. In thear field,
small vortices emerge from the vortex sheet atvihmg tips
and at the edges of the landing flaps.

After roll-up the wake generally consists of twoherent
counter-rotating swirling flows, mostly horizontand of
about equal strength.
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Fig. 1. Wake-Vortex generation behind commercial aircraft

Empirical laws model the tangential speed in-upt the
velocity profile or tangential speed at radiugs defined by:

r

v,(r)= zr—]or[l— e_f(B)] Wiffy initial circulation (1)

The initial wake vortex circulation strength (i.¢he root
circulation in ni/s) is proportional to aircraft madd and
gravity g, and inversely proportional to air density,
wingspanB and aircraft speed with almosts=774[1]:
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There exist additional factors that impact thgnainic
behavior of wake vortices, including wind-shear eeff
(stratification of wind), ground effect (rebountansport (by
cross-wind), decay (by atmospheric turbulence) &wdw
instability.
Critical area of wake-vortex encounter is localizad low
altitude. But these areas are also characterizedobyplex
behavior of Wake-Vortex Hazards due to Ground Effec
«  Wake vortex behavior differs significantly depegdon

altitude in high altitude, out of ground effect, wake
vortex behavior is affected by the wind, but rersain '

stable and predictable by “Wake-Vortex Predictoit.
low Altitude, Ground effect can lead to unexpechake
vortex behavior. These phenomena are very diffitwlt
predict and to model.

¢ In Ground Effect, Wake Vortices Behaviors are dritg

@)

secondary vortices, and decay of wake-vortex duevio

altitude atmosphere stratification
Wake Vartex Behavion
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Fig. 2. Wake-Vortex dynamics and behavior in case of Graffestt

Because of high severity of Wake-Vortex Encountdoa
altitude where wake-vortex have also complex behavidue
to ground effect, it is very important and requédgie monitor
wake-vortex by sensors in all weather conditions.

lll.  SESARTRIALS CAMPAIGN AT PARIS CDG AIRPORT.
3D RADAR MONITORING OFWAKE VORTEX

In the framework of SESAR P12.2.2. XP1 trials caigpa
THALES has deployed in September/October 2012, -dand
Electronic-scanning radar at Paris CDG Airport tonitor
wake-vortex during airplanes final approach. Thebakd
radar was localized 830 m perpendicular to theegéitbpe of
runway 26L on the South-East area of CDG AirporithVén
update rate lower thad0 s Wake-Vortex waveform was
instrumented until less thahkm with a spatial resolution &
m, and Doppler resolution lower tharm/s
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Fig. 3. X-band Radar Deployment at Paris CDG Airport for 8BRS

very instable causesebound of vortices on the ground, X-bar_ld Radar was remotely controlled, and raw _I&é;a
strength enforcement of 1 Vortex due to low levéidy ~ were ingested in real-time to test wake-vortex wlyms
shear induced by airport infrastructure, generatagn Oonline.



For instance, for an A340 in landing phase, atansing
azimuth angle of22° (wrt plane orthogonal to the glide) with
an ambient wind radial velocity of5 m/s a maximum local
shift of £ 7 m/s around ambient velocity has been measured,
and a distance between two cores of arodBdm (radial

Radar Sensar Deployment for SESAR XP1
Triats at COG Alrpart {Sept, 2012) range> .

— 7 e
Fig. 4. X-band Radar Deployment configuration with Remotet@bn

Altitude of Aircraft on final approach for runyw&6L in the
glide slope perpendicular to the radar line of sighs lower
than100 m with a final speed arour@b m/sto 70 m/s

Altitude

Fig. 6. X-band Radar Doppler wake-vortex signature for 3rhea

Antenna axie : 0° & 21 m from grounc

Ground elevation: 96.58 m

Mound of earth elevation :112.5 m

- T e Results of Wake Vortex detection & localizatioampaign
have proved that these hazards can be monitoredein
conditions with observation duration up to morentb@ s It
Fig. 5. X-band Radar Beam steering in Elevation for Wakeexodetection ~ was world first time, that wake-vortex were morgirin 3D
on an airport.

The wake vortex radar detection is based on a [Roppl

analysis of raindrops signature, whose raindrogjedtory and
distribution are driven by the wind flow induced tye two 5 /
counter-rotating wake vortices. Raindrops act pbyti as i o
tracers biased by their terminal speed velocige(slistribution 'g:_-' /;”_’_‘- "
vary with rain rate). For X-band, backscatteringssr section e

of a raindrop is a function of its diameter (Raglei s -
approximation). According to the Biot-Savart Lawe tlocal e

flow velocity could be computed at sum of each -upll ..*fgf,f’

contribution (modeled as Rankine, Lamb-Oseen oiokled T X i

Burnham velocity profiles). Wake-Vortex transporinda Wl A

circulation decay strongly depends on the atmospher
background such as crosswind, wind shear, groufetctef
ambient turbulence and thermal stratification. Ehesather P | s |
parameters were provided by Meteo-France MHRPS High e =y
Resolution Weather model (grid 890 mon horizontal plane). S

The radar is able to detect wake vortices irkialtl of rain, 2 i I
from drizzle to heavy (which is fully complementaty the
Lidar performances), with a detection sensitivity2akm of r 4
—16 dBZ = 0.004 mm/HThe radar was also able to detect in SE e
clear air in weather conditions of high humiditigse cases & N
will be analyzed in future campaign by indexingfpamances I I
with accurate humidity rate).

Doppler detection algorithm is based on measureroént LT T
local radial velocity shifts with Range-Doppler pessing, in = =
parallel to ambient velocity retrieval (also estigth by the I |
weather mode). Wake-Vortex flow is characterized |dial
fast positive/negative Doppler speed transition.
Fig. 7. 3D Monitoring (up) and time evolution every 8 st



In the following figure, wake vortices detectionear
displayed in the horizontal plane (position of gtiele is given
by the black dotted line). The algorithm distirgheés the
“left” (in red) and the “right” (in blue) vortex; en not, the
vortex plots are displayed in gray. The wake vediare
continuously detected on a length of abd®0 m some
seconds after the aircraft's crossing. One can rebséhe
important effect of cross wind on vortices.
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Fig. 8. Wake-Vortex Radar detections in the horizontal glan

Next figure is a vertical cut for the azimuts5° (i.e. -20°
with respect to the orthogonal to the glide) digplg the
horizontal (XY) range and the altitude (Z) versostex age.
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Fig. 9. Wake-Vortex position in a vertical cut versus voidge

Due to the bias induced by raindrops inertiandigpeed flow
in the vortex could not be directly measured by @leprain
signature. Then, the strength of the vortex, theutition
cannot be retrieved directly. Circulation retrievand
calibration should be consequently approximatededbasn
Radar simulation model indexed by rain rate.

IV. WAKE-VORTEX CIRCULATION RETRIEVAL AND
CALIBRATION BY SIMULATION

Thales has collaborated with  ONERA and ISAE
Toulouse that has developed a Wake-Vortex Radar I8iotu
in rain. Firstly, the motion of raindrops in wakertices has
been modeled and simulated. The equation of théombias

in

been derived and the methodology to compute thedmaps
trajectory and distribution in the flow induced bye wake
vortices has been proposed.
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Fig. 10.Simulation of raindrops trajectories, velocity acohcentration

Secondly, two simulators have been developed
evaluating the radar signatures of raindrops inevatrtices.
One simulator is based on the simulation of radamad time
series, by superimposing the radar backscatteggthlsfrom
each raindrop in the wake vortex region. The otbee is
based on the raindrops number concentration andcivel
distribution in wake vortices, enabling the compiota of
radar signatures much more efficiently. Those sittaus have
been used to reproduce experimental configuratiohs
THALES trials and the comparison between measuratl a
simulated signature has shown very good agreenmierif a
band.

Based on the computation of Doppler spectral nmsye¢he
radar signatures dependence on rain rate for diffevortex
circulation has been studied for different airctgftes.

for

Radar | Wake vortex | Raindrop __ Rain
# Radar frequency i Ajreraft weight # Minimum diameter # Rain rate
# Transmitted peak |8 Alrcraft velocity # Maximum diameter # D30 model
power # Aircraft- wingspan # Number of diameter # Radar cross
# Noise figure # Vortex circulation classes section
# System Loss # Vortex velocity model | # Terminal fall v1locit',r [
# Antenna gain [
# Beam width “
# Scanning rate f i B
il Raindrop's distribution
# Elevation angle Datab
# Range resolution 3 ase
# Pules Repetition # Number concentration
Freguency # Horizontal velocity distribution
# Number of pulses # Veriical velocity distribution
Wake Vortex
1 —
_Radar Simulator
Radar signature
# Radar reflectivity |
# Doppler velocity spectum
Fig. 11. Wake-Vortex Radar Simulator in rain developped DYEBA-ISAE



In the following figure, we illustrate Radar sifation of
Doppler Spectrum in 3 successive range celld@im for 3
elevation angles3(, 5° and7°). We can observe widening of
Doppler spectrum in radar cells with vortex.
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Fig. 12.Wake-Vortex Radar Simulation at range resolutiodA®@Mm

We present the Doppler spectrum simulatios ah range
resolution, and its comparison with real recordpdctrum.
We could observe a very good matching of simulation

Fig. 13.Real (at left) and simulated (at right) spectrunbah resolution

The dependence of raindrops trajectory on wa&eex
circulation has been studied, showing that the onoti
characteristics of raindrops in wake vortices aresentative
of the vortex strength. In fact, wake vortex cietidn has a
determinative effect on the wake vortex velocitgldi thus
determining the raindrops motion and distribution wake
vortices. Therefore, it is very interesting to infehe
underlying wake vortex circulation information fraime radar
signatures, based on analysis of radar signatwepsndlence
on wake vortex circulation.

One of the most attractive conclusion is tha Doppler
spectrum width of raindrops is representative @& thake
vortex circulation, as vortex circulation decayise tDoppler
spectrum width of raindrops is decreasing.
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Fig. 14.Simulation analysis of Doppler Spectrum Width verGirculation

V. EDR(EDDY DISSIPATIONRATE) RETRIEVAL AND
CALIBRATION STUDY

An EU-funded technology study is conducted by THALE
and 12 other European partners to address algaritbonEDR
(Eddy Dissipation Rate) Retrieval and calibratiobhis study
called UFO, for “UltraFast wind sensOrs for waketeg
hazards mitigation” includes live-trials validati@xercises at
Munich and Toulouse airports. EDR is one the twoinma
factors inducing circulation decay. In calm airwlEDR),
wake circulation decreases slowly. On the contrairy,
turbulent atmosphere, wake-vortices are rapidiyrdgsd with
fast decay of their circulation.

For wake-vortex hazards mitigation on airport, ragienal
request is to monitor wind and EDR at high update and at
high spatial resolution in the glide slope at atté lower than
500 m Above500 min altitude, the air is more stable and can
be accurately now-casted by new generation highlutsn
weather forecast system (e.g.: MHRPS from Meteoden

There are 3 causes of turbulences in the convective
boundary layer:

» EDR generated by terrain roughness Prandl layer: The
Surface Boundary Layer SBL (Altitude < 100 m) is
described by Logarithmic Wind Law (Prandl equation
when condition of neutral stability is fulfilled)

U(2) :ufln[zj' EDR(2) =1u—’3 3
Kk \z Kz

U (2) : wind speeratheighz

u, :the"friction velocity" 4)

K :vonKarmansconstan{= 0.38)

z, ‘theroughnesgength

EDR generated by obstactedlechanical turbulence is
caused by Airport buildings, or other large obdiors.
When strong winds are bent around the obstaclés, th
creates the turbulence. When the wind is strong pess
over a large enough obstacles, they can createlémt
areas as high as 10 time obstacle height.

Fig. 15.EDR/turbulence generated by Obstacles on airport

* EDR generated by Ground Thermal ConvectioriWhen
the earth surface is heated by the sun, it wib &isat the
air directly above it. Since hot air is less detisgn cool
air, this heated air will rise from the earth sodao a
higher elevation. This movement forces a vertioghtion
of the air because the cooler air sinks to theoboths the
warm air rises. In the evening, the opposite occurs
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Fig. 16.4D Simulation of Ground Thermal Convection by IStofPCheinet)

In April/May 2014, THALES has deployed X-band
Electronic scanning radar at Toulouse Blagnac Atrfay FP7
UFO project. Radar is localized in South of airpar800 m
perpendicularly from the glide slope.
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Fig. 17.X-band Radar Deployment at Toulouse Airport for EB&nitoring

The X-band radar will be used in rotating/stgnnodes, with
interleaved short/long range waveforms for weat(feDR
/Wind) monitoring or wake-vortex detection. In west mode,
the radar will scar/-30° in azimuth and°-6° in elevation in
the glide slope until the maximum rangel® km(correspond
to the requirement &00 min altitude for a slope @&°).

Fig. 18.Ultra-Fast Electronic-Scanning Solid-State X-baratiRr Monitoring
of 3D Wind and EDR (by structure function) in thieeslope until 10 km

For wake-vortex trials, a disdrometer developgad
LATMOS has been used for the size distributionaifdrops
measurement (up to 0 .1 mm). This reference accuaat rate

will be used to index Look-Up table (“Doppler Spech

Width/Circulation”) generated by radar simulatohefe data
will be used jointly to calibrate the simulator amigfine

algorithm for Circulation retrieval from LUT based Doppler
signature measurement indexed by accurate rain rate

Measures and law size distribution of the raindrops on the
basis of cumulative speed

s 8 Soactpvoitne

Fig. 19.Distribution of raindrops (at left) measured bydlismeter (at right)

VI. CONCLUSION

X-band radar performances are optimal under raimyiti
conditions. We have observed detection with higisisigity of
the effect of wake vortices on raindrops. Thanksh® good
range resolutionS(m), we can have an accurate discrimination
of the 2 vortices, even for small aircrafts. Rapgarformances
are complementary with Lidar performances, proygdin
capability of wake-vortex detection in all-weath@mditions.

In September 2014, Thales X-band Radar will be ajeyul
during 1 year at Paris CDG airport to provide stetal figures
on Radar performances in different weather contio
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