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Abstract—this paper presents the validation of an
electromagnetic radar simulator based on Large Eddy
Simulations of the turbulent atmosphere. The simultor has been
developed by UCL in the frame of the FP7 UFO projecaimed at
improving the Wake-Vortex Advisory Systems by the malysis,
design and development of innovative technologiesrfUltra-Fast
Radar and Lidar used as wind and Eddy Dissipation Ri sensors.
Experimental trials have taken place at Toulouse airprt giving
access to concurrent collocated X-band radar data rel
meteorological data. The simulator is validated agast radar and
meteorological values of Eddy Dissipation Rate, skdng a good
agreement, with a trend to have meteorological vaks somewhat
higher than radar measured and simulated values.
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I. INTRODUCTION

The UFO FP7 project (Ultra Fast wind sensOrs) 21 \Was
aimed at improving the Wake-Vortex Advisory Systdmsthe
analysis, design and development of innovativerteldygies for
Ultra-Fast Radar and Lidar used as wind and Eddgipation
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received by the radar in clear air due to its lomue. The
feasibility of using radar and Lidar for the detectof wake
vortices and the determination of Eddy Dissipatitete has
been shown experimentally [3][4]. The wind measwegirin
clear air being the critical point, only clear-gimulation is
validated in this paper.

During the measurement campaign in April —-May 2614
the Toulouse airport, various radar and Lidar detae made
available, as well as meteorological data fromowsisources,
the most complete source being issued from highluten
Weather Forecast model of Meteo France (MHRPS,
HARMONIE) [14]. The originality of this paper is fresent the
validation of the radar electromagnetic simulatorclear air
using refractive index calculated from Large Eddw8ation of
turbulent atmosphere with respect to Meteo France
meteorological data and data from a vertically tpqnCURIE
X-band radar from LATMOS [5]. In a second phases th
simulator will be compared with the measurementh®fThales
radar at low elevation and further used to deteerttire limit of
detection of the radar in clear air.

Rate €3 sensors. These sensors are used for Wake-Vortex A Similar electromagnetic model has been develogmed
hazards mitigation but also for wind sensing andremo tested by UCL [9] and by ONERA [6] for the simutatiof radar

specifically cross-wind, air turbulence and winé:ahdetection
on runway for increasing the aviation safety andloing the
safety margin of wake vortex separation betweewrafis

during landing and take-off. Experimental trialsd@saken place
at Toulouse and Munich airports.

In the frame of the project, UCL has developed dara
electromagnetic simulator for RCS (radar crossi@egtwind
and EDR €9 retrieval, in clear air and in the presence of.ra
The simulator is based on refractive index caleddtom Large
Eddy Simulations (LES) of the turbulent atmospherehe
boundary layer, for selected valuesedf representing various
turbulence intensity, and Brunt-Vaisala frequenci) (
representing stratification levels. The refracyivitthen used for
the calculation of the radar cross-section of titbulences as
well as the power received by the radar and thepl2op
spectrum.

Using the same X-band radar for the detection efwtake
vortices and wind necessitates a careful analyfstheosignal

signal backscattered by wake vortices, using a Iietb flow
model.

Il. ELECTROMAGNETIC WIND RADAR SIMULATOR BASED ON
LESDATA

A. Large Eddy Simulation of the turbulent atmosphere

The Large Eddy Simulation (LES) used in the UFQgub
provides realistic velocity, pressure, temperatmd humidity
fields to the electromagnetic simulator in ordesitoulate time
series of the radar signal. Simulations are perfgknn a
periodic domain and are then restricted to statslification
classes. Unstable stratification generates cornueeirtstabilities
that can span over the whole boundary layer andatabe
represented in a periodic box. This is a limitatiath respect to
the atmospheric conditions encountered during rilaést It is
however expected that in the absence of plumes |langg
vertical instabilities, the stable stratificatiopplothesis will not
be too restrictive. The LES model used has beerldged by
De Visscher and Winckelmans [7] for the study &f #ffect of



turbulence on wake vortices. It has been extendele frame the radar. The integral in (2) is rapidly oscilhati Assuming that

of this project, to take into account the humidignsport and the LES grid cells are much smaller than the radsolution
the presence of raindrops (not presented in thésient). The volume, I(t) can be written as the sum of the contributions of
input parameters of the model are the characesisif the each LES cell and, assuming the statistical indégece of the
turbulence: turbulence intensity represented by Hudy phases of the various contributions in the radsoltgion cell,
Dissipation Rate /%) and stratification represented by the the final formula is proposed [10]

Brunt-Vaisala frequency (N). Only a few combinasoaf

parameters (Table 1) have been simulated due tcdfrguter 1) =4 /0_033;(;11/3 N W, JICZO)T,V,e1r® (3)

time and space needed.

c2 = ([n(r+8)-n(M)]?) 4
TABLE I. MATRIX OF THE LES SIMULATIONS n - |5|2/3 ( )
£ (m7/s) N (s?) whereA is a constant linked to the radar parametéfsis the
2.55 16 8.9116° 1.27 1 value ofW(r) in the LES cell of volumé#/,,.
2.15 10 Case 1l Case 4 Case 6
A="C [P (5)
7.93 1% Case 2 Case 5 arg 2R
2.15 10" Case 3 G is the antenna gaih,is the radar wavelength, is the distance

between the radar and the center of the radarutésolcell, P,

. ) i is the emitted power, R is the receiver resistaMeis the
Before comparison with the radar measured datdedl@in  volume of the LES grid celC:? is the refractive index structure
the trial data set, the actual atmospheric param@€’ and N)  function andgy(t) is the phase of the signal backscattered by the

have to be carefully checked to select time periodgth grid cell. The phase of the contribution of tHegpid cell to

corresponding to the simulated LES cases. the total, during the dwell time of the radar, &calated as
The LES simulations only represent the fluctuatjothe  ollows
mean values of the parameters have to be added oskan 0p(to +7) = @op + kip - vy (t)T  (6)

profiles, at the altitude of observation. The sifethe LES

simulation box has been chosen as L=200m, in dodbave a  Where § is the time of the LES snapsht, is the initial phase,
sufficiently large domain with a reasonable resotubf 0.78m.  ksp is the Bragg wavenumber.

60s of continuous LES simulation with time step Iof is

available for each case. Higher resolution shoatessitate too !/l DESCRIPTION OF THET OULOUSEAIRPORT DATASET USED
large storage capacity and computation time. FOR THE VALIDATION

A 2 months trials sensors campaign has been peztbiah
Toulouse Blagnac Airport in the frame of the UF@ject [13].

The refractive index is calculated, using the prESS  various sensors and meteorological data were dteila
temperature and humidity fields coming from the LES

calculation, using the ITU-R formula [8]: *+ X-band Radar/1.5 micron Lidar sensors for
monitoring Wind/EDR in Glide slope

e X-band Radar & Lidar Profilers by LATMOS for
£ Diurnal cycle study

B. Radar backscattering of the turbulent atmosphere

77.6

n=1+N*10"°=1+ ((T) « (P +4810§)) £1076 (1)

whereP ande are the atmospheric pressure and the water vapor

pressure in hPandT is the absolute temperature in K. « In-Situ Measurements of Experimental Techn.
The electromagnetic field emitted by the radar is Univ. Braunchweig Aircraft

backscattered by irregularities of the boundaryedaymore «  Mode-S EHS Downlink Data post-processed by

specifically eddies of the turbulent boundary layéte Bragg Dutch Meteorological Institute (KNMI)

scattering indicates that the radar is sensiblatiations of the

refractive index of the order of magnitude of htié radar + High Resolution Weather Forecast Models

wavelength. The model developed by UCL for thewdation of (MHRPS, HARMONIE [14]) made available by

the backscattering of wake vortices [9] has beeargied to be Meteo France

applied to the present application [12]. The metbbdi used
for the evaluation of the oscillatory integral isavy and the
method proposed by Muschinski [10] has been impieetkin
order to decrease the computation time. Muschistskis from
the expression of the time series of phase cohea@mplex
signal received by the radar developed by Doviakznic [11],

A fair comparison with radar simulation using LEStal
necessitates the knowledge of the state of the spthese and
more specificallye® (Energy dissipation rate) and Brunt-
Vaisala frequency (N). Only days where the HighdRem®n
Weather Forecast Models data are available wer hseause
£ is directly available and N can be calculateds thakes a

- ' rikart total of 8 clear days in April and 4 clear daysMay during

'®) AjW(r)n(r, petidr @) which the LATMOS CURIE radar data are also avadallor

whereW(r) is the radar’s three-dimensional one-way weighting"0Se days, the time series of potential tempezatwmidity,
function, n'(r,t) is the field of refractive index irregularities a temperature, Turbulent Kinetic Energy (used fomestion of
time t in the radar resolution volumég is the Bragg wave €. Brunt-Vaisala frequency (N) amél® from Meteo France

number and. is the distance between the integration point andlata have been plotted in order to select the geraf time
corresponding to the cases selected for LES simonléTable



1). An example of such plots is presented in Fignd 2 for April
10, 2014, with the values of the parameters ust#eibES cases
described in Table I.

IV. VALIDATION OF THE SIMULATOR

The example shown in figs 1 to 3 is representativke days
available during the measurement campaign: the EURdar
only detects clear air turbulence wrefis large (LES cases 2,
3 and 5) and N is low. This happens during theydadurs,
between 9 am and 6 pm. The level of reflected paleuld be
large enough to allow an accurate estimatior'Gffrom the
Doppler spectrum. So only the radar data showiagge signal-
to-noise ratio are considered for validation of siraulator.

Since the power level of signal received by thearad
oscillates in a quite wide range, it is necessarintroduce a
signal-to-noise (SNR) threshold to cut off the nueaments for
which SNR is low. The SNR is directly obtained fréime radar
measurements because signal and noise levels ailabde.
Time series of SNR for 3 adjacent levels of al@udere
averaged in order to filter the variations.
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Fig. 1. Potential temperature, humidity and Turbtinetic Energy (TKE)
versus time, at various altitudes, extracted frowa Meteo France Weather
Forecast Models data for April 10, 2014.
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Fig. 2. Brunt-Vaisala frequency and energy disgipatate 61/3) versus
time, at various altitudes, for April 10, 2014. Therizontal lines represent the
values of the parameters used for LES simulatigh@¥arious cases presented

in Table I.
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Fig. 3. Power received by the Curie radar in fuorcof time and altitude
during April 10, 2014.

Then the threshold is applied on SNR and measursmen
with SNR lower than the threshold are discardedthéamore,
only time intervals with constant EDR are taken fbe
comparison. The scatterplots of EDR after filterirge
introduced in Figure 4. The level of SNR thresholdthis plot

is 5.5 dB.

The turbulent kinetic energy is estimated from the
broadening of the Doppler spectrum atdis inferred from the
turbulent kinetic energy. Various extraction methbadve been
compared during the project [16]. The green dotsidgn 4 show
the scatterplot 0£'® measured by LATMOS CURIE radar in
ordinate and measured by Meteo France in abs@ikeaed and
black + and x are the mean and mean = standarataevifor
the two “packets” of points. The red dots represbatvalues
used as input for the LES simulations (Table &, tkue circles



represent'® extracted from the Doppler spectrum calculatedoroject and more specifically Meteo France forrtheita and T.
U. Delft for opening the UFO server for accessihg trials

with the time series simulated using LES at 1s, &t 60s of
the LES simulation for the corresponding case.
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Fig. 4. Scatterplot ofe!s measured by the LATMOS CURIE radar
(ordinate) and issued from Meteo France High RésoluVeather Forecast
Model (abscissa) on April 10 2014, 9h-16h30, regméexd by green dots,
compared with the inputs of the LES simulation (deds — Table I) and the
values extracted from the Doppler spectrum caledl&tom the time series of
the radar electromagnetic simulator using 3 diffetienes of the LES simulation
(blue circles). Mean and standard deviations obtizdterplot are represented by
red and black + and x in the scatterplot.

The result of the simulated” is always lower than thet’®
entered as input parameter in the LES calculaflde mean
value of the measured data is also belowefffeneasured by
Meteo France.

CONCLUSION

For the first time an electromagnetic simulatordaasn LES
simulation of turbulent atmosphere has been tesiathst radar
measurements and meteorological data issued frogh Hi
Resolution Weather Forecast Model. The prelimiremglysis
shows an underestimation @ by the radar. This is in
agreement with a conclusion of the UFO project shgwhat
below 500m the!® from Harmonie is larger thaat® from the
LATMOS CURIE radar. The final paper will presertamplete
quantitative validation for all the 12 days avaléab

In the near future, the tool developed will belfertchecked
on all the available data to see the influencehef various
parameters such as B3, the SNR threshold, £and further
comparison with Lidar if concurrent collocated dadse
available. New LES simulations are foreseen usinigput data
the values of energy dissipation rates and Brunitala
frequency observed during the measurement campaign.
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