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WIND HAZARD AND
TURBULENCE MONITORING AT
AIRPORTS WITH LIDAR, RADAR,

AND MODE-S DOWNLINKS

The UFO Project

A. C. P. Oupe NyjHus, L. P. THosols, F. BARBARESCO, S. DE HAAN, A. DoLFI-BouTeYRE, D. KOVALEY,
O. A. Krasnov, D. VANHOENACKER-JANVIER, R. WiLsON, AND A. G. YAarRovoy

This article presents the prospects of measurement systems for wind hazards and turbulence

at airports, which have been explored in the Ultrafast Wind Sensors project.

worldwide air traffic within the next 20 years,
while at the same time they have to improve safe-
ty and efficiency (ICAO 2014). Regarding safety, wind
hazards play an important role, especially during the
takeoff and landing phases, where the majority of ac-
cidents occur (Boeing 2013). Studies have shown that
adverse weather has a major impact on airport opera-
tions, causing about half of the air navigation system
(ANS)-related accidents in Europe (EUROCONTROL
2013) and contributing significantly to delays (Klein
et al. 2009; Kulesa 2003). Airport capacities are also
limited by regulations for minimum distance separa-
tions between aircraft (ICAO 2007). These distances
have been defined for the worst weather conditions,
which are low wind speed and/or low turbulence
intensities that can result in the longest-lasting wake
turbulence, to avoid the risks for a follower aircraft
to encounter the wake turbulence from the leader
aircraft.
Nowadays, wake turbulence regulations from the
International Civil Aviation Organization (ICAO)

Air traffic stakeholders face a doubling of the
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on distance separation between aircraft have been
improved, via the U.S. and European Union (EU)
Wake Vortex Recategorisation (RECAT) projects by
refining the aircraft wake turbulence categories. To
further increase airport capacity, the dynamic dis-
tance separations should be adjusted with weather
conditions. Currently, such concepts are being devel-
oped. An example is time-based separation (TBS) in
Europe, which is already deployed at London’s Heath-
row Airport (Morris et al. 2013). In the United States,
wake turbulence mitigation for arrivals (WTMA)
is developed (Williams et al. 2008). These concepts
usually take the headwind and crosswind conditions
into account to adapt the wake turbulence distance
separations. More advanced dynamic distance sepa-
ration concepts employ the energy dissipation rate
(EDR), which is used as a measure for turbulence
intensity and sometimes called eddy dissipation
rate (Chan 2011; Nastrom and Eaton 1997), as an
input parameter for wake vortex lifetime estimation
(Singhal 2014; Holzépfel 2006). Therefore, monitor-
ing and forecasting wind and turbulence conditions
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in the final approach path can improve air traffic
safety and efficiency.

In current airport operations, local wind hazards
are determined by the local weather forecast, in situ
surface measurements, and/or weather radars provid-
ing information on wind profiles, surface wind speed,
surface wind direction, and wind shear. Surface wind
speed and direction are obtained from a network of
anemometers installed at 10-m height (ICAO 2016;
WMO 2010). At airports where wind shear is a con-
cern, the low-level wind shear alert system (LLWAS)
is employed, which uses a network of anemometers
around airports to estimate the horizontal wind
shear (Stoll 1991). Doppler weather radars have been
developed in different bands (C, S, X) that can detect
hazardous wind shear, but because of their measure-
ment principle they require sufficient reflectors,
which make them predominantly available under
rainy conditions and not during clear conditions.

In advanced dynamic separation concepts, ac-
curate and frequent wind and turbulence intensity
observations are needed in specific areas, such as
the aircraft approach and takeoff flight paths. The
LLWAS and in situ sonic anemometer wind measure-
ments are limited for this purpose, as they represent
surface measurements, which lack the representa-
tiveness needed for the terminal maneuvering area
(TMA; e.g., Wieringa 1980). To achieve accurate wind
information at higher altitudes, measurements along
the aircraft approach and takeoff flight paths are de-
sired. In addition, for improving numerical weather
prediction (NWP) models, more observations for data
assimilation are required (Illingworth et al. 2015).

The Ultrafast Wind Sensors (UFO) project has
been launched to develop a unique set of wind vector
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and turbulence intensity measurement systems for
wake-vortex hazard mitigation (Thobois et al. 2015).
The first goal of the UFO project is to define and
develop an optimal combination of advanced mea-
surement systems that 1) allows for the observation
of wind vectors and turbulence intensities during all
weather conditions and 2) satisfies current and future
requirements for wind hazard and turbulence moni-
toring in aviation, including the advanced dynamic
distance separation concepts. The difficulty here
lies in the fact that the ground-based remote sensors
have intrinsic limitations in terms of accuracy, range,
and data availability under different weather condi-
tions. The second goal of the UFO project consists
of determining how to use these measurements for
improving local weather forecasts, which implies
higher-resolution NWP models than the ones cur-
rently used operationally.

The measurement systems that have been used in
the UFO project to achieve these goals are 1) an elec-
tronic scanning X-band radar, 2) a scanning coherent
Doppler lidar at 1.5 ym, 3) an X-band profiling radar, 4)
aprofilinglidar, and 5) Mode-S downlinks. For all these
measurement systems, wind vector and turbulence
intensity retrieval techniques were adapted and further
developed when necessary. These retrieval techniques
have been validated by simulations and were applied
during trials at Toulouse-Blagnac Airport, Blagnac,
France.. The accuracy of wind vectors is assessed by
comparison to in situ measurements from a research
aircraft and by a comparison to NWP model output.
Finally, the performance of state-of-the-art NWP mod-
els is tested by an observing system experiment (OSE),
where the new observations are assimilated.

This article presents the main achievements of
the UFO project. In the next section, the measure-
ment system objectives, given the current and future
requirements for monitoring of wind hazards in
aviation, are defined. Consequently, the measurement
systems are presented for measuring wind vectors and
turbulence intensities. In the third section, wind vec-
tor and turbulence intensity retrieval techniques for
each measurement system will be described, includ-
ing a validation for clear-air radar-based EDR estima-
tion via large-eddy simulations (LESs). In the fourth
section, trials with the added measurement systems
at Toulouse-Blagnac Airport are presented, and the
retrieved wind vectors and turbulence intensities are
compared for (almost) horizontally scanning and
vertical profiling measurements, including measure-
ments from a research aircraft. In the fifth section, the
results of an OSE are presented, validating the added
value of lidar data ingestion in high-resolution NWP
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TasLE |. Measurement system objectives for wind hazard surveying. The distance of this glide
Area of Needs Horizontal | Vertical Spatial | Revisit path measurement shoul.d
interest range (km) | range (km) | scale (m) | time (s) be 10 km to reach an alti-

Vertical profile | Wind/EDR — 0.5 20 10 t;lde °ff5§00 ;nhW‘th algtl}de

Glide path profile | Wind/EDR 10 0.5 400 60 sope ot 5 S hie resorution

along the glide path should

360° mapping | Wind/EDR 10 0.5 400 600 be 400 m to have a 20.m

360° mapping Wind shear 7-8 0.5 400 180 vertical resolution on such

models. Finally, the conclusions will be presented,
which include recommendations for the new mea-
surement systems.

UFO WIND HAZARD MEASUREMENT
SYSTEMS. Measurement system objectives. The
requirements for different applications regarding
surveying of wind hazards at airports have been
generalized as measurement system objectives in the
UFO project and are given in Table 1. The identified
future needs are 1) estimation of vertical profiles of
wind vectors and turbulence intensity; 2) estimation
of wind vectors and turbulence intensity in the ap-
proach and takeoff paths; and 3) 360° mapping of
wind vectors, turbulence intensity, and wind shear.
The horizontal and vertical range, spatial resolution,
and revisit times have been based on current airport
operation standards for the estimation of wind
vectors and wind shear (e.g., ICAO 2005) and were
updated with the needs of future weather awareness
and future dynamic separation concepts. Measure-
ments below 500 m above ground level are essential,
because the wind dynamics in the atmospheric
boundary layer (ABL) are rather complex and cannot
easily be forecasted by NWP models (all elevations
hereafter are above ground level; Robasky and Clark
2008; Salonen et al. 2011). In addition, mapping 360°
views around the airport improves weather aware-
ness (e.g., Chan 2011). Future dynamic separation
concepts rely on estimation of wind vectors and tur-
bulence intensity in the approach and takeoff paths.

a glide slope. Considering
the typical frequency of landings and takeoffs, wind
and EDR profiles should be refreshed every minute.
Further, note that the numbers in Table 1 are not strict
as each airport configuration differs and has their
own specific air traffic monitoring (ATM) system
and local aviation regulations.

Electronic scanning X-band radar. For many years,
there has been a growing interest in the develop-
ment of weather radars for local weather monitoring
(Wolfson et al. 1990). The advantages of X-band ra-
dars compared to other bands like C band or S band
are increased range resolution and reduced costs. A
drawback of X-band radars compared to S-band or
C-band radars is that the maximal range is reduced,
because of higher attenuation.

Within the UFO project, an X-band solid-state
electronic scanning radar has been developed by
Thales to monitor wind hazards (Fig. 1a). This radar
has been designed around high-performance hard-
ware: a full solid-state 600-W modular transmitter
that enables graceful degradation. Graceful degrada-
tion means that in case of failure of the transmitter
module, operation continues at a lower power step.
The radar is composed of an electronic beam-steering
antenna, designed for monitoring wake vortices in
short-range mode (up to 2 km, high update rate of
7.5 s) and for wind vectors and turbulence intensity
measurements in far-range mode (up to 60 km). Its
main characteristics are a slotted waveguide, a pencil
beam with a full width at half maximum (FWHM)

Fic. 1. Measurement systems in the UFO project: (a) the X-band Thales scanning radar, (b) the Leosphere
scanning lidar, and (c) the X-band CURIE profiling radar.
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of 1.8° and 40-dB directivity. The radar has a range
resolution of 5 m in short-range mode, achieved by
pulse compression, that allows for the discrimina-
tion of wake vortices (Barbaresco et al. 2015). The
far-range mode has a 50-m resolution.

1.54-um scanning coherent Doppler lidar. Scanning
pulsed Doppler lidars have been developed for many
years, having as their main application the monitor-
ing of wind under clear-air conditions (Chan et al.
2006). Today, lidars are increasingly used in aviation
operations, in particular wind and wind shear moni-
toring (Dolfi-Bouteyre et al. 2009). They have become
the reference measurement system for wake vortex
measurements (Kameyama et al. 2007; Zhang et al.
2014; Cariou et al. 2006; Kopp et al. 2005; Holzapfel
et al. 2003; Gerz et al. 2002). Most of the wind lidars
use heterodyne detection. They emit in the near-
infrared region between 1.5 and 2 ym, which has the
following advantages: 1) efficient lasers and ampli-
fiers are available at those wavelengths thanks to
erbium-ytterbium or holmium-thulium dopants; 2)
relatively high laser energy can be used while ensur-
ing eye safety; and 3) for some specific frequencies,
atmospheric transmission is good. Nevertheless,
compared to radars, atmospheric attenuation in
the near-infrared is much higher for lidars, which
explains their short-range performance of typically
10 km for the highest-power lidars in clear air.

Pulsed master oscillator power all-fiber amplifier
(MOPFA) technology is most adaptive for operational
uses with high efficiency, robustness, and cost effective-
ness (Dolfi-Bouteyre et al. 2009; Kameyama et al. 2007).
Still, as of just several years ago, the maximum peak
power of the fiber amplifier was limited to a few hun-
dred watts, due to stimulated Brillouin scattering (SBS;
Kulcsar et al. 2003). Even if the existing laser power
was sufficient for a requirement such as wind profiling,
wind shear detection, or wake vortex detection, it is not
sufficient for the objectives of the UFO project, which
require at least the far range of 10 km and revisit times
of 10 s. For the UFO project, developments have been
carried out by the use of two stages of amplification
and special optical fibers, which increases the maxi-
mum peak power of fiber amplifiers. The high-peak-
power laser source has, consequently, been integrated
into a compact existing enclosure, which is typically
used for commercial lidar products (Fig. 1b). Several
experiments have been performed that demonstrated
the enhanced capabilities of the lidar prototype, such
as a doubling of the maximum peak power (Lombard
et al. 2015). The obtained performances are equal to
the UFO measurement system objectives.
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Radar and lidar profilers. Two atmospheric profiling
remote sensors were used during the UFO experi-
ments: an X-band radar and a Doppler lidar. These
measurement systems have the aim to characterize
vertical profiles of wind and turbulence parameters
in the lower part of the ABL.

X-eaND CURIE RADAR. The Laboratoire Atmosphere,
Milieux, Observations Spatiales (LATMOS) from
Université Pierre et Marie Curie (UPMC) developed
and operated an X-band radar, named CURIE (an
acronym for Canopy Urban Research on Interactions
and Exchanges; Al-Sakka et al. 2009). It is a low-power
(60-W peak) pulsed radar operating at 9.42 GHz
(Fig. 1c). A parabolic-offset antenna, with a gain of
40 decibels-isotropic (dBi) and beamwidth of 1.9°,
is used to minimize the effects of secondary beams
and ground clutter. This radar system is primarily
dedicated to measurements within urban areas. The
measurements were obtained continuously along the
vertical direction, with a time resolution of ~6 sand a
range resolution of 22.5 m, for heights ranging from
70 to 720 m. The CURIE radar provides measure-
ments of the first three Doppler moments.

WINDCUBE LIDAR PROFILER. The Windcube lidar pro-
tiler, from the company Leosphere, is a pulsed and
coherent (heterodyne) lidar, emitting infrared (IR)
radiation (at 1.5 ym). To provide a vertical profile of
the three components of the wind, a Doppler beam
swinging (DBS) mode is used, which consists of a
scan sequence with the acquisition of five Doppler
spectra in five different looking directions. There-
fore, a complete cycle of five radial wind velocity
measurements lasts 4 s. One direction is vertical and
four directions are 28° off vertical in two orthogonal
planes. The 3D wind field is reconstructed from the
five measurements of the radial velocities. The range
resolution is 20 m, for heights ranging from 70 to
290 m (Westerhellweg et al. 2010).

Mode-S. Mode-S enhanced surveillance (EHS) ob-
servations are obtained using secondary surveillance
radar (SSR) used for ATM. On request by a tracking
and ranging (TAR) radar, each aircraft responds
with information on heading, airspeed, and Mach
number from the onboard computer, from which the
atmospheric temperature and the horizontal wind
vector can be extracted. In general, en-route radars
have a full scan period of 20 s, while the approach
radar scans with a period of 4 s. The coverage of
such radars is limited by the curvature of the Earth.
The recorded messages also contain information



on the movement of the aircraft generated by the
flight computer. The message is complemented with
information on the position and ground track from
the tracking radar.

The horizontal wind vector at the location of an
aircraft can be derived from its ground path, airspeed,
and heading. A magnetic declination conversion is
necessary to obtain true headings, because the mag-
netic heading values are downlinked. Furthermore,
it appears that each individual aircraft has specific
characteristics. Therefore, an additional aircraft and
time-dependent correction for heading and airspeed
needs to be applied (de Haan 2011). These corrections
are based on statistical comparison with an NWP
model over a long time period (de Haan 2013). The
derived observations are called Mode-S EHS. When
direct meteorological information is available, the
observation is called Mode-S MRAR (meteorological
routine air report; Strajnar et al. 2015). Both observa-
tion types have proven to be beneficial for short-term
NWP models (de Haan and Stoffelen 2012; Strajnar
et al. 2015).

WIND VECTOR AND TURBULENCE IN-
TENSITY RETRIEVAL TECHNIQUES AND
THEIR VALIDATION. Wind vector retrievals.
With a lidar or radar, the line-of-sight velocity V' is
measured using the Doppler-induced frequency shift
on the backscattered signal and is expressed by (e.g.,
Doviak and Zrnié¢ 1993)

V= ucosbsing + vcosfcosg + wsind, 1

where 0 is the elevation angle, ¢ is the azimuth
angle, and (u, v, w) are the wind components in a
Cartesian coordinate system. Consequently, wind
vectors are reconstructed by model-based param-
eter estimation. For example, the volume velocity
processing (VVP) method can be applied to obtain
wind vectors (Krishnamurthy et al. 2013; Kongara
et al. 2012). With the VVP method, a linear wind
model is used for each analysis volume (e.g., Doviak
and Zrni¢ 1993). The accuracy of the retrieved wind
vectors depends on the number of measurement
samples within an analysis volume and the set of the
fitted parameters. More samples will give a higher
accuracy to the 10-min -averaged wind speeds. Too
many fitting parameters with insufficient samples
can lead to unstable results. When these parameters
are properly chosen, good validation results can
be found, for example, an accuracy of 0.06 m s
at 1.6-km range (Wagner and Courtney 2014) for
a lidar system. For the radar, Eq. (1) also applies,
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but more challenges in the wind vector technique
retrieval arise because of issues related to the radar
measurement principle, such as 1) rain/cloud drops
not being perfect tracers of the air motion and 2)
data gaps due to insufficient reflection and/or data
quality issues (Oude Nijhuis et al. 2016b). From a
comparison of different retrieval techniques, it is
found that a four-dimensional variational analysis
(4D-Var) wind vector retrieval technique, based on
an optimal estimation procedure, is most optimal
for a single scanning Doppler radar for the retrieval
of wind vectors, in particular at large distance from
the radar location (Oude Nijhuis et al. 2014).

Turbulence intensity retrieval techniques. EDR, which
is used as an indicator for turbulence intensity in
aviation, originates from atmospheric turbulence
studies (e.g., Pope 2000). The EDR is a measure for the
viscous dissipation of turbulent kinetic energy (TKE),
which is transferred from large scales to small scales
within the inertial subrange via eddies. It is derived
from the Navier-Stokes equations, in terms of the
ensemble average of combinations of derivatives of
the fluid velocities and the kinematic viscosity. As a
consequence of Kolmogorov’s similarity hypotheses
that are valid for locally homogeneous and isotropic
turbulence, the turbulent energy spectrum E(x)
(m? s72) of three-dimensional wind velocities in the
inertial subrange is partitioned among the eddies
in a universal form (Kolmogorov 1941; Sutton 1953;
Pope 2000):

E(k) = Ce**k™>53, )

where x = 271/A (m™) is the wavenumber with wave-
length A (m), & (m? s) is the energy dissipation rate,
and C is a universal Kolmogorov constant that is
determined from experiments (Sreenivasan 1995).
Next to Eq. (2), there exist one-dimensional
turbulence energy spectra, and also second- and
third-order structure functions, having different,
but analytically related, universal constants (e.g.,
Pope 2000), which form the theoretical basis for EDR
retrieval techniques. Integration of the turbulent en-
ergy spectrum leads to an analytical relation that is
used to estimate an EDR value, based on the variance
of velocities, for example, from Doppler lidar/radar
measurements (Brewster and Zrni¢ 1986; Yanovsky
etal. 2005; O’Connor et al. 2010; Bouniol et al. 2004).
Other EDR retrieval techniques rely on processing of
the power spectrum of velocities or structure func-
tions of velocities (Siebert et al. 2006; Frehlich et al.
1998; Pope 2000). EDR retrieval techniques can also
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be applied in the temporal domain by using Taylor’s
hypothesis of “frozen” turbulence (Taylor 1938), al-
lowing for the substitution

t=s/U, 3

where t is time, s is distance, and U, is the mean flow
speed. This substitution is, for example, used for in
situ sensors, where the wind field fluctuation mea-
surements are advected with the mean flow speed
U,. This substitution is an approximation and is only
valid in the case when the turbulent circulations are
smaller than the advection, and when the magnitudes
of the turbulent velocities are small in comparison to
U, (Monin and Yaglom 1975, p. 361).

Application to measurements. There are numerous
manners in which an EDR value can be obtained from
measurements. In the literature there is, however, no
consensus on an optimal or standard EDR retrieval
technique, and more research is required regarding
this topic. Within the UFO project, different EDR
retrieval techniques have been applied for each mea-
surement system, as a technique is more favorable
for technical reasons and/or it is the preference of a
research group. Here an overview is given of the EDR
retrieval techniques that were applied to the clear-air
profiling radar, the scanning lidar, and the X-band
scanning radar.

For the clear-air profiling radar (CURIE radar),
the radar Doppler spectral widths have been used
to estimate EDR values. The CURIE radar is used
for turbulence measurements in clear-air conditions
only, because it is difficult to retrieve the spectral
broadening of the clear air in rainy conditions. The
rain echoes for this type of radar are very strong and
have large Doppler spectral widths. The distribution
of the fall speeds of the hydrometeors makes the de-
tection of the clear-air echoes very difficult.

The measured radar Doppler spectral width s can
be written as a sum over independent terms (Frisch
and Clifford 1974; Gossard et al. 1998; White et al.
1999; Jacoby-Koaly et al. 2002):

cl=cl+o;+ 4)

where s, is the turbulence Doppler spectral width and
s, is the antenna beam broadening. Additional terms
can exist in Eq. (4), due to wind shear broadening
or nonturbulence fluctuations, for example, gravity
waves (e.g., Nastrom 1997; Nastrom and Eaton 1997;
Wilson 2004). Such additional terms are small under
most circumstances for small beamwidths and are

2280 | BAMS NOVEMBER 2018

neglected. Consequently, the turbulence term can
be estimated as (Frisch and Clifford 1974; Gossard
etal. 1998; White et al. 1999; Jacoby-Koaly et al. 2002)

c!=0’-0;. (5)

A standard beam broadening correction has been
applied from White et al. (1999), and consequently,
the EDR value is estimated as

4 3/2
e=o’ (Fﬂj I, ©)

1
where I is an integral depending on the mean hori-
zontal wind and on the dimensions of the radar vol-
ume, and C, is a constant related to C (White et al.
1999).

For the scanning Doppler lidar and scanning Dop-
pler radar, EDR values are estimated from the stan-
dard deviation of a series of Doppler velocities from
a single line of sight (e.g., Oude Nijhuis et al. 2016a):

-3/2
3 _ _
€= |:5 Cros (KT§/3 — K »” )} ‘7:3’ 7)

where s, is the standard deviation of line-of-sight
velocities. Equation (7) is obtained from integration
of a similar expression as Eq. (2), with only the differ-
ence of having a different Kolmogorov constant C, .,
which is relevant for line-of-sight velocities and the
radar/lidar antenna direction. The wavenumbers «
and . are the limits of the part of the turbulent en-
ergy spectrum that is being sampled. They are related
to the sampling scale A, via x, = 271/, and the total
sampling scale A, via k= 27/ .

By using a large totaling sampling scale, approxi-
mately 2 km in this study, and using a low-elevation
radar looking angle, the resulting EDR values are
independent of an accurate estimation of the rain
drop size distribution (DSD). By using a low-elevation
radar looking angle, the measured variance in rain-
drop fall speeds is minimized because the variance in
raindrop fall speeds is maximal in the vertical direc-
tion and zero in the horizontal directions. By using
a total sampling scale that is much larger than 30 m,
the influence of raindrop inertia can be neglected
[details in Oude Nijhuis et al. (2016b)]. It is further
assumed that the measurement samples are in the
inertial subrange and Eq. (2) is applicable. Because
of this assumption, the resulting EDR values can be
biased because of more localized weather phenomena,
such as building-induced turbulence.

Validation of a clear-air radar-based EDR retrieval tech-
nique via simulations. The retrieval of EDR values with



a clear-air profiling X-band radar is new. Therefore,
the EDR retrieval technique is validated for this
instrument with LESs and a clear-air radar signal
simulator. The main question to answer with these
simulations is whether the observations are unbiased,
and thus reliable, for a variety of different EDR values
and atmospheric stratification levels. In addition, the
simulations can give some confidence to assert that
the turbulence intensity values are derived from at-
mospheric motions and not from radar noise signals.

A simulator of radar signals, which are scattered by
tropospheric turbulence in clear air, has been devel-
oped at Université catholique de Louvain (UCL). It is
based on LES modeling of the turbulent troposphere
with stable stratification. The LES provides realistic
4D fields of velocity, pressure, temperature, and hu-
midity in homogeneous isotropic turbulence, for a
given value of EDR and stratification (Brunt-Vaisala
frequency). Those fields are then used to simulate
the radar signal backscattering. The LES model was
adapted from De Visscher et al. (2013) to introduce
water vapor. It was run for a combination of four val-
ues of EDR and three stratification levels. The resolu-
tion of the model in space and time is 0.78 mand 1 s,
respectively. In this article, the results obtained with
the simulator are validated against LES input values
of EDR for clear-air conditions only.

The model for calculation of radar signal back-
scattering in clear air extends the method proposed
by Muschinski et al. (1999) from S-band to X-band
radars, as explained hereafter. Backscattering of
electromagnetic waves occurs on clear-air refrac-
tive index inhomogeneities with a scale equal to the
Bragg wavelength (e.g., Doviak and Zrnic 1993),
corresponding to half the radar wavelength, which is
1.6 cm for the CURIE radar. Muschinski et al. use a
parameterized model for the calculation of the scat-
tered signal received by the radar (scattering integral).
The temporal changes of phase and amplitude of
the signal are based on the use of an LES snapshot,
advected by local wind velocity, and with the as-
sumption of linear changes of all the LES parameters
between two successive snapshots. The amplitude and
the phase of the coherent complex signal received by
the radar are calculated as a function of the
local refractive index structure constant of

contributions of the phases of the LES grid points to
the scattering integral are statistically independent,
and 3) the radar cell contains a large number of LES
points to ensure sufficiently sampled statistics. For
the parameters of the CURIE radar and the LES reso-
lution of 0.78 m, the two last hypotheses are fulfilled:
the size of the LES cells (0.780 m) is much larger than
the Bragg wavelength (1.6 cm), and the size of the ra-
dar cell in range is about 23 m and is much larger than
the LES cell. With regard to the first assumption, it is
expected that for the X-band radar the Bragg scale lies
in the dissipative range or in the transition zone from
the inertial subrange to the viscous dissipative range
for most of the combinations of LES parameters.

The UCL model includes the exponential decrease
of the refractive index spectrum in the calculation of
the backscattered signal to account for the attenuation
of the spectrum level in the dissipation range:

®, (k,)=0.033Ck;" e /", @®)

where k, is the Bragg wavenumber and k= 5.92/]
(Tatarski 1971), where [  is the inner scale of turbu-
lence. It corresponds to the smallest inhomogeneities
in the velocity field and is calculated using the follow-
ing expression (Hill and Clifford 1978):

EDR jl/ !

k =0.8
m ( v3

©)

where v is the kinematic viscosity of the air, and EDR
is derived from the LES itself.

The simulated radar-based estimation of the
EDR uses the calculation of the first and second
moments of the scattered signal Doppler spectrum
above a given threshold, estimated for the selected
spectrum estimator and window (Kovalev et al. 2016).
A minimum “peak to threshold” of 14 dB is used in
the simulator; it gives the EDR estimation accuracy
of the first line of Table 2 (inertial subrange). For
further comparison between inertial and dissipative
subrange hypotheses, all the parameters are kept
constant, including the threshold level. Applying
the exponential decrease reduces the refractive index
spectrum @ with respect to the inertial subrange case

the atmosphere C? and the velocity vector
field obtained from LES data (Pereira et al.
2014; Kovalev et al. 2016).

TasLE 2. Accuracy of the EDR estimation defined as mean
(EDR___, )/EDR
range rows correspond to the use of refractive index spec-
trum without and with exponential decrease, respectively.

A i Inertial subrange and dissipative

The three main hypotheses of the Mus-
chinski model are that 1) the LES subfilter

turbulence obeys Kolmogorov scaling
(inertial subrange) at the Bragg scale, 2) the

EDR'? (m?®s™) 0.215 0.I5 0.0793 0.0215
Inertial subrange 1.08 0.98 0997 022
Dissipative range 0.8l 0.73 0.25 0
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and the peak-to-threshold value accordingly. So, the
error in the estimation of the EDR increases. In this
simulator, no noise floor is taken into account. For a
real radar, the noise floor will define this threshold.

To verify the accuracy of the radar backscatter-
ing simulator, EDR is estimated from the Doppler
spectrum for the various LES cases and compared to
the EDR that was used as input for the LES. In total,
1 h of scattered signal time series is generated with a
radar configuration corresponding to the CURIE ra-
dar. It results in 610 Doppler spectra calculated from
consecutive trains of 4,096 pulses obtained with the
radar simulator. Each 10 consecutive Doppler spectra
are averaged and 61 samples of EDR are retrieved us-
ing Eqgs. (5) and (6).

In Fig. 2a, the four different values of EDR'* used
as input for the LES are plotted against the values of
EDR!? retrieved from the radar simulator, assuming
that the Bragg wavelength lies in the inertial subrange
[without the exponential factor in Eq. (8)]. The simu-
lated data show that the method [Egs. (5) and (6)]
accurately retrieves the EDR values from the Doppler
spectrum width. Some underestimation occurs for
the LES case with the lowest level of EDR. For that
case, the width of the Doppler spectrum becomes
comparable to the antenna beam broadening width
from Eq. (5), which is subtracted from the Doppler
spectrum width before the calculation of the EDR.

In a second simulation (Fig. 2b), the hypothesis of
the Bragg wavelength being in the inertial subrange is

(@)

0.3 — .
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released. The full spectrum of the refractive index is
used [Eq. (8)], including the dissipative range. When
the Bragg wavelength is in the dissipative region,
the peak-to-threshold value decreases, while keep-
ing all other simulation parameters constant. The
Doppler spectrum width seen above the threshold
is then reduced. This leads to an underestimation of
EDR. Figure 2b demonstrates this underestimation
of EDR when it is retrieved from the simulated Dop-
pler spectrum.

The results for the LES cases with the weakest
turbulence show that there is no appreciable scat-
tering for the 1.6-cm Bragg wavelength because it
belongs to the dissipative range. Table 2 summarizes
the estimation accuracy in linear scale. The simulator
thus confirms the difficulties for a clear-air X-band
radar to retrieve accurate EDR values, in particular
for EDR values smaller than 0.15 m*? s, Further, it is
demonstrated that the sensitivity of this EDR retrieval
technique for clear-air X-band radar can be estimated
by using the UCL model.

COMPARISON AND COMBINATION OF
DIFFERENT SOURCES. In this section, retrieved
wind vectors and turbulence intensities are demon-
strated to show the benefit of the new sensors. Both
vertical profiles and scans of wind vectors were re-
trieved with the UFO wind hazard measurement sys-
tems in the TMA during trials at Toulouse-Blagnac
Airport in 2014. In addition, in situ measurements

(b)
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Fic. 2. (a) EDR estimated from simulated clear-air profiling radar backscattering vs LES EDR input value,
without the exponential decrease in the refractive index spectrum. (b) EDR estimated from simulated clear-
air profiling radar backscattering vs LES EDR input value, with the exponential decrease. Blue lines depict the
range between the minimum and maximum values of the estimated EDR. Blue dots are the mean values of the
estimations for each case. Red boxes display the standard deviation of radar simulator estimates of EDR values.
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Fic. 3. Retrieved wind vectors during the Toulouse trials at 1412 UTC 24 Apr 2014 from (a) the scanning Dop-
pler lidar and (b) the scanning Doppler radar. In the background the wind speed is plotted in color contours,
and the wind direction is shown with arrows on top. The altitudes of the measurements are shown with circles
in the background.

from weather sensors and from a research aircraft
from Technische Universitidt Braunschweig have
been used as reference measurements to validate the
results. Specific details on the setup of measurement
systems can be found in Barbaresco et al. (2015).

Wind vectors. In Fig. 3 the result of wind vector scans
is shown, where both the scanninglidar and the scan-
ning radar are working simultaneously to get a display
of wind speed and wind direction in the vicinity of the
airport. Note that the altitudes of the measurements
are shown with circles in the background. In Fig. 3a
retrieved wind vectors are shown for lidar in the ABL.
Close to the surface, where the lidar instrument was
measuring, the wind field is rather homogeneous and
no strong winds were measured. As there was light
rain during these measurements, the lidar was not
able to measure beyond 5 km due to attenuation. The
observation of wind vectors and turbulence beyond
5 km were obtained from the scanning X-band radar,
which is shown in Fig. 3b. At the higher altitudes
(>500 m), stronger wind was measured with values
of up 8-9 m s™. These wind maps help to improve
the awareness of hazardous

of data from April to May 2014. The lidar wind
profiler has been chosen as a reference sensor since
it has the highest data availability and is considered
the most accurate for upper-air wind measurements.
This reference wind sensor was also calibrated against
a certified met mast by an independent certification
entity before the campaign.

One-minute-averaged glide path wind speeds
from the scanning Doppler lidar have been compared
to research aircraft measurements over four flights
showing a low bias of 0.57 m s™ and a low STD of
0.51 m s7%. These numbers demonstrate that wind
speeds can be obtained in the glide path reliably.
Ten-minute-averaged vertical wind speeds from the
scanning lidar have been compared to a vertical lidar
profiler located 5 km away at altitudes of 80, 150, and
200 m. The 10-min average is commonly used in avia-
tion meteorology. The estimated bias of 0.11 m s™ is
low, but a rather high STD of 1.63 m s™" is estimated,
which is likely due to the low update rate of 5 min
for the scanning lidar volume wind measurements.
Within 10 min, only two sequences were performed
in this configuration. The radial Doppler velocities of

wind at the airport.
The bias and standard
deviation (STD) of the wind

TaBLE 3. Absolute value of bias and standard deviation o for wind speed
measurements for UFO wind hazard measurement systems. For the scan-
ning radar, Doppler velocities are used for the estimation of bias and o.

speed measurements with Measurement system Reference Bias(ms™') | o(ms™)
UFO wind hazard measure- Scanning lidar (glide path) Research aircraft 0.57 0.5l
n.lent systems have b?en es- Scanning lidar (volume) Lidar profiler 0.11 1.63
timated by a comparison to - —

Scanning radar Scanning lidar 0.8 1.18
reference sensors and are - -
given in Table 3. The dataset Mode-S EHS Lidar profiler 1.82 2.49
used consists of one month Mode-S MRAR Lidar profiler 0.19 0.58
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FiG. 4. (top) Time series of EDR'? from the Leosphere Doppler lidar profiler (red) and the CURIE radar (blue)
during a day, showing the diurnal cycle of turbulence intensity at Trappes on 8 Aug 2013 at 90 m. (middle)
Time-height cross section of EDR'? from the Doppler lidar profiler, and (bottom) time-height cross section

of EDR'? from the CURIE radar.

the scanning X-band radar and the scanning Doppler
lidar have been compared for four days during the
Toulouse trials. The bias of 0.8 m s™ and an STD of
1.18 m s! for the scanning radar show a fairly good
agreement.

The bias and STD of Mode-S downlinked wind
speeds have also been compared to the Windcube
profiling lidar that provided measurements in the
glide path. The wind speeds retrieved by the Mode-S
EHS method are not very accurate with respect to the
other UFO wind hazard measurement systems and
show a rather crude bias and STD. The more direct
measurements from Mode-S MRAR provide much
lower bias and STD results of 0.19 and 0.58 m s,
respectively, which is comparable to the other UFO
remote wind hazard measurement systems.

EDR from radarllidar profilers. In addition to the Tou-
louse trials, a measurement campaign at Trappes,
France, was carried out for the comparison of EDR
values between the CURIE X-band profiling radar and
the Windcube profiling lidar. Synchronous time series
of EDR values measured by radar and lidar profilers are
shown in Fig. 4. Both instruments revealed the diurnal
cycle of turbulence. During the day, convection occurs
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and turbulence is fully developed, which can be seen
in the obtained profiles of refractive index from the
ground level to the top of the ABL. The estimated EDR
values show a reasonable agreement, at least for the cas-
es when convection occurs (i.e., before 1800 local time),
with values in the range 0.01 < EDR*<0.22 m**s™* (or
alternatively 10-* < EDR < 102 m?s~). Such EDR values
indicate light to moderate turbulence levels (e.g., ICAO
2016). Both of the profilers—the low-power X-band
radar and the Windcube lidar—are thus able to detect
turbulence and to measure the evolution of turbulence
intensity in the lower ABL during the day.

Figure 5 shows typical space-time distributions
of turbulence intensity as observed by the CURIE
radar during the Toulouse-Blagnac Airport trials
(9 April 2014). The top panel shows the refractive
index of air due to turbulence (C?), the middle panel
shows the vertical velocity w, and the bottom panel
shows the estimated EDR. For this particular day,
the convection appears to be much weaker than for
the Trappes study case. Despite this difference, EDR
values are found to be quite similar at both sites, that
is, 0.01 < EDR"?<0.2 m*?s™". These figures illustrate
a typical daily cycle of turbulence intensity that was
observed during most of the days of the Toulouse
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Fic. 5. Diurnal cycle of turbulence intensity and vertical velocity observed by the CURIE radar at Toulouse—
Blagnac Airport on 9 Apr 2014: (top) C?, (middle) vertical velocity w, and (bottom) EDR'".

trial, except during rain, and thus illustrate the capa-
bility of the X-band profiling radar to provide useful
wind and turbulence information at airports. To our
knowledge, these figures demonstrate the capabil-
ity for turbulence measurements with a profiling
X-band radar system during clear-air conditions for
the first time.

Existing algorithms for retrieving EDR have thus
been applied to a clear-air X-band radar and a Dop-
pler lidar and have been validated through simula-
tions. Applied to the datasets of the Toulouse-Blagnac
Airport, both sensors are able to provide the profiles
of EDR in the boundary layer and to observe the mix-
ing layer, including its development from sunrise to
sunset. The orders of magnitude of EDR obtained are
similar. The remaining differences in the retrieved
EDR values between the two sensors might come from
the differences in the measurement principle of each
sensor. From the analysis of these study cases, it is
not possible to assert an ultimate accuracy of the re-
trieved EDR values. Nevertheless, it is shown that the
retrieved EDR values are qualitatively valid. Further
quantitative analysis for a large dataset is then needed
before these systems can be deployed operationally.

EDR from scanning radar and scanning lidar. Next
to maps of wind, EDR intensity maps can help to

AMERICAN METEOROLOGICAL SOCIETY

enhance the awareness of hazards due to turbulence
(e.g., Chan 2011). For the scanning Doppler lidar and
the scanning Doppler radar, the variance of measured
Doppler mean velocities in the line of sight is used to
estimate EDR [Eq. (7)]. The resulting EDR maps are
shown in Fig. 6. Please note that the altitudes of these
measurements are shown with circles in the back-
ground. An example of a lidar EDR map is shown in
Fig. 6a. In the vicinity of the airport (<5 km) and low
altitudes (<500 m), low to moderate turbulence levels
are found in this case. With the scanning X-band
radar, the measurements are complemented, which
is shown in Fig. 6b. Some small peak EDR values
observed by the radar likely indicate wake turbulence
from buildings, or aircraft wake turbulence, or other
small-scale turbulence phenomena. In addition to
that, there are large sections with high EDR values,
in this case predominantly in the easterly direction
with regard to the airport. The scanning UFO sen-
sors can thus also improve the awareness of hazards
due to turbulence, where the scanning X-band radar
complements the scanning lidar measurements that
are attenuated due to the raindrops.

Although almost identical EDR retrieval tech-
niques have been applied and validated with in situ
measurements (e.g., O’Connor et al. 2010; Siebert et al.
2006), it is, nevertheless, desired in future operational
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FiG. 6. Retrieved EDR values during the Toulouse trials at 1412 UTC 24 Apr 2014 from (a) the scanning Dop-
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50

applications that the retrieved EDR values from the
new types of instruments (scanning lidar and scan-
ning radars) will be further validated and compared
to in situ EDR measurements.

Proposed combination of UFO wind hazard measure-
ment systems. The performance levels of the scan-
ning radar and scanning lidar have been studied
for different ranges (distances to the instruments)
via simulations and data analysis to identify under
which meteorological circumstances they can be
used to retrieve wind vectors and EDR, and how they
can work together. The performance is schematically
plotted in Fig. 7 as a function of visibility and rain-
fall rate. The domains are shown where wind vectors
and EDR can be retrieved for specified ranges. Dur-
ing the campaign measurements, the X-band radar

A Rain rate [mm.h]

X-Band Radar

>2km

AN

>6N\

IR Lidar
>10km _—
Visibility [km]
~
1 Ll
1 2 5 10 20 50 100

FiG. 7. Performance of the scanning lidar and scanning
radar under different weather conditions. The avail-
ability of measurements from the Leosphere scanning
lidar is plotted as a function of visibility and rain rate,
for up to 2, 6, and 10 km in range with different green
colors. The availability of radar measurements is dis-
played as the light red surface.
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could be used in all rainy conditions to retrieve EDR
and wind vectors for the required range of 10 km,
and not during clear-air conditions. The lidar range
performance is mainly driven by aerosol content,
which can be expressed in terms of the meteorologi-
cal visibility and the rainfall rate. As there is a direct
link between visibility and atmospheric extinction,
the lidar signal attenuation is approximately pro-
portional to the visibility (Koschmieder 1925). This
means that for clear-air conditions (visibility above
10 km and low extinction), the lidar measurement
range exceeds 10 km. When there is moderate ex-
tinction (low visibility/light rain), the lidar measure-
ment range is reduced. During the Toulouse trials,
the lidar maximum range was reduced from 9.5 to
6 km in light-rain conditions. In cases of heavy rain,
the maximum range was significantly reduced fur-
ther down to 2 km. In Fig. 7, the domains where the
scanning lidar can be used to estimate wind vectors
and EDR are displayed, respectively, in light green
(>2-km range), green (>6-km range), and dark green
(>10-km range). More details with regard to these
performance studies can be found in Barbaresco
et al. (2015).

The studies on performance have confirmed that
in cases of rainy weather the scanning X-band radar
will be the instrument of choice, and the scanning
lidar will be better used in clear-air conditions. The
analyses of the data collected at the Toulouse trial
have led to the following conclusions: 1) in clear-air
conditions, the lidar measurements between 7 and
10 km are useful for about 50% of all measurement
time, and 2) in case of light rain (up to 2.5 mm h™"),
the lidar range can be reduced up to 36%. Below
0.5 mm h™, the range reduction is much smaller.
For light rain, the scanning radar and lidar have a



common area of measurements, which is up to the
maximum range of the lidar for such cases (~6 km). In
the case of moderate and heavy rain, the lidar range is
reduced by at least 80%. Nevertheless, the lidar range
can then be useful to complement the radar for mea-
surements close to the location of the instruments,
where the radar cannot measure because of a minimal
measuring range. For the radar it can be concluded
that 1) in clear air, the range is limited to only a few
kilometer(s), and 2) in case of heavy rain, the range
is limited by attenuation, but for rain intensities of
up to 75 mm h™' the maximum range is sufficient for
the UFO measurement system objectives (10 km). At
this site, the clear-air conditions correspond to 90%
of the weather conditions, and conditions with rain
rates above 1.1 mm h™" correspond to 1%.

With respect to NWP models, the future synergy
of UFO wind hazard measurement systems is sum-
marized in Fig. 8. The recommendations regarding
these measurement systems are 1) complementarity
of X-band electronic scanning radar (in rainy condi-
tions) and the scanning lidar (in clear air) for fast
and far-range monitoring at low altitudes (altitude
<500 m, range <10 km along the glide slope) and
2) complementarity with Mode-S EHS downlinks
for wind at high altitudes (altitude >500 m) in all
weather conditions and at low altitudes (altitude
>500 m) in cases of foggy weather conditions and/or
rainy conditions.

There remain some challenges regarding the
combination of an X-band radar and a Doppler lidar.
In the case of fog, both X-band radar and 1.5-ym
Doppler lidar will have a strong reduction of range.
In such weather conditions (low visibility and no
rain; see Fig. 8), external sources of information are
required. Mode-S downlinks are recommended for
such conditions, or the addition of other measure-
ment systems, such as cloud radars (35/95 GHz).

ASSIMILATION OF LIDAR DATA INTO
NWP MODELS. To assess the value of the new
UFO observations for short-range NWP model fore-
casts, OSEs are performed. The NWP model used
here is HARMONIE [High Resolution Limited Area
Model (HIRLAM)-Aire Limitée Adaptation Dy-
namique Développement International (ALADIN)
Research on Mesoscale Operational NWP in Eu-
romed] on a 1-km horizontal grid, with an hourly
3D-Var assimilation cycle. An OSE experiment
consists of a reference run, without the new observa-
tions assimilated, and a run with the new observa-
tions assimilated. When more new observations are
available, combinations of observing systems can be
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Fic. 8. Future synergy of UFO wind hazard measure-

ment systems with regard to NWP models.

made. Table 4 shows the abbreviations and datasets
used for the three experiments discussed here.

For wind forecast quality analysis, we have com-
pared the wind forecast of the u and v components
of the wind for all three experiments, with the profile
of wind retrieved by the Windcube lidar profiler. The
comparison is performed at 30-min intervals for all
forecasts up to +3 h. Figure 9 shows the result of the
comparison for the u component. The comparison
at +00 h (i.e., analysis time) is biased toward the ob-
servation for experiment MRAR+VL (MRAR with
vertical lidar), because these observations were used
in the assimilation. At all other forecast times the
observations are independent measurements of wind
and can thus be used for verification. Clearly visible
is the (short lived) positive impact of assimilating
Windcube lidar profiler measurements. The other
additional observation systems, when assimilated into
the model, were not able to produce forecasts with
similar performance as MRAR+VL. The positive im-
pactis still present after 30 min to 1 h, which is shown
by a reduced STD when additional observations are
assimilated. The impact is gradually disappearing
with increasing forecast length, because the local
spatial improvement introduced by the observation
at analysis time is advected (and dissipated) by the
forecast model. There is a smaller bias over almost

15 20 25

TaBLE 4. UFO observing system experiments.

Experiment

REF Conventional observations
MRAR +Mode-S MRAR
MRAR+VL +Mode-S MRAR

+Windcube lidar profiler
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+3 h, columns), and two

runs [reference (REF) and
y MRAR+VL, rows] valid
at 2000 UTC 7 May 2014
(+0 h) until 0800 UTC 8
May 2014 (+3 h). The main

difference between the two
runs is the assimilation of
the Windcube lidar wind

information at Toulouse-
. Blagnac Airport (denoted
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by the inverted triangle in
the center of each panel).
Note that there are wind li-

1

ments in the period 5-20 May 2014.

the whole forecast range when MRAR observations
are assimilated; additionally, when the Windcube
lidar profiler information is used, the bias is further
reduced. It is expected that when more upwind ob-
servations are available, the impact will be sustained
longer in the forecast at the downwind location.
From Fig. 9 we saw that the impact is most
pronounced in the first hours of the forecast. This
is also illustrated in Fig. 10, where we plotted the
wind vector field for four forecast times (+0 to

REF FC+00 REF FC+01

R

2
time into forecast [hr]

FiG. 9. Forecast statistics (bias and STD) for u component of the wind com-
pared to observations from the Windcube lidar profiler for the three experi-

dar observations available
south of Toulouse airport
(triangles). The wind fields
in the north and east are
very similar for both runs.
A region with low wind
speeds (blue) is present
in the southwest. A wind shift is approaching the
airport from the north. There are (weak) westerly
winds in the south at +0 h, while in the north there
are northerly winds. Adding the Windcube lidar
profile measurements results in a wind from the
west and a sharp wind shift from northwest to west.
The added adjustment is retained in the forecast for
up to +2 h and matches the lidar observation at all
forecast times better than the forecast without the

3

additional assimilated measurements.

airport)

A

v

MRAR+VL FC+02
TS

wind speed [ms ']

FiG. 10. Wind forecast at approximately 980 hPa of (top) the REF run and (bottom) the MRAR+VL for four fore-
cast times (columns). The colors indicate the wind speed, and the barbs show the wind direction. Also shown
are the wind observations (Windcube lidar and wind profiler) valid at the forecast time at approximately the
same height.
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CONCLUSIONS. In this article, the main
achievements of the UFO project have been pre-
sented. The main project objective was to develop a
unique set of wind vector and turbulence intensity
measurement systems for wake-vortex hazard miti-
gation. Future dynamic separation concepts rely on
such measurements systems, which have the poten-
tial to increase airport capacity and improve aviation
safety. Therefore, improved estimates of wind vectors
and EDR with high update rates and spatial resolu-
tion in specific areas are desired, such as the aircraft
approach and takeoff flight paths.

Measurement system objectives have been de-
fined that satisfy all the different requirements
for surveying wind hazards at airports for current
standard operations as well as for future advanced
dynamic separation concepts. The analysis made
shows that the combination of X-band scanning
radar and 1.54-ym scanning Doppler lidar is close
to an optimal one for all-weather surveying of local
wind hazards, taking into account their limitations
due to their measurement principles. A prototype of
such an optimal remote measurement system that
satisfies the requirements mentioned above and al-
lows for “almost” all-weather monitoring of wind
vectors and EDR along the aircraft approach and
takeoff flight paths has been tested in operational
conditions. The prototype includes a 1.54-ym scan-
ning Doppler lidar, developed by Leosphere, and an
electronically scanning X-band radar, developed by
Thales. The combination of lidar and radar will be
suitable for most weather conditions, where these two
instruments are complementary. There remain chal-
lenges for less common weather such as fog (hence
almost all-weather monitoring), where the scanning
lidar and scanning radar are not useful, and other
additional instruments may be necessary.

Different approaches have been taken to reliably
estimate wind vectors and EDR from the remote
sensors. With regard to the scanning lidar and
scanning radar, the main improvements were in the
operational performance such as maximum range,
and therefore, state-of-the-art retrieval techniques
for wind vectors and EDR could be used. The first
level of trust in these measurements comes from
validation and reliance on other works. During the
trials at Toulouse-Blagnac Airport, wind speed and
EDR measurements done by the scanning lidar and
radar have demonstrated similar values for the two
different instruments and thus give confidence.
Also, the comparison for wind speed values from
different sources showed that wind speed can be
obtained reliably in the glide path.
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The measurement of EDR from a clear-air profil-
ing radar—the CURIE X-band radar—is a novelty,
which required a more dedicated validation effort.
Therefore, LES numerical model simulations were
used to validate the capabilities and limitations of
such an instrument. It was shown that the accuracy
of the CURIE X-band radar estimates depends on
the level of the EDR, and EDR underestimation by
radar-retrieved values increases with the decrease of
the EDR. Radar simulations showed that the EDR can
be accurately evaluated from the Doppler spectrum
of the backscattered signal for EDR'” values higher
than 0.15 m?? s! for this instrument. In addition,
vertical profiles of EDR retrieved by the CURIE radar
profiler and a lidar profiler also demonstrated good
mutual agreement.

Experiments have demonstrated that both radar
and lidar profilers were able to monitor the atmo-
sphere continuously and demonstrate the daily
cycle of turbulence and were thus providing valuable
valuable estimates of EDR. In particular, it was dem-
onstrated that the CURIE X-band radar was capable
of retrieving turbulence intensity during clear-air
conditions, which can improve the awareness of
hazards due to turbulence. A logical next step to
further enhance the trust in these remote sensors is
the deployment of a long-lasting project at an airport
and test these measurement systems under a wide
variety of weather conditions, including comparisons
of wind vectors and EDR with in situ measurements.

The second goal of the UFO project—improving
high-resolution local weather forecasts by ingesting
remote wind measurements into NWP models—was
also demonstrated. Mode-S downlinked data have
been used to estimate horizontal wind vectors from
commercial aircraft, which is proven to be a valu-
able resource for NWP model forecasts assimilation.
With an OSE, the added value of lidar data ingestion
in high-resolution NWP models was estimated. A
positive impact with MRAR Mode-S and profiling
lidar was found, which was present up to 60 min in
the NWP model.
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