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Abstract. The Nice Gte d’Azur international airport is sub- case of horizontal wind shears crossing the runways, landing
ject to horizontal low-level wind shears. Detecting and pre-and take off directions are switched. Therefore LLW have
dicting these hazards is a major concern for aircraft securityimportant security and economic consequences.

A measurement campaign took place over the Nice airportin Several measurement campaigWélgéon et al, 1984 and
2009 including 4 anemometers, 1 wind lidar and 1 wind pro-numerical simulationsRroctor 1988 have been carried out
filer. Two wind shear events were observed during this meain the United States since the 1980s and provided a bet-
surement campaign. Numerical simulations were carried outer comprehension of wind shears due to storms, which are
with Meso-NH in a configuration compatible with near-real called microburstsHujita, 1986. The low-level wind shear
time applications to determine the ability of the numerical advisory system (LLWASSoffer, 1990 is a consequence of
model to predict these events and to study the meteorologicghe measurement campaigns. The initial system consisted in
situations generating an horizontal wind shear. A comparisorthe analysis of the difference between the wind observed by
between numerical simulation and the observation dataset ia central anemometer and the wind observed by one of five
conducted in this paper. anemometers distributed around the airport. A 15 knots or
greater difference triggered an alarm.

Since then, the LLWAS has been updated and can now
count several ground and buoy anemometers, a wind lidar,
several wind profilers. Since the development in the 1990s
of a wind-shear-dedicated radar, LLWAS can be combined

Air transport growth over the long term demonstrates a Sta'vvith a Terminal Doppler Weather Radar (TDWRichelson

ble trend despite economic stagnation and is expected to iS¢ al, 1990, to detect wind shear events both on the runways
crease after an upturn of the economy (Eurocontrol, 2009)

In that text del . | during tak ﬁand in altitude Shun and Chaii2008 present such an up-
h that context, any defay concerning a p'ane during take ofly e, 4 system applied at the Chek Lap Kok Airport in Hong
or landing impacts all the airport traffic. Weather conditions

. Kong, China.
0,
account for 15 % among all the causes of delay in Europe. A Another system, initially based on the Hong Kong air-

![?W]li\lleldwr']nd fheairn(lt_hw\(/)i 'isn?t hafzairrdOl:ts a’s n: th?rt ']5 Ear' port concept was developed for the Juneau, Alaska airport:
cularly dangerous € Vicinily of airports where airplanes .o jyneau Airport Wind System. It relies upon a number of

fly close to the ground at low speed. : , . :
. ' . ) . _— t fil tall high
A LLW is defined in aeronautics as a wind direction and/or sensors (anemometers and wind profilers) installed on hig

intensity ch . draft and d draft includ dpeaks around the airport and on two aircraft wind measure-
Intensity change in space, uporaft and downdraft Included, o ,, campaigns. Based on aircraft measurements, an esti-
that may cause a variation on the plane lift. In case of wind

hear encounter during landing. airerafts initiat A ndcnation of turbulence has been computed. Then regression
shear encounter during 1a 9, alrcrafts Initiate a go-arount,, . ;ients were defined to correlate the computed turbu-
procedure, fly back up to the circuit and prepare for Iandmgl nce intensity with the profiler and anemometer measure-
once again. This manoeuvre disturbs the entire subsequeﬁ

o . . . t litovich et al, 2011).
approach organization in case of high traffic. Moreover, in ents Politovich et a 3

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



2224 A. Boilley and J.-F. Mahfouf: Wind shear over the Nice @te d’'Azur airport

Over smaller airports where wind shear occurrence is high2 Location and description of the LIDAR2009
but where the aforementioned systems cannot be installed be- measurement campaign
cause of the location of the airport or because of the cost,
there is a need of an alternative. The Nic&€d'Azur air- 2.1 The Nice airport

port, located in the south-east of France, is the seat of ver- ) , . . , ,
tical and horizontal wind shears mostly in winter. Vertical 1h€ Nice @te d’Azur International airport is the third bus-

wind shears are due in general to valley breezes that can H§St French airport by total passenger traffic. Each year
measured by ground-based anemometers. Between 10 arld Million passengers cross the gates of the airport, whereby
20 horizontal wind shear events, which can be seen as a frorff!€ theoretical maximum passenger traffic is 13 million. The
of opposed wind directions, are observed each year accorc®/POrt is close to its limit. Due to the dense urban area sur-
ing to aircraft pilots’ reports. These fronts are relatively fine 0Unding the airport, no extensions are possible. A better
and difficult to detect by conventional ground-based sensors-LW anticipation is one way to limit their impact on air traf-
The relatively dense urban area surrounding the airport an(fi'c' ] ] ]

the final approaches over the sea limit the implementation of 1N€ airport is located in the south-east of France, seven
a complex wind shear detection system. Since the approacfjlometers west from downtown Nice. It was built at the
routes are located above sea as described in the next sectidd'd/sea interface in a bay between two capes: the Cape Fer-
conventional observations do not provide information in this "8t (FC) to the east and the Cap d’Antibes (AC) to the west.

area. A wind lidar campaign (LIDAR2009) was established 1N€ @irport runways are approximately 3.5km long in the di-
at the beginning of 2009 to obtain high-frequency measureJ€ction 44/24%4 . The Var valley runs.north—south and opens
ments approximately 10km around the lidar position. This©On {0 the west of the runways leading to frequent and well
measurement system has proven its ability to detect windPredicted vertical wind shear events. Thet€d'Azur is in
shears in clear-sky conditions as statedSiun and Chan the lee of the southern Alps where many peaks culminate
(2008. well above 2500 m, generating discontinued flow over the

Though a wind lidar can detect wind shears, the most in-NIC€ airport. S _
teresting part for air traffic management would be to predict A SPecial feature of the Nice airport is the approach
them. For that reason, a method based on available observ2Utes imposed to aircrafts in clear-sky conditions. In case
tions and numerical simulations is considered for the Nice9f €asterly wind, good visibility and clouds bottom above
airport. Chan(2012) studies a wind shear event using both 900 ma.g.l, airplanes have to go round the Cap d'Antibes by
observational and numerical data and demonstrates that a ngoUth. then fly to the north and turn 9@ the east to get
merical model could be able to predict the wind shear event2/ignéd with runways (dashed line in Figia). In westerly

The goal of this paper is to study two different horizontal flow conditions, airplanes cannot take the direct approach be-

wind shear events over the complex terrain of the Nice re-CaUse of the relief. They must come from the south-east and

gion and to determine the numerical model capability to pre-Un 90 to the west to get aligned (dotted line in Filp).
dict these events compared to the observations. Moreover, tHgU€ t0 these specific conditions only 25 % flights use the in-
complementarity of numerical modelling and observationsStriment landing system (continuous line in Fig). .
can provide information about the mechanisms generating PUring “good weather” conditions, airplanes do a°90
a wind shear over the Nice airport. We conducted numeri-P€nd at 200ma.s.l. where LLW can have disastrous effects
cal simulations for two different wind shear situations that ©" @irplane trajectory. Due to its location, the airport expe-
took place during LIDAR2009. The comparison presented infiences horizontal and vertical LLW. Most of vertical wind
the following study focuses on the capability and the lack Shéars are due to mountain breezes in the Var valley. The
of the model to predict these wind shear events. When th&'0rth breezes spreading a relatively dense air at the mouth
model was able to reasonably simulate the event, it was use@f the valley are perpendicular and divert the synoptic flow
to highlight the key elements leading to the wind shear situ-°V€" the sea. Due to dense. air |t'appears first in the lowest
ation. part of the atmosphere and is rapidly detected by local fore-
We first describe the Nice &@e d’Azur airport location casters. On the contrary, horizontal LLW causes are com-
and the instruments installed on the airport during the LI-P!€x and depends on both synoptic and local condition. They
DAR2009 measurement campaign. Two wind shear event&r® long-lasting events but can cross the airport at different
have been selected. The meteorological situation for bottFPeeds. It has been reported that two opposing wind direc-
events is given in Sect. 3. The numerical model Meso-NHtions measured on each side of the airport can last several

(Lafore et al, 1998 as well as its setup and the used diag- hours, Wh_ereas it can cross the platform in a_few minutes.
nostics are described in the beginning of Sect. 4. The comd € following study describes two types of horizontal LLW

parison and analysis of the numerical results towards obse/@€neration.
vations are then studied in the following section.

Nat. Hazards Earth Syst. Sci., 13, 2223238 2013 www.nat-hazards-earth-syst-sci.net/13/2223/2013/
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north-east of the runways (A) and provides vertical wind pro-
file time series up to 5000 m. It is a PCL-1300 Degreane-
Horizon wind profiler emitting a signal at 1274 MHz. Two
different emission times are available, leading to two dif-
ferent configurations: a high-resolution mode providing data
from 75m to 2000 ma.g.l. every 75m, and a low-resolution
mode, which provides data from 300 m to 5000 m a.g.l. every
150 m. The wind profiler can provide a profile every 2 min.

In the hazardous areas (west and east of the runways
over sea) where aircrafts turn, no continuous measurement
is made actually. In these conditions, local forecasters esti-
mate that a 3 km wind measurement range is a minimum to
detect hazards in the direct vicinity of the airport and in the
runway axis. A wind lidar campaign (LIDAR2009) was set
Antibes up for a three months period, from January to March 2009,
on the Nice airport.

A Lockheed Martin Doppler wind lidar (WindTracer®)
was installed by Meteo-France near the eastern anemometer,
letter B in Fig.1b. It emits a near-infrared (2 um wavelength)
laser beam and computes wind speed from the Doppler shift
of aerosol echoes. A laser beam has no secondary lobes im-
proving the spatial resolution through high directivity. In
case of low-level clouds or rain, however, the laser beam is
strongly attenuated, which drastically reduces the maximal
range. The WindTracer® geographical maximal scan area is
represented by a gray circle in Fitp. Horizontal scans and
elevations can be hemispherical. Indeed, over the Nice air-
port the wind lidar measurement cycle is made of two hemi-
spherical scans at 2 and dlevation followed by two vertical
scans from 2to 10° elevation in the runway directions (44
gl and 224) and a vertical scan from 1 to 1@levation at 33%

118 | f : : : azimuth which corresponds to the Var valley direction.

A sonic anemometer was installed near the wind profiler

during LIDAR20089. It is located in the Var valley direction

Fig. 1. Location of the Nice airport on the Shuttle Radar Topogra- (335) Ir.] order to validate data from the lidar. A 8&o-
phy Mission (SRTM) map of the Nice region and airplane routes France.mternal report demonstrates the good agreement be-
represented as arrows). Approach routes of the airplanes are di- tween lidar and standard anemometer measurements with a

rect (continuous line), in easterly wind and good visibility condi- correlation coefficient of 0.949 even with an altitude differ-
tion (dashed line) and in westerly wind conditions (dotted line). The ence of 10 m. These results and those obtaine8Hyn and
black and shaded circle represents the scan area of the wind lidaChan(2008 demonstrate the reliability of the lidar to detect
(b) Zoom on the Nice airport SRTM topography and sensor locationhazardous events close to the airports on the aircraft route
during the LIDAR2009 measurement campaign. The letters corregompared to meteorological ground stations. On 24 and on
spond to the different sensors: ultrasonic anemometer and wind pros7 March two wind shear events were observed by the li-
filer (A), west anemometer and wind lidar (B), central anemometeryar The significant amount of data obtained during the LI-
(C), east anemometer (D). DAR2009 campaign is supplemented by numerical simula-
tions leading to a regional description of the meteorological
phenomena.
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2.2 LIDAR2009 campaign

Several sensors are permanently installed on the airport plat-

form (Fig. 1b). Three anemometers are installed at the east (B Synoptic and observational situations

in Fig. 1b), center (C) and west (B) of the runways and mea-

sure the 10 m wind over the airport. The western anemometeFor each observed wind shear event the description of the
is part of the worldwide surface synoptic network SYNOP. A meteorological situation is constructed from synoptic obser-
wind profiler is located at the mouth of the Var valley, 500 m vation range to locally observed flow.

www.nat-hazards-earth-syst-sci.net/13/2223/2013/ Nat. Hazards Earth Syst. Sci., 13, 22228 2013
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Fig. 3. Visible images from SEVIRI onboard Meteosat satellite for

0 the 24 March 2009 at 12:30 UT(@) and 13:00 UTQb).

o

moves to the south-west during the next six hours and a
northerly flow settles over the@@e d’Azur and northern Italy.
- , : : As previously mentioned the event took place during
-10 5 0 5 10 15 a0 cloudy conditions. The visible images observed by the SE-
VIRI sensor onboard Meteosat satellite show clouds all over
(b) the Genoa gulf to the French-Italian border at 12:30 UTC
(Fig. 3a). A cloud front moves towards the west and reaches

Fig. 2. 500 hPa geopotential over Europe obtained from ECMWF the Nice region between 12:45 and 13:00 h (Bag. Its pro-

analysis at 12:00 UTCa) and 18:00 UTQb) on the 24 March 2009,  9ression to the west is stopped at 14:30 UTC and then the
clouds are advected to the south-east (not shown).

Vertical wind profile time series (one profile every two

3.1 24 March 2009 minutes) obtained from the wind profiler are presented in
Fig. 4. It demonstrates the rapid wind change over the Nice

On 24 March 2009 at 12:45UTC, a rather unusual type ofairport in the first 5000 m from an easterly to a westerly

wind shear was observed over the Nice airport. Itis particulaiwind. In Fig. 4b, the westerly wind is observed between
since it occurs in cloudy conditions. Therefore, the Monaco12:45 and 16:30 UTC. Afterwards another change in wind
heliport was closed during 1.5 h and severe turbulence werdirection occurs and a south-easterly flow is observed in the
reported over the Nice bay by pilots. lowest 400 m. The rapid change coincides with an increasing
The 500hPa geopotential is represented as isolines isignal to noise ratio (SNR) between 3000 m and 5000 m. A
Fig. 2 at 12:00 and 18:00h UTC, from the European Cen-rapid increase in the SNR value is due to either a tempera-
ter for Medium-range Weather Forecasts (ECMWF) analysisture drop or a humidity increase. Since clouds were observed
A thalweg is present over northern Italy. The north-westerlyfrom satellite, the SNR increase is likely related to the cloud
synoptic flow over France is influenced by the thalweg andfront arrival over the Nice airport, generating a rise in humid-
turns westerly over the &@e d’Azur. The thalweg position ity and a fall in temperature. A SNR increase is also observed

35
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Fig. 4. Vertical wind directions observed every 2 min by the wind
profiler located at the west of the runways for the 24 March 2009
for the low vertical resolutiorfa) and for the high vertical resolu-
tion (b). Graphs obtained with the Degreane-Horizon signal pro-

cessing software.
240

in the lower part of the atmosphere (under 1000 m), revealing
a change in air mass during the LLW.
The air mass change during the LLW in the lowest part of

the atmosphere is confirmed by the ground station measure- b
ments. For example, the 2m temperature and the 2m rela- Radialgpez 4 range
tive humidity on the Nice airport are respectively 17(G8and 00 m_15 m_10 =5 m_{ =1 -5 =10 =15 m20

20% at 12:00 UTC. Two hours later, once the cloud front has

reached the Nice airport, the 2m temperature has droppesgig. 5. 4° elevation wind lidar scans at 12:48) and 13:00UTC
down to 11.9°C and the 2m relative humidity has reached on 24 March. Warm colors mean a radial wind (r$going away
50% (not shown). The wind lidar installed on the runways from the lidar contrary to cold colors which represent a wind com-
during the LIDAR2009 field campaign provided 360ori- ing to the lidar. Arrows indicate a wind direction interpretation.
zontal scans of radial wind every 3 min approximately. The

evolution of the local wind structure is well captured. Two

scans are presented in Figat 12:45UTC and at 13:00 UTC. hours. Afterwards a continuous wind rotation from west to
At 12:45UTC the LLW is located at approximately 6 km of east by the south is observed.

the wind lidar location. 15 min later, a westerly wind blows  The wind direction change observed by the different sen-
over the entire airport and the easterly wind is pushed awayors can be related to the thalweg position. As long as the
to the west. The situation remains identical for the two nextthalweg is located over the Alps, all the northerly synoptic

www.nat-hazards-earth-syst-sci.net/13/2223/2013/ Nat. Hazards Earth Syst. Sci., 13, 22228 2013
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ot g
-
" ow level wind

Fig. 7. 500 hPa geopotential over Europe obtained from ECMWF
analysis at 06:00 UTC on the 27 March 2009.

(b)

Fig. 6. Conceptual scheme of the “Alps crossing” césgand “vor-

, ) : ulf conduct to a lee vortex in the Genoa gulf similar to the
tex case’(b). Plain arrows represents the winds above the boundarylg . imulated iGlaf 4B 199
layer, dashed and pointed arrows are winds in the boundary layer. ee Vo,m?'es simu ate g IDlaisson an 9“99_3_‘( 9 pa_St
an elliptic mountain ridge. The vortex is initially contained

in the Gulf of Genoa. The synoptic westerly wind reinforce-

flow rounds the Alps and then is drained off to the west overment after sunrise induces a growth of the vortex. Its extent
the Mediterranean Sea. When the thalweg moves from th&eaches the Nice airport where a horizontal LLW is observed
Alps to the Italian coast, a part of the synoptic flow can crossat 07:45UTC. This case will be called “vortex case” in the
the Alps and reach thedRalley. The meeting of both parts of follo_wmg and a conceptual scheme of this event is presented
the flow at the French-ltalian border generates a cloud frontn Fig. 6b. . o

observed by satellite. The continuous move of the thalweg Vertically, the wind flow over the Nice airport can be sepa-
to the south forces the flow crossing the Alps to get an eastt@ted in two parts clearly visible on the wind profiler time se-
erly direction along the coast when the thalweg is located! €S as well as on the vertical wind profiles given by the AM-
just above the Genoa gulf. This easterly flow is opposed to)PAR message at 08:37 (presented in Fdp.Above 500 m,

the westerly flow coming from the Rie valley and gener- the strong westerly wind flow is relatively constant all day
ates a wind shear over the Mediterranean Sea as presented'fmg- Under this altitude the flow varies. For example, at the
the conceptual scheme in Figa. This case will be called a time of the AMDAR message, the LLW had already hap-

“Crossing the Alps” case. pened on the Nice airport and only the first 500 m of the at-
mosphere were concerned.
3.2 27 March 2009 The SYNOP network provides a regional point of view

of the 10m wind. A westerly wind has been observed all

On 27 March 2009, an horizontal wind shear was observediay long by the stations located at the extreme south of the
between 07:30 and 08:00 UTC by the lidar and induced aAlpine range (Toulon region cf. Figb) whereas the sta-
switch of the approach procedure directions by the air traffictions in the lee of the Alps demonstrate a perturbed wind.
control. Indeed, a northerly wind, typical of valley breezes, is ob-

A westerly wind blows all day long over western central served by most French coastal and valley stations in the early
Europe generated by a low geopotential region over northmorning. In one hour, between 07:00 and 08:00, the wind
ern Ireland and a high geopotential region over the Canaryirection changes from a northerly to an easterly wind for
Islands (Fig.7). In the lower layer, the Massif Central (cen- all the coastal stations, whereas northern inland stations still
ter of France) and the Alpine range split the westerly flow observe an easterly 10 m wind. The wind direction is only
into two parts. The one rounding the mountains to the southpbserved in the boundary layer in the coastal area.
reinforced by the wind blowing out of the Rhe valley, is The 2m temperature also rapidly and simultaneously
at the origin of the wind shear. It reaches the Mediterranearchanges during this event. It ranges between 6 arfC1e-
Sea and blows along the French coast to the Italian bordefore 07:00 all along the coast. After sunrise, the temperature
The shape of the extreme south of the Alps and of the Genogoes up and reaches 12@ at the Nice airport at 10:00. At

Nat. Hazards Earth Syst. Sci., 13, 2223238 2013 www.nat-hazards-earth-syst-sci.net/13/2223/2013/
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Fig. 8. Graphical representation of the AMDAR message recorded at 08:37 UTC on 27 March at the Nice airport. The “+” represents the
geographical position of the plane and the altitude and time of observation are given by red and blue values, respectively. The simulated anc
observed wind barbs (kt) on the right correspond to the wind at each “+” point.

the same time, the observed 2 m temperature at the extreme already modified 2km away from the Var valley mouth
south of the Alps is 22C. This temperature difference re- (distance separating the central and eastern anemometers). At
mains constant until the end of the day, showing two con-08:00 UTC, the wind speed decreases to less than 0.3 ms
trasted air masses. A cold air mass associated with an easbver the entire airport platform. A first wind direction change
erly wind settles along the@e d’Azur coast and a warm air from north to south-east occurs in 15min. The wind speed
mass associated with a westerly wind is present away fronand direction remain stable until 09:30 when a second wind
the coasts. It can be noticed that the wind direction in theshear happens. From that time, the wind blows from the east
warm air mass is similar to the synoptic flow in altitude. and the intensity increases rapidly: approx. 4th& 1h.
According to the previous statements and in absence of obThe sonic anemometer constantly overestimates the wind
servations over the sea, we speculate that in the early morrspeed (Fig9). The same overestimation is made with the
ing the valley breezes drain a cold air to the sea, which istime series for the 24 March LLW event. Between 08:30 and
advected by the westerly wind to the Genoa gulf. The accu09:30 a transitional period is noticed and the high tempo-
mulated cold air combined with the shape of the Alps andral frequency lidar scans provide supplementary information.
the Apennines range generate a stable low level air mass @n the 2 elevation scan presented in Figla the south-
high as the mean Apennines (approx. 500 m). In these condieasterly flow is established on the airport, whereas 5km to
tions, the synoptic westerly wind needs to circle around thisthe south (corresponding to an altitude of 170 m a.s.l.) a west-
stable area leading to the rotation of the cold air mass in theerly flow is observed. These distances and altitudes are simi-
Genoa gulf. The enhancement of the westerly wind in thelar to the distance between the airport and the extreme south
morning induces a blocking of the cold air against the Alps. of the Cap d’Antibes and the highest altitude of the Cape
This increases its horizontal extent to the Nice airport and theFerrat. The wind observed at the airport in the lower layer
associated easterly wind along the coast. This configuratiomf the atmosphere is a local wind circulation in the lee of
explains the observed difference in 2 m temperature. the Cap d’Antibes. This local “whirlwind” responsible for
Over the Nice airport, the four anemometers associatedhe first wind direction change is observed when the val-
with the high-frequency vertical and horizontal wind lidar ley breeze ends. It remains unchanged until the eastern wind
scans confirm the previously described morning flow aboveblows away this local effect at 09:30. At this time (Figb),
the Nice airport and show a more complex local flow than athe south-easterly wind is still observed on the airport plat-
single rapid wind change. form but an easterly wind (blue part north of the blind zone)
In the morning, the three western anemometers record appears. This easterly wind corresponds to the Genoa gulf
northerly wind due to the valley breeze (F®). The east- vortex. It blocks the westerly flow observed over the sea at
ern anemometer time series exhibit a weak north-westerly08:30 as observed on the lidar scan and propagates towards
wind as the breeze is influenced by the westerly low levelthe west, generating the second wind direction change be-
wind blowing over the sea. The valley breeze wind directiontween 09:30 and 10:00.

www.nat-hazards-earth-syst-sci.net/13/2223/2013/ Nat. Hazards Earth Syst. Sci., 13, 22228 2013
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Fig. 9. Wind intensity(a) and wind directior(b) observed (colored

+) by the four anemometers installed on the runways during the
LIDAR2009 experiment and simulated (black dots) over the Nice
airport for the 27 March 2009.

The LLW vortex case observed on the 27th starts with the
advection of a cold air mass over the sea due to local val-

ley breezes. The cold air is then advected to the Genoa gulf 20 :‘9 140
where it accumulates in the boundary layer. This stable air 20 10
mass deviates the westerly synoptic flow and starts spinning

generating a local vortex which extends in the next hours. In (c)

Radial speed range

the mean time, a smaller vortex is generated in the Bay of
20 15 10 ~-5 w-1 1 5 10 =15 =20

Nice, sparking off a local wind flow.
Fig. 10.2° elevation wind lidar scans at 08:08&), 08:30(b), 09:30
(c) and 10:00 UTQ() on 27 March. Warm colors mean a radial
4 Numerical modeling wind (ms1) going away from the lidar contrary to cold colors,
which represent a wind coming to the lidar. Arrows indicate a wind
In this section comparisons between available observationgirection interpretation.
and numerical simulations are carried out. The ability of the
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1998. These radiation schemes are the same as those in the
3000 operational AROME modeReity et al,2011) to be in a con-
U::’ figuration that could be setup for near real-time applications.
1500 The simulation grid domain is presented in Flda. The
1000 horizontal resolution is 2.5km, the domain contains 540
- 480 points horizontally and 60 vertical levels from 10m to
600.0 36 km high, including 23 levels below 2000 m. The orogra-
“’:::: phy is obtained from the GTOPO30 database, which has a
400.0 30" of arc angle resolution, i.e. approximately 1 km. Simula-
R tions start from the LLW closest analysis time. Initial condi-
i tions are obtained from operational analyses of the AROME
200.0 model at 2.5 km resolution. The boundary conditions are ob-
- tained from hourly forecasts from the coarser scale (9.5 km)
0.00 limited area model ALADIN Bubnova et a.1995 run over
.00 a wider domain. ALADIN includes a 3D-Var data assimila-
S tion system Fischer et al.2009. Each simulation experi-

ment lasts 6 h and outputs from Meso-NH are written every
Fig. 11.Simulation grid domain and name of locations of interest. 0.5h. These are the best physical and dynamical configura-
tions of a numerical model that could be made available in

real time to forecasters for issuing warnings over the Nice

model to simulate LLW is evaluated for both previously de- airport.

scribed hazardous events against the measurement datasetA nested domain at 500 m resolution centered on the Nice

The gridded information from a meteorological model is use-airport composed of 368 200 points has been run for both

ful to complement the observational network in order to pro-events. The use of the orographic database from the Shut-
vide a consistent picture of the event. A better understandingle Radar Topography Mission (SRTM) at’3fsolution in-

of the meteorological conditions leading to wind shear eventgluces a better representation of the orography and conse-
in the complex orography of the Niced@ d’Azur airportre- ~ quently of the topographic effects such as valley breezes or

gion is a first step towards improved numerical forecasts.  hill effect as demonstrated @ohm et al(2004 for exam-
ple. This improvement would be very useful for vertical wind

4.1 Numerical model setup shears generated by valley breezes for example. For the hor-
izontal wind shear simulations presented in the following,
The numerical simulations are performed with the non-the spatial extent of the wind shear front was improved due
hydrostatic Meso-NH modelL éfore et al, 1998, which is to point density compared to a 2.5 km resolution grid. How-
based on the anelastic approximation with purely explicitever, the location in space and time of the wind shear was not
second order accurate spatial and temporal discretizationsnodified by the higher resolution. The relatively small size of
The prognostic variables are the three wind components, dryhe domain and the weak improvement related to resolution
potential temperature, the mixing ratio of six different classesincrease demonstrate that both LLWs are mainly driven by
of water, and turbulent kinetic energy. The model containssynoptic phenomena. For these reasons the high-resolution
a comprehensive set of physical parametrization schemes tdomain did not allow for the study of the synoptic phenom-
describe sub-grid-scale processes. The terrain-following verena generating the wind shears. The results from this domain
tical coordinate is based on tl@&al-Chen and Sommerville will not be presented in the following.
(1975 parameterization. The SURFEX model is an external- Meso-NH includes a set of diagnostics providing for ex-
ized surface model run in parallel with Meso-NH. It contains ample, lagrangian tracers, chemical and aerosol variables,
several schemes to model fluxes over different surface typeaircraft or balloon trajectories, radar and lidar simulator. In
such as water surfacB¢lamarj 2005, urban areagasson the following the lidar simulator is used to compare numer-
2000 or vegetationNoilhan and Plantgnl989. ical simulations to wind lidar observations. The simulator
Turbulence equations for both simulations are closed usinds based on the radar simulata@€gumont et aJ.2006 in
a 1.5 order scheme, resolving only vertical exchanges withwhich the secondary lobes effect is not taken into account
the Bougeault and Lacagre (1989 mixing length formula-  and the range is reduced to 10 km due to laser wavelength.
tion. The ECMWEF radiation code is implemented in Meso- Output resolution may be increased to obtain a similar res-
NH. It uses the RRTM scheméM{awer et al, 1997 for olution to the observations. Simulated lidar scans in the fol-
longwave and the scheme describeddoyquart and Bonnel lowing study have a 1 km horizontal resolution and are ob-
(1980 for shortwave radiation. Since clouds were observedtained from 2.5 km resolution simulations outputs.
during one LLW event, a complete 6-class, one-moment bulk
microphysics scheme is used (ICERBinty and Jabouille
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4.2 24 March 2009 514
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The numerical simulation for 24 March starts at 12:00 UTC AR
using an AROME analysis. In the meteorological situation
description the importance of a thalweg location was demon-
strated. The position of this thalweg is not well reproduced
in the numerical model. Indeed, it has moved too far east
and too rapidly in the simulation. On the contrary it does
not move enough to the south. At the end of the simulation,
the local minimum located north of Corsica in the ECMWF
analysis (cf. Fig2) is located over northern Italy in the nu-
merical simulation (not shown). Consequently, the stream-
line curvature simulated by Meso-NH is less pronounced at
18:00 UTC in the Genoa gulf than in the re-analysis as pre-
sented in Figl2. Therefore, the flow that crosses the Alps is
not constrained enough to the west and may not reach Nice
close to the ground. Only when the local minimum is located 4~
over Genoa in the simulation, does the flow distortion get 577 11.90

rong enough ner LLW over the Ni irport; the_. , .
f;p?idgdi?sp?;c?enigngtioihaetz:st hovSe\(/aert I((:ads??oaa E)acl)pkjtdiz'f'g' 12. Stream field at 18:00 UTC simulated by Meso-NH at the

! ! nearest model level from 500 hPa.

appearance of the curvature.

The cloud cover was found to be a useful tracer of the wind
shear position in the meteorological description part. Both in-
frared (10.8 um) Meteosat images and their simulated equivthe thalweg: the westerly synoptic flow is established further
alent are presented in Fi§j3. The simulated cloud cover is east than in the observation. The time variation is however
underestimated overall in the simulation domain and particu-similar to the observed wind speed. The low wind speed at
larly over the Alps. Indeed, after 1 h of simulation, no clouds 14:30 is not simulated long enough due to the rapid displace-
are simulated in the Nice area, whereas the cloud front alment of the thalweg to the east in the simulation as described
ready reaches Nice in the Meteosat images. After 2.5h ofpreviously.
simulation, the cloud front reaches the airport. Afterward, The general circulation is similar and the cause of the fore-
observation and simulation similarly move the clouds towardcasted LLW is the same as that of the observed LLW. There-
the sea. fore, the simulated wind structure near the airport area, but

The lack of clouds in the numerical simulation induces ashifted 2 h before, can be compared to the lidar scans. Fig-
less pronounced air mass contrast in the lower layer over there 15 exhibits a wind lidar scan at 13:00 at 4levation
coast. The 2 m temperature and relative humidity change oband its 2 h later simulated equivalent (15:00) at 1 km reso-
served is not as pronounced in the simulation result. The coldution. The wind structure is clearly similar, with an easterly
and humid air mass is shifted to the south over the sea andind pushing away the previously installed westerly wind.
does not stay close to the coast. This position is related tdhere is a slight difference in the wind direction for the es-
the thalweg east displacement, which does not constrain theerly wind: it comes from the east in the simulation whereas it
flux to go to the west along the coast. The Italian side of thecomes from the north-east on the lidar scan. This difference is
Alpine range acts as an obstacle for the cold and humid frontcoherent with the misplacement of the cold and humid cloud
which does not reach the Nice airport without the additionalfront position in the simulation.
constraint of the thalweg. The 24 March 2009 LLW case described as a “crossing the

As a consequence of those misrepresentations, the LLWAIps” case is related to a thalweg location. The mesoscale
occurs 2 h late over the Nice airport as presented on the simsimulation introduces a bias in the thalweg position during
ulated 10 m wind time series (Fid4). The LLW is simu-  the simulation. It leads to a 2 h-late LLW prediction, over-
lated at 14:45 whereas all four anemometers record a rapiéstimation of the wind speed and an underestimation of the
wind change at 12:45. However, the simulated time series otloud cover. However, the wind structure is similar to the
the wind direction before and after the LLW is similar to the structure observed by the wind lidar over the Nice airport.
observed wind direction. The general meteorological circu-In that case, the use of a high-resolution numerical model
lation is well simulated but the bad location of the thalweg can warn the air traffic management about the possible oc-
generates a shift in space and time of the LLW. The simu-currence of a LLW over the airport. However, in the config-
lated wind speed is overestimated all day long. It is similaruration presented in this paper the time and duration of the
to the synoptic wind observed in the Toulon region. Oncehazard cannot be completely anticipated. It could be prof-
again, this can be related to the weaker constraint imposed bigable in that case to run a model at higher resolution and

e
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(a) 13:00 (b) 14:30
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Observations

Simulations

Fig. 13.10.8 um infrared brightness temperatut€) observed by SEVIRI onboard Meteosat satellite and simulated by Meso-NH at 2.5 km
resolution computed using the radiative transfer model RTTOV at 1@&)nd 14:30 UTQb).

assimilate local high-resolution data (wind lidar for exam- extension of the LLW layer as well as an overestimation of

ple) and/or high temporal frequency data (wind profiler) to the wind speed at all altitudes even in the lower layer.

study the impact on the LLW position. The same conclusion arises when examining the 10m
wind time series over the Nice airport presented in Big.
The wind intensity is slightly overestimated, particularly dur-

4.3 27 March 2009 ing the hour following the LLW. This hour corresponds to the
transition period when a vortex takes place locally in the lee

The numerical simulation of the 27 March 2009 LLW event ©f the Cap d’Antibes. However, during this hour and until

is initialized at 06:00 UTC with an AROME analysis. It is the end of the simulation period, the wind direction fits the
coupled hourly with ALADIN forecasts and runs until 12:00. ©Observations even during the second wind direction change

In that case, the LLW should occur 1.5 h after starting the@ 10:00 UTC. The wind direction is very well simulated but
simulation. the wind speed is constantly overestimated, even at 10 m. At

The streamlines at the nearest model level from 500 hPa i€ beginning of the simulation period, the simulated 10m
Meso-NH are similar to the geopotential presented in the meWind direction is more perturbed than the observed wind di-

teorological description (Fig) and are maintained all along Féction. It fluctuates in the range of the observed direction

the simulation. The geopotential gradient is strong over the2"d 45 min previous to the LLW the numerical model antici-
Mediterranean Sea, south of France, inducing a strong windpated the wind direction changes, varying from west to north.

over this area. In the boundary layer this strong wind is chanB0th the overestimation of the wind speed and the difference
neled and even more reinforced between the Massif Centrdl Wind direction can be explained by the fact that the chosen

and the Pyrenean range (not shown). The general circulatiofd point (the nearest) in the numerical simulation is south
is very similar to the ECMWF analysis. of the airport in a grid with only sea roughness. The near-

On the vertical direction, the comparison between the sim-€St point above land was located in the Var valley and was
ulation and the wind profiler (not shown) and the AMDAR €ven more perturbed by the complex orography. The wind

reports (Fig.8) shows an underestimation of the vertical OVer the sea is slightly stronger than over land due to lower
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Fig. 14. Time series: each minute of 10 m wind intensfa) and
direction(b) between 12:00 UTC and 18:00 UTC on 24 March 2009

observed by the four airport anemometers and simulated by Meso,:Ig 15.Radial wind intensity: lidar scan at 13:00 UT&), equiva-
NH. lent Meso-NH simulated scan at 15:00 UTl).

surface roughness values. The Var valley breeze extensiotemperature gradient in the Nice area are well captured by
reaches the point at the beginning of the simulation, then @ahe numerical simulation during the entire simulation com-
wind similar to the wind observed to the east is simulatedpared to the ground measurement station network. Since the
at 07:30. The LLW seems to be anticipated during the lowtemperature gradient is related to the position of the LLW as
intensity period when the valley breeze regains in extensiorpresented in the case description, it confirms that the regional
and a northerly wind is simulated at this point. structure of the LLW is well simulated.
The LLW is simulated a quarter of an hour later than ob- At 09:30 a second wind direction change occurs over the
served but a change of 120@ccurs in 5min in the simula- Nice airport as shown on the time series (Fif). Figure16
tion, whereas it takes 15 min for the observed wind directionpresents the wind lidar scans &t&f elevation at 19:30 and
to change similarly. For that reason, observed and simulated0:00 UTC as well as the equivalent simulated scans. The
winds fit very rapidly after the LLW. simulation reproduces the wind structure in a satisfactory
In the same way, the 2m temperature is well representedvay. There is a time lag at the beginning of the second LLW.
(not shown). Both the magnitude and the position of the 2 mindeed, as seen previously, the wind speed is stronger in the

Nat. Hazards Earth Syst. Sci., 13, 2223238 2013 www.nat-hazards-earth-syst-sci.net/13/2223/2013/
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Fig. 16.Lidar scans at2at 09:20(a) and 10:0Q(b) on 27 March 2009 and Meso-NH simulated equivalent at ¢c3@nd 10:0Q(d).

simulation than measured by the anemometer measuremenigaves are present in the lee of the mountains, above the
and the 09:30 simulated scan is similar to the observed one adflice airport from the beginning of the simulation. These
10:00. The local wind direction and speed are well simulatedwaves intensify once at 08:00 and strengthen a second time
but the wind structure is anticipated in the simulation. at 10:00. At that time the wind oscillations appear upwind of
The advantage of a numerical simulation is the largethe mountains compared to the waves at 08:00. The vertical
amount of regional information available. Vertical cross- component oscillation is coupled with a similar oscillation
sections of vertical velocity and potential temperature areof potential temperature in the lower layer above the moun-
presented in Figl7. The vertical wind component at 08:00 tains. The strong vertical wind component in the lee of the
and 10:00 is presented in the left column and the temperaturenountain seems to be maintained in altitude even more after
superimposed on the wind intensity in the right column. the reinforcement at 10:00. The oscillations are probably
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(b) Wind intensity (m.s™!)
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Fig. 17.Cross section of vertical wind speé and potential temperature isolines superimposed on wind intgb$ifsom ground to 10 km
high directed from west to east through Nice on 27 March 2009 at 08:00 (up) and 10:00 UTC (bottom).

absorbed by the cold air mass as statediamg et al(2006 5 Conclusions

and as a counterpart they press the cold air to the ground. The

cold air mass in the boundary layer acts as a shield preventinghis paper is a study of two different horizontal LLW events

the synoptic wind to reach the Nice airport and it maintainstaking place over the Nice airport. This airport is mostly con-

the easterly wind. The same kind of cold pool and waves incerned with horizontal wind shears and no LLW dedicated

the lee of the mountains were observed on another similasystems are installed on the runways. In 2009 a wind lidar

LLW event over Nice in 2005. campaign took place at the Nice airport, providing a very
useful and complete dataset. We carried numerical simula-
tions for two particular LLW events in the best configuration
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that could be obtained in near real time to test the ability ofstudy has been particularly appreciated. Thanks to Olivier Cau-
the numerical model to predict these hazardous events. Thaont for developing the wind lidar simulator. We acknowledge
simulations were carried out at high resolution (2.5 km) on aEric Schwartz for sharing his experience, data and sense of humour
domain Covering the entirety of France to reproduce the syn.abOUt thesg local “wind rgversal” e\(ents. Thanks to Lucien Wald
optic situation. A higher resolution (500 m) nested domainWho spent time reading this paper with a critical eye.
e ot POt ety . g

. . . Reviewed by: two anonymous referees
to the 2.5 km domain presented in this paper. However, oro-
graphic effects (i.e. valley breezes, hill effects) were greatly
improved and could lead to a better prediction of vertical
wind shears or local turbulence.

In the first case, called “crossing the Alps”, the LLW was
due to large-scale conditions. The LLW was not predicted ai
the right place and time due to the misrepresentation of thes.
conditions. In that case one way to improve the LLW position
would be to constrain the simulation more regularly towards
large-scale conditions through analysis nudging at each time,qtarences
step for example.

For the second LLW event (‘vortex case”), the LLW ayroux, D. and Blum, J.: Back and forth nudging algorithm for

generation is more related to regional effect (orography, data assimilation problems, C. R. Acad. Sci. Ser. |, 340, 873
breezes.). The model successfully anticipates 1.5h before 878, 2005.
the wind direction and intensity change. For that reason itBelamari, S.: Report on uncertainty estimates of an optimal
has been used to complement measurements. Waves werebulk formulation for surface turbulent fluxes, Technical report,
observed in the lee of the southern part of the Alps. During MERSEA IP deliverable D4.1.2, 29, 2005.
another LLW event over the Nice airport, more intense waveBoilley, A. and Mahfouf, J.-F.. Assimilation of low-level
structures were simulated and the LLW was more rapid. wind in a high-resolution mesoscale model using the
A stable lower layer in the Genoa gulf and a strong synop- bagk and forth nudg|_ng algorithm, Tellus A, 64, 18697,
tic wind are mandatory to generate a LLW over the Nice areg, do"10'3402/te”usa'\/§4'0'18692012' o o
. ) . ougeault, P. and Lacame, P.: Parametrization of orographic in-
in both cases. The Froude number upwind of the Alps in .bo.th duced turbulence in a mesobeta scale model, Mon. Weather Rev.,
LLW events was found close to 1. These three characteristics 117 1872-1890, 1989.
have to be present for a LLW to occur over the Nice airport. gupnova, R., Hello, G., Bernard, P., and Geleyn, J.-F.: Inte-
To further improve the timing, position and structure predic-  gration of the fully elastic equations cast in the hydrostatic-
tion of the LLW event, local measurements at high-frequency pressure terrain-following coordinate in the framework of the
and resolution could be assimilated in the mode&lpini ARPEGE/ALADIN NWP system, Mon. Weather Rev., 123,
et al, 2011). To take into account the rapidly changing wind ~ 515-535, 1995.
field observed by a wind lidar as many scans as possibl&@lpini, B., Ruffieux, D., Bettems, J.-M., Hug, C., Huguenin, P,
should be assimilated. For this purpose an enhanced nudg- 's8ak, H.-P., Kaufmann, P., Maier, O., and Steiner, P.: Ground-
ing technique (Back and Forth Nudginguroux and Blum b_ased r((ejmlote sensing profllllng and numelrlcal weather Ipre_du:l-
2005 was developed into Meso-Nl-B()iIIey and Mahfouf tion model to manage nuclear power pants meteoro ogical

. . . surveillance in Switzerland, Atmos. Meas. Tech., 4, 1617-1625,
2012. The use of the high-resolution domain (500 m) would d0i:10.5194/amt-4-1617-2012011.

then become mandatory. Caumont, O., Ducrocq, V., Delrieu, G., Gosset, M., Pinty, J.-P.,
To predict wind shears over the Nice airport, a combina-  du Chatelet, J. P., Andrieu, H., Lemaitre, Y., and Scialom, G.:

tion of numerical predictions and observations is necessary. A radar simulator for high-resolution nonhydrostatic models, J.

Numerical models are able to predict and generate a warning Atmos. Oceanic Technol., 23, 1049-1067, 2006.

about LLW appearance in the next 6 h. However, the time andchan, P. W.: An event of tail strike of an aircraft due to terrain-

position of the wind change are not well captured and must induced wind shear at the Hong Kong International Airport, Me-

be complemented by local measurements to keep watch on t€or- Appl., 19, 325-333, ddi0.1002/met.2642012.

the position of the LLW. More upwind sensors could also be Fischer. C.. Montmerle, T., Berre, L., Auger, L., and Stefanescu,

installed to further anticipate the arrival of a wind shear on S: E- An overview of the variational assimilation in the AL-
. . ADIN/France numerical weather-prediction system, Q. J. Roy.
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