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Deutsches Zentrum für Luft- und Raumfahrt (DLR) Oberpfaffenhofen
D-82234 Weßling, Germany

1. Introduction

In order to safely reduce aircraft separation during ap-
proach and landing, the wake vortex behavior along the
glide path has to be known and predicted. This requires
in principle the knowledge of wake vortex relevant mete-
orological parameters along the entire glide path where
typically continuous meteorological measurements of all
relevant variables are not feasible. For multiple purposes
a one-year meteorological data base for the Frankfurt
Terminal area has been generated using NOWVIV. The
skill of the nowcasting system NOWVIV (Nowcasting
Wake Vortex Impact Variables, Gerz et al. 2005) to pre-
dict these environmental parameters is assessed. This
one-year data set comprises typical weather conditions
and includes already typical features of a long-term sur-
face wind climatology. It enables to test new operational
concepts with realistic meteorological input and to es-
timate the potential for aircraft separation reduction. It
may also be used within risk assessments for prototype
wake-vortex advisory systems (Gerz et al. 2005).

A subset of the one-year data base is analysed in
detail for a period of 40 days where a dedicated wake
measurement campaign was carried out at Frankfurt air-
port in fall 2004 (Frech et al., 2005). In total 231 wake
vortex pairs generated by heavy aircraft in ground prox-
imity were tracked and characterized by LIDAR. During
this measurement campaign a SODAR/RASS and a LI-
DAR provided profile measurements of meteorological
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variables. These data are used to analyse the quality
of the predicted profiles of wind, temperature and tur-
bulence (Frech et al., 2005). Furthermore we carry out
a skill analysis to investigate the potential of NOWVIV
as a real-time prediction system where we focus on the
ability to predict pre-defined cross wind thresholds. The
skill of NOWVIV is compared to the skill of a simple
cross wind persistence model based on SODAR mea-
surements. For this purpose we assume that a given
measured cross wind profile is valid over the whole fore-
cast lead time and evaluate the skill of the forecast with
increasing lead time every 10 minutes.

In a wake-vortex advisory system, the weather predic-
tion and observation system is coupled to a wake vortex
predictor. Therefore, we have to know how the predictive
skill of the weather forecast system influences the pre-
dictive skill of the whole forecast system chain including
the wake predictor. Consequently, we extend this analy-
sis by coupling the Probabilistic Two-Phase wake vortex
transport and decay model P2P (Holzäpfel, 2003) to the
NOWVIV system and investigate the predictive skill of
P2P for pre-selected confidence levels of vortex position
and strength. The skill is assessed by comparing the
predictions against LIDAR measured wake vortex posi-
tion and strength. Initially, the overall skill of the wake
vortex forecast is analysed. We then analyse the skill of
the models with respect to observed and predicted clear-
ance of a safety corridor from wake vortices (WV). In par-
ticular, we focus on the frequency of non-conservative
predictions, which refer to a situation where a wake vor-
tex is predicted to be outside a predefined safety corridor
while observations still indicate the presence of a wake
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vortex in the safety corridor. A non-conservative predic-
tions refers to a potential risk for a following aircraft which
has to be avoided.

2. The model system NOWVIV

A hierarchy of weather forecast models is combined
within the model system ”NOWVIV” - NOwcasting Wake
Vortex Impact Variables. The core of NOWVIV is the
mesoscale model MM5 (Grell et. al, 2000) where a Ya-
mada & Mellor 2.5 level turbulence closure scheme is
employed from which TKE is computed as a prognos-
tic variable. Two nested domains with sizes of about
250x250 km� and about 90x90 km� centered on Frank-
furt airport with grid distances of 6.3 km and 2.1 km, re-
spectively, are used. The model employs 60 vertical lev-
els such that in the altitude range of interest (� � ���� m
above ground) 26 levels yield a vertical resolution vary-
ing between 8 m and 50 m. Initial and boundary data
are taken from the numerical data assimilation model LM
(Lokal Modell) of DWD (German Weather Service).

Detailed terrain and landuse information is provided to
NOWVIV. NOWVIV is initialized every 12 hours, 12 UTC
and 0 UTC. Locally measured data have not been assim-
ilated for this test. Output variables are vertical profiles
of horizontal and vertical wind, �� �� �, virtual potential
temperature �� and turbulent kinetic energy �.

3. Measurement campaign

The Frankfurt measurement campaign represents an
unique opportunity to assess a subset of the NOWVIV
climatology in more detail by using sonic anemometer
and SODAR/RASS measurements. We focus here on a
data comparison for 40 days (26.8.2004 until 5.10.2004).
The measurements were taken at a site close to the run-
way threshold of 25L/R (Figure 1). This time period in-
cludes a whole range of synoptic conditions, from late
summer high pressure situations to frontal passages with
strong winds and precipitation.

The SODAR/RASS measurements provide 10-minute
averaged profiles of all three wind components, standard
deviations of vertical velocity and virtual temperature.
The vertical resolution of the profiles is 20 m, and the

Figure 1: Layout of sensor location near the thresholds
of runway 25L/R. Also shown is the DFS anemometer
array and the DLR LIDAR scan plane.

first measurement level is 40 m (which represents an av-
erage between 30 m and 50 m). The vertical availability
of meteorological parameters varies with time, depend-
ing on environmental (aircraft noise) and meteorological
conditions. With the chosen settings, the vertical avail-
ability of SODAR/RASS data is typically on the order of
200-300 m. The accuracy of the wind speed measure-
ment depends on the wind speed magnitude. Up to 5
m/s the accuracy is within ��	� m/s and from 5 - 35 m/s
within ����. For wind direction, the accuracy is ��Æ.
The standard deviation of vertical wind velocity can be
estimated within ��	�� m/s. In addition an ultra-sonic
anemometer at z=10 m was operated close to the SO-
DAR/RASS measurements. The sonic anemometer pro-
vides measurements of all three wind components and
temperature at a sampling rate of 17 Hz.

In total 231 wake vortex pairs generated by A340 and
B747 aircraft during final approach at a nominal height
of about 60 m above the ground were traced with a 2-

2




� pulsed lidar system. The lidar scanned the measure-
ment plane in an angle of 123Æ to flight direction em-
ploying elevation sectors of 0Æ to 15Æ. For the evaluation
of wake-vortex properties, an interactive four-stage data
processing algorithm was applied which is described in
detail in Köpp et al. (2004). From estimated profiles of
vortex tangential velocities vortex positions and circula-
tions were derived.

4. Probabilistic wake-vortex pre-
diction model

The real-time Probabilistic Two-Phase aircraft wake-
vortex model (P2P) considers all of the first order WV
impact parameters, namely the aircraft configuration,
wind, turbulence, temperature stratification, wind shear,
and proximity of the ground. Detailed descriptions, ap-
plications, and assessments of P2P are available in
Holzäpfel (2003, 2005), Holzäpfel and Robins (2004),
and Holzäpfel and Steen (2006). The model is formu-
lated in normalized form where the characteristic scales
are based on initial vortex separation, ��, and circulation,
��, leading to the time scale �� � �
��

����.
For the prediction of circulation, the concept of two-

phase circulation decay is pursued, where a turbulent
diffusion phase is followed by a rapid decay phase (see
Fig. 2). This behavior has been adopted from large
eddy simulation results of wake vortex evolution in tur-
bulent and stably stratified environments and, in the
meantime, has also been confirmed by lidar observa-
tions (Holzäpfel, 2004). Aloft the onset time of rapid
decay depends on ambient turbulence and stratification.
In ground proximity, however, the decay rate is mainly
controlled by the interaction of the wake vortex with sec-
ondary vortices which detach from the boundary layer
at the ground. Consequently, in ground effect the de-
cay rate depends only weakly on ambient meteorological
conditions. On the other hand, the impact of cross wind
on vortex rebound characteristics is very strong. Cross
wind attenuates (intensifies) the formation of the luff (lee)
secondary vortex which causes pronounced asymmetric
rebound behavior (see Fig. 2).

To consider spatiotemporal variations of vortex posi-
tion and strength, which are caused primarily by tur-
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Figure 2: P2P predictions with SODAR/RASS input.
Measured (symbols) and predicted (lines) evolution of
normalized vertical and lateral positions, ��, ��, and cir-
culation, ��, in ground proximity. Red and blue lines de-
note deterministic behavior, green and light blue lines en-
velopes for probabilities of 95.4% and 99.73%, respec-
tively. Right below, vertical profiles of normalized envi-
ronmental data.
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bulent transport and deformation processes, the prob-
abilistic model predicts WV behavior within defined con-
fidence intervals (see Fig. 2). For this purpose, decay
parameters are varied in consecutive model runs and
various static and dynamic uncertainty allowances are
added which consider the increased scatter of wake vor-
tex position and strength in turbulent environments and
their modified trajectories caused by tilting and rebound
in wind shear situations. The obtained probabilistic en-
velopes can be adjusted to represent arbitrary degrees
of probability. The respective envelopes are estimated
based on a training procedure (Holzäpfel, 2005) that re-
lates the predicted envelopes to field measurement data.
To achieve consistency in between wind and wake pre-
diction skill, separate fits are used for wake predictions
driven by predicted and by measured environmental pa-
rameters. A deterministic model version termed D2P
provides mean wake vortex evolutions employing inter-
mediate decay parameters.

Figure 2 displays an extreme example where the
asymmetric rebound is very pronounced such that evolu-
tions of vertical vortex position exceed the 2�-envelopes
(95.4 %). Figure 3 shows the same overflight based on
a relatively poor NOWVIV cross wind prediction. Note,
that the spread of the probabilistic envelopes for lateral
position, ��, is increased compared to the SODAR driven
predictions due to cross wind prediction uncertainties.

5. Weather and Wake Vortex fore-
cast performance

The weather forecast performance is evaluated based
on 40 days of measurements. The RMS error and bias
of wind speed and direction is shown in figure 4. Overall
we find no systematic bias in wind direction and speed.
The RMS error of wind speed increases with height from
1.5 m/s to about 2.5 m/s. The corresponding RMS er-
ror of wind direction varies between 40 to 45Æ. In addi-
tion, we show also the first and third quartile of the error
distribution. The 1st and 3rd quartile profiles both indi-
cate deviations on the order of 20Æ which indicates that
the RMS error appears to be dominated by large outliers.
Overall, the results suggest a good forecast performance
compared to statistics published in literature (e.g. Zhong
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Figure 3: P2P predictions with NOWVIV input (see also
the same overflight in figure 2).
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et al., 2005).
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Figure 4: Root-mean square error and mean bias of wind
speed and direction.

In ground proximity cross wind driven wake vortex drift
constitutes the primary mechanism to clear the approach
corridor from wake vortices. For an operational wake-
vortex advisory system the correct timing of cross wind
predictions is decisive. We therefore extend this analysis
by comparing the model forecast not only against obser-
vations but also against a cross wind prediction based
on a simple persistence forecast. For analysis purposes
we consider a forecast lead time of up to 6 hours in or-
der to identify the lead time for which we can expect a
superior model forecast. The cross wind thresholds con-
sidered are 2 and 3 m/s, respectively. The requirement
is, that the exceedance of a given cross wind threshold

has to be predicted correctly over the whole cross wind
profile. From a contingency table we compute the false
alarm rate (FAR, e.g Nurmi, 2003). A false alarm refers
to a situation, where the predicted cross wind is above
the threshold whereas the measured cross wind is below
the specified cross wind threshold. The result is shown in
Figure 5. The FAR increases with increasing cross wind
threshold. The FAR of NOWVIV is 0.2 (0.32) for a cross
wind threshold of 2 m/s (3 m/s). We find that the skill of
the persistence forecast up to a lead time of 60 min (80
min) is superior compared to the NOWVIV performance.
Beyond this lead time, NOWVIV shows a better forecast
performance. Clearly the non-stationary diurnal evolu-
tion of the boundary layer wind cannot be captured by a
persistence assumption.

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  50  100  150  200  250  300  350

fa
ls

e 
al

ar
m

 r
at

e

lead time [min]

SDR 2 m/s
SDR 3 m/s

NOWVIV 2 m/s
NOWVIV 3 m/s

Figure 5: The False Alarm Rate regarding exceedance
of cross wind thresholds of 2 and 3 m/s for a SODAR
persistence forecast and the NOWVIV forecast based on
40 measurement days.

It has to be noted that we use the direct model out-
put without any further optimization by using e.g. local
observations. An approach referred to as Model Output
Statistics (MOS) is commonly employed by weather ser-
vices to correct direct model output and to assign confi-
dence levels to forecasted parameters. Certainly, there
is potential to reduce the NOWVIV FAR by introducing
safety allowances based on our knowledge of the er-
ror characteristics. Here the dependence of the error on
the prevailing synoptic situation, the wind direction (run-
way parallel or not) could be used to identify situations
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where the model output requires smaller or larger safety
allowances.

To investigate effects regarding the impact of meteoro-
logical data on wake-vortex behavior as it is done within
a wake vortex advisory system, we couple the NOWVIV
forecast and SODAR measurements with the P2P wake
vortex model.

We first analyse the overall forecast performance of
P2P using NOWVIV and the simple persistence forecast
as input. We employ a scoring procedure which consid-
ers in total 231 high quality wake vortex measurements
serving as a reference for the evaluation of the P2P re-
sults. The scoring procedure evaluates the root mean
square deviations of measurement and prediction of the
quantities ��, ��, and �� for each overflight. From the dis-
tribution of rms values resulting from the 231 cases, the
median and the 90th percentile are used to characterize
the performance of the models. The classical scoring ap-
proach is based on a deterministic version of P2P (D2P)
whereas an operational system would employ the fully
probabilistic version of P2P.

The scoring results shown in figure 6 indicate that the
D2P predictions of the lateral WV position using NOW-
VIV input initially are about a factor of two larger than the
predictions using SODAR input. For a typical large air-
craft with an initial vortex spacing of �� � 	� m, the RMS
error of the lateral vortex position using SODAR input is
on the order of 20 m. For completeness we also show
the 90th percentile of the RMS error distribution which
displays similar characteristics as the median (figure 6,
lower panel). The 90th percentile for the SODAR driven
prediction is near �� � � and �� � �	� for the NOWVIV
case.

As one could expect the RMS error of lateral position
increases with increasing lead time using the SODAR
based persistence model. The cross over time is found
for a lead time of ����� � 
� min which approximately
corresponds to the cross over time we found for a cross
wind threshold of 2 m/s with respect to FAR (see figure
5).

The RMS errors of the vertical position are for both nu-
merical prediction and persistence forecast nearly iden-
tical which suggests that the vertical position of the wake
vortex is dominated by the interaction with the solid sur-
face which is also reflected by the fact that the error is
essentially constant with increasing lead time. For cir-
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Figure 6: Median (upper panel) and 90th percentile
(lower panel) of the normalized root-mean square error
distribution of the predicted lateral and vertical wake vor-
tex position and circulation.

culation we obtain a similar behavior which can be at-
tributed to the weak dependence of wake vortex decay
in ground effect to meteorological parameters.

In principle one could expect that the error in lateral
WV position is directly correlated to the cross wind error.
This dependence is shown in figure 7 where the NOW-
VIV RMS error of cross wind for each WV observation is
plotted against the RMS error of the corresponding WV
position. A clear relation between the NOWVIV RMS er-
ror of cross wind and lateral position cannot be found.
There appears to be a weak tendency that an increasing
NOWVIV RMS error of cross wind leads to increasing
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errors in predicted lateral position.
In order to understand this we refer to figure 6 which

shows that also SODAR driven P2P does not yield per-
fect predictions of lateral transport. This implies that
the SODAR measured wind profile is only approximately
representative for the volume of air in which the wake
evolves. This is partly due to the time required for av-
eraging in order to obtain a realistic wind profile and be-
cause of the distance of the sensor to the wake trajectory
(� 300 m). If we would have a perfect wind measure-
ment we could hope for a negligible error in the predic-
tion of lateral wake position. But more important, the in-
teraction of the wake with its environment leads to com-
plex 3-D deformations and spatially varying decay pro-
cesses such that we have to expect significant variabil-
ity of vortex strength and position in particular for older
wake ages (e.g. Holzäpfel et al., 2000). All these aspects
contribute to the very weak correlation between the RMS
cross wind error and the error in lateral position in figure
7. Such findings motivated the development of the prob-
abilistic wake vortex transport model P2P, realizing that
deterministic model approaches would never succeed in
describing the 3-D nature of wake vortex evolution in the
atmosphere.
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Previous analysis concentrated on the skill of the de-
terministic version of P2P compared to Lidar measured
wake vortices. We now focus on the performance of the

fully probabilistic version of the model to predict the time
when a wake vortex leaves a safety corridor, ��. The re-
quirement is that �����	�
��� � ����
���
���. We employ the
dimensions of the safety corridor defined in the Wake
Vortex Warning System developed by DFS (Gurke and
Lafferton, 1997). The corridor has a width of �45 m from
the runway centerline. In the analysis we consider only
WVs that were observed by the Lidar at least for 60 s, so
that 7 wake measurements had to be removed from the
sample.
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���. Shown are P2P re-
sults using 1� and 2�-confidence levels, and D2P (det)
results using SODAR and NOWVIV input.

Within figure 8 the best skill is obtained using P2P pre-
dictions with 2�-confidence level (95.4%). There both
SODAR and NOWVIV driven P2P versions demonstrate
nearly equal skill at ����� � �. Both forecasts show a per-
fect performance of 100% conservatively predicted time
to leave the corridor. For a lead time of 30 min, the
persistence approach (SODAR-P2P) still correctly pre-
dicts the residence time in 99% of the cases. It is re-
markable that NOWVIV input leads to comparable skill
compared to e.g. the previously analyzed FAR. This can
be attributed to the P2P safety allowances which were
adopted to the NOWVIV predictions and thus lead to ac-
ceptable results even for inaccurately predicted meteo-
rological input. The quality of the P2P forecast driven
by SODAR starts to degrade substantially for lead times
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beyond � 60 minutes which is consistent with previous
results. If we consider a confidence level of 1� (68.3%),
the quality of the forecast for both inputs is still remark-
ably well (� 90%). Compared to the 2�-confidence level
result, the skill of the P2P 1�-confidence level shows a
similar dependence for increasing lead time. For illustra-
tive purposes we show the deterministic version of P2P
which indicates a rather poor performance in predicting
the correct safe residence times. This is not surprising
as D2P is optimized to predict the individual wake behav-
ior as close as possible to the observations such that a
predicted residence time may be often very close to the
actual residence time but eventually be too low. This will
be investigated in more detail below. The analysis clearly
illustrates that the probabilistic approach is needed in or-
der to capture the large variability of wake vortex evolu-
tion.
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The high level of skill shown in figure 8 needs to be
assessed together with the associated predicted times
to leave the corridor, which describe the related poten-
tial runway capacity increase. For this purpose we have
computed cumulative distributions of the time needed
to clear a safety corridor from wake vortices using P2P
runs with different input and confidence levels, and the
Lidar observations (figure 9). The cumulative distribu-
tion based on Lidar observations indicates that most of

the measured wakes have left the corridor within � 120
s. Only three wakes remain in the corridor. The cumu-
lative distribution based on the deterministic forecasts
suggests that at that time only 71% of the wakes have
left the corridor, while in total (at � � ��� s) 25% of the
predictions suggest that the wakes remain in the corri-
dor. This fraction is increasing up to 45% with increas-
ing confidence level for both the NOWVIV and SODAR
driven P2P forecast. If we consider the 120 s thresh-
old 55% (45%) of the wakes based on the 1�, and 36%
(11%) for the 2�-confidence level have left the corridor
employing the Sodar (NOWVIV) P2P forecast. This fig-
ure suggests, that there is potential to reduce separation
even for the NOWVIV-P2P 2� confidence level forecast,
even though it appears rather small. Note that previous
discussion also has to consider the fact, that LIDAR ob-
serves vortex behavior only within the observation plane
which means that not all parts of the deformed vortices
may have actually left the safety corridor at the times indi-
cated in figure 9. This implies that the actual percentage
of wakes, which have left the corridor at a given time,
is likely to be lower as analyzed from the Lidar obser-
vations. This means that the actual potential capacity
gain is lower than suggested by the Lidar data in figure
9. In contrast, the probabilistic predictions specify that all
parts of the vortices have left the corridor.

The cumulative distribution based on the determinis-
tic SODAR-D2P forecast suggests that there are non-
conservative deterministic predictions for the time to
leave corridor below 30 s. This is evaluated by com-
puting the corresponding histogram of the difference be-
tween observed and predicted time to leave the corridor
��� � �������� � ����
���
���� (see Fig. 10, upper panel).
In addition the histogram for the 2�-level predictions is
shown in the lower panel of figure 10.

The histogram for the deterministic SODAR-D2P re-
sults indicates that most of the forecasts are close to
the observations. Neglecting time differences below
��� � ��� s, we find quasi normal distribution around
��� � � s. The deterministic NOWVIV-D2P results show
also a normal distribution with a larger width. These his-
tograms explain the apparently rather poor performance
of D2P shown figure 8 where positive ��� shown in the
upper panel of figure 10 cause the large fraction of in-
correctly predicted times to leave the corridor. The his-
tograms for the P2P runs with ��-confidence level show
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Figure 10: Histograms of the difference between
observed and predicted time to leave the corridor
(�������� � ����
���
����) for deterministic predictions
above and probabilistic predictions below.

for both SODAR and NOWVIV driven P2P no forecast
with ��� � � s which indicates a high level of safety of the
predictions. On the other hand, the histogram also sug-
gests the necessity to use a ��-confidence level as there
are no predictions with ��� � � in contrast to the findings
for P2P runs with a ��-confidence level (not shown).

6. Summary

In this paper we have shown the performance of the real-
time wake vortex prediction and transport model P2P us-
ing observed and predicted meteorological data as input

taken at Frankfurt airport in fall 2004. The predicted me-
teorological profiles are based on the nowcasting model
NOWVIV which are compared against predictions apply-
ing a simple persistence assumption up to a lead time
of 6 hours. In general, the meteorological profiles com-
pare well with the SODAR/RASS observations. The skill
of NOWVIV to predict a pre-defined cross wind thresh-
old is assessed in terms of the False Alarm Rate which
indicates a better prediction skill compared to the persis-
tence forecast after a lead time of about 70 min. We find
a false alarm rate between 0.2-0.3. Without optimizing
the NOWVIV forecast by introducing e.g. a MOS-type ap-
proach, we use the predicted and observed meteorolog-
ical profiles as input to P2P. The skill of P2P using those
input data is assessed by a scoring procedure. Initially,
the RMS error of NOWVIV-P2P predictions of lateral po-
sition are about a factor of two larger than the SODAR-
P2P results. Independent of cross wind magnitude, we
find a better NOWVIV-P2P prediction performance com-
pared to the persistence assumption beyond a lead time
of 60-70 minutes. This result refers to the use of the
deterministic version of P2P where the predictions are
directly compared to the LIDAR measurements. Con-
sidering 1�- and 2�-confidence levels and analysing the
time it takes to transport a wake out of the safety corri-
dor, P2P provides very safe forecasts for both NOWVIV
and SODAR input. This is a very promising result which
suggests that model forecast can be used even at early
lead times. However, considering the cumulative distri-
bution of the corresponding time to leave the corridor,
the use of 2�-confidence levels shows a rather conser-
vative predictive behavior compared to the actual LIDAR
measured time to leave the corridor. Nevertheless, there
appears potential to reduce aircraft separation based on
wake vortex prediction. In a next step this analysis needs
to be performed also for measurements out-of-ground
effect in order to check whether similar results are ob-
tained. Furthermore the benefit of other meteorological
data sources such as AMDAR data will be investigated.
An important aspect is the assessment and considera-
tion of the spatial variability of meteorological parameters
along the glide path.
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