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TBO-Met
METEOROLOGICAL UNCERTAINTY MANAGEMENT FOR TRAJECTORY BASED
OPERATIONS

This deliverable is part of a project that has received funding from the SESAR Joint Undertaking under
grant agreement No 699294 under European Union’s Horizon 2020 research and innovation
programme.

Abstract
In this deliverable, sector demand analyses are performed at pre-tactical level (mid-term planning) and
tactical level (short-term planning and execution) with the objective of quantifying the effects of
weather uncertainty. The analyses are based on the methodology developed in D5.1 for mid-term
planning analysis, which is also suitable for the short-term and execution analysis after slight
adaptations addressed in this deliverable. The sector demand analysis consists in the statistical
characterization of the entry and exit times of the flights to/from the sector, and of the entry and
occupancy counts. Results are presented for realistic applications. On one hand, the sector demand is
analysed at pre-tactical level when subject to wind uncertainty. It is shown that, when the dispersion
of the individual trajectories is reduced, the dispersions of the entry and occupancy counts are also
reduced. On the other hand, the effects of storm uncertainty on sector demand are quantified by the
sector demand analysis at tactical level. Furthermore, it is shown that, when the convection risk of the
individual trajectories is reduced in the mid-term planning phase, the dispersions of the entry and exit
times and of the occupancy counts are also reduced at the short-term planning and execution phase.
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1 Executive Summary

In this deliverable, the methodology developed in deliverable D5.1 to assess the uncertainty of sector
demand when meteorological uncertainty is taken into account is applied. The aim is twofold: to
quantify the effects of weather uncertainty on the sector demand at the pre-tactical and tactical levels
(that is, mid- and short-term planning and execution), and to quantify the benefits of improving the
predictability of individual trajectories on the predictability of sector demand, which are the main
objectives of Work Package (WP) 5.
The pre-tactical level analysis is presented in Section 3, whereas the tactical level analysis is addressed
in Section 4. The applied methodology is very similar for both analyses, with slight adaptations
explicitly indicated. It starts from the definition of the scenario in terms of Air Traffic Control (ATC)
sector, flights, and weather forecasts to be considered. In TBO-Met, the meteorological uncertainty is
provided by Ensemble Prediction Systems (EPS) and Nowcasts, which consider different possible
atmosphere realizations. A trajectory predictor computes a set of aircraft trajectories for each flight;
each trajectory corresponds to an atmosphere realization (either an ensemble member or a sequence
of perturbed nowcasts). The computed trajectories, along with the information of the ATC sector, are
then used to analyse the sector demand. In TBO-Met, the processing of the meteorological data is
addressed in WP 2, and the development of trajectory predictors for the pre-tactical and tactical
phases is done in WP 4.
The sector demand is described in terms of entry count (number of flights entering the sector during
a selected time period) and of occupancy count (number of flights inside the sector during a selected
time period). The analysis is based on the statistical characterization of the entry and exit times of the
flights to/from the sector, and of the entry and occupancy counts.
In Section 3.3, the demand of the ATC sector LECMSAU is analysed for a whole day when predicted the
day before. The source of uncertainty is wind. In this analysis, it has been found that, when the
dispersion of the individual trajectories is reduced, the dispersions of the entry times and of the entry
and occupancy counts are also reduced. It is of particular importance, since the uncertainty in the entry
is rather large when compared with the declared capacity of the sector.
In Section 4.3, the demand of the ATC sector LECBLVU is analysed during seven hours when predicted
with forecasting horizons below 60 minutes, at regular time steps of 10 minutes. The source of
uncertainty is storm-cells location. In this analysis, the effects of storm uncertainty on the sector
demand has been quantified. It has been found that the dispersion of the entry and exit times can be
as large as 20 minutes, and the dispersion of the occupancy count, for 1 minute time periods, as large
as 4 aircraft. It has been also found that, when the convection risk of the individual trajectories is
reduced in the mid-term planning phase, the dispersions of the entry and exit times and of the
occupancy counts are also reduced.
6
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2 Introduction1

As described in the Grant Agreement [1], the general objective of WP 5 is to increase the accuracy of
the prediction of sector demand when meteorological uncertainty is taken into account. In particular,
the following sub-objectives are considered:
1. To understand how weather uncertainty is propagated from the trajectory scale to the traffic
scale.
2. To quantify the effects of weather uncertainty on the sector demand at pre-tactical and
tactical levels.
3. To quantify the benefits of improving the predictability of individual trajectories on the
predictability of sector demand.
In TBO-Met, the meteorological uncertainty is provided by Ensemble Prediction Systems (EPS) at the
pre-tactical level (mid-term planning) [2] and by EPS and Nowcasts at the tactical level (short-term
planning and execution) [3].
Typically, an EPS is a collection of 10 to 50 forecasts, referred to as members, with forecasting horizons
of up to 2-5 days. They consist on running many times a deterministic model from very slightly different
initial conditions [4]. Often, the model physics is also slightly perturbed, and some ensembles use more
than one model within the ensemble or the same model but with different combinations of physical
parameterization schemes. This technique generates a representative sample of the possible
realizations of the potential weather outcome. The uncertainty information is on the spread of the
solutions in the ensemble, and the hope is that the spread of the predictions in the ensemble brackets
the true weather outcome [5].
Nowcasts are short-term forecasts, up to 1-3 hours, based on the actually observed situation. They
usually use radar or satellite data, some in combination with wind data, and extrapolate the movement
and the temporal development of small scale weather phenomena like thunderstorms [6, 7], which
are not precisely forecasted by numerical weather prediction models and EPS. Nowcast systems work
on the regional scale and are quite reliable for one hour lead time with decreasing accuracy for longer
times. However, since Nowcasts rely on already existing weather phenomena, they do not forecast
emerging weather features.

1

The opinions expressed herein reflect the author’s view only. Under no circumstances shall the SESAR Joint
Undertaking be responsible for any use that may be made of the information contained herein.
©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium
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Figure 1. General scheme for the analysis of sector demand.
The general scheme to be followed in TBO-Met for the analysis of sector demand was stablished in
deliverable D5.1 [8], and is shown in Figure 1. Initially, a scenario is defined in terms of: 1) ATC sector
(e.g., geometry and capacity), 2) flights that cross the sector (e.g., origin and destination, departure
time, flight levels, and cruise speeds), and 3) weather forecast (e.g., EPSs or Nowcasts to be considered,
release time, and forecast times).
The meteorological data provided by the weather forecasts need to be processed for its use by the
trajectory predictor. For example, the necessary values of wind and air temperature are extracted, and
information about convection is derived from numerous parameters. The data processing developed
in TBO-Met in WP 2 is described in deliverables D2.1 [2] and D2.3 [3].
The trajectory predictor computes, for each flight and for each weather prediction, a different aircraft
trajectory. The trajectory predictors developed in WP 4 for the pre-tactical level (mid- term planning)
and tactical level (short-term planning and execution) are described in deliverable D4.1 [9] and
D4.2 [10], respectively. These are briefly described in Sections 3.2 and 4.2; a key feature is that they
can be adjusted to provide more predictable trajectories.
The computed trajectories, along with the information of the ATC sector, are then used to perform the
analysis of the sector demand. In TBO-Met, the sector demand is described in terms of entry count
and of occupancy count. The entry count is defined as the number of flights entering the sector during
a selected time period, whereas the occupancy count is defined as the number of flights inside the
sector during a selected time period [11]. Both counts, entry and occupancy counts, are obtained from
the intersections of the individual aircraft trajectories with the geometry of the sector. Since different
trajectories are computed for the same flight (i.e., an uncertain trajectory), then different predicted
entry and exit times, and, therefore, different occupancy and entry counts are computed (i.e.,
uncertain entry and occupancy counts). The analysis is based on the statistical characterization of the
entry and exit times of the flights to/from the sector, and of the entry and occupancy counts. Mean,
maximum, and minimum values, and the spread of the times and counts, measured as the difference
between the maximum and minimum values, are examined.
8
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As it is expressed in the Project Management Plan [12], in this deliverable D5.2, the methodology
developed in D5.1 is applied to quantify the effects of weather uncertainty on the sector demand. This
analysis is performed both at the pre-tactical level, see Section 3, and the tactical level, see Section 4,
taking the input provided by WP 4. The benefits of improving the predictability of individual trajectories
on the predictability of sector demand when the trajectories are improved according to the algorithms
developed in WP 4 are quantified.

2.1 Acronyms and Terminology
Term

Definition

AIRAC

Aeronautical Information Regulation and Control

ANSP

Air Navigation Service Provider

ATC

Air Traffic Control

ATFCM

Air Traffic Flow and Capacity Management

BADA

Base of Aircraft Data

DIVMET

Divert Meteorology

ECMWF

European Centre for Medium-Range Weather Forecasts

EPS

Ensemble Prediction System

Met

Meteorology

NEST

Network Strategic Tool

NM

Network Manager

TBO

Trajectory Based Operations

WP

Work Package

TBO-Met Consortium
AEMET

Agencia Estatal de Meteorología

MetSol

MeteoSolutions GmbH

PLUS

University of Salzburg

UC3M

University Carlos III of Madrid

USE

University of Seville
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3 Sector demand analysis at pre-tactical level

In the analysis at pre-tactical level, the demand of an ATC sector subject to weather uncertainty is
predicted the day before, following the general scheme depicted in Figure 1, according to the
methodology developed in D5.1.
This application is intended to represent what the Network Manager (NM) does to balance demand
and capacity during the pre-tactical phase of the Air Traffic Flow and Capacity Management (ATFCM).
The NM predicts the demand of ATC sectors one or several days before the day of operation, in order
to determine the ATFCM measures to be implemented. Nowadays, this prediction is made from the
flight plans provided by the airspace users. In the future TBO concept, the prediction will be made from
the Shared Business Trajectories and the Reference Business Trajectories.
The trajectory predictor used in this application is the one developed in Task 4.1 [9]. It is intended to
be employed by the airspace users to determine the optimal route of the flights and then to be
communicated to the NM as a Shared/Reference Business Trajectory. This trajectory predictor
provides, not only the route, but also the times along it considering the different weather realizations.
These are the trajectories used to predict the sector demand.
This section is organized as follows. In Section 3.1, the methodology for pre-tactical level analysis is
presented, and in Section 3.2, the trajectory predictor for pre-tactical phase is described. Finally, in
Section 3.3, an application is presented, in which the demand is analysed for a particular traffic
scenario and weather data.

3.1 Methodology for sector demand analysis at pre-tactical level
This section summarizes the methodology developed in D5.1 [8], as it is directly applicable to the pretactical level analysis. First, some definitions are provided and the general hypotheses are established.
Then, the entry and exit times and distances are described, obtained from the individual aircraft
trajectories. Finally, the entry and the occupancy counts are also described, obtained from the previous
times.

Definitions and general hypotheses
It is considered that the geometry of the ATC sector is fixed and does not change with time. Therefore,
the effects of opening/closing sectors are not analysed.

10
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It is considered that there exist 𝑚 different flights and that the EPS is formed by 𝑛 different members
or atmospheric realizations. The position of flight 𝑖 (𝑖 = 1, … , 𝑚) for member 𝑗 (𝑗 = 1, … , 𝑛) at time 𝑡,
is denoted as 𝐱𝑖𝑗 (𝑡). It is given by the longitude 𝜆, the latitude 𝜙, and the pressure altitude ℎ:
𝐱𝑖𝑗 (𝑡) = [𝜆𝑖𝑗 (𝑡), 𝜙𝑖𝑗 (𝑡), ℎ𝑖𝑗 (𝑡)].

(1)

The trajectories 𝐱𝑖𝑗 generated by the trajectory predictor will be provided as a list of discrete points
and times. A linear interpolation will be used to obtain the position of the flight at any time. Note that,
for a given flight 𝑖, the same route is enforced for all members.
The trajectory is considered to cross the ATC sector only once; trajectories crossing the same sector
multiple times are not considered in this analysis (for example, flights that return to the departure
airport) since this is an uncommon practice in commercial aviation.

Entry and exit times and distances
If trajectory 𝐱𝑖𝑗 crosses the ATC sector, then there exist an entry time to the sector 𝑡𝑖𝑗,𝐸 and an exit
time from the sector 𝑡𝑖𝑗,𝑋 (𝑡𝑖𝑗,𝐸 ≤ 𝑡𝑖𝑗,𝑋 ), and the associated entry and exit points, 𝐱𝑖𝑗 (𝑡𝑖𝑗,𝐸 ) and
𝐱𝑖𝑗 (𝑡𝑖𝑗,𝑋 ).
The entry and exit times are statistically characterized. For flight 𝑖, the average entry and exit times
(𝑡𝑖,𝐸 and 𝑡𝑖,𝑋 , respectively) are defined as
𝑛

𝑡𝑖,𝐸

1
= ∑ 𝑡𝑖𝑗,𝐸 ,
𝑛

(2)

𝑗=1
𝑛

𝑡𝑖,𝑋

1
= ∑ 𝑡𝑖𝑗,𝑋 ,
𝑛

(3)

𝑗=1

The uncertainty information is on the spread of these times. The dispersion of the entry and exit times
for flight 𝑖, (Δ𝑡𝑖,𝐸 and Δ𝑡𝑖,𝑋 , respectively) are defined as the differences between the maximum and the
minimum values for the different atmospheric realizations
Δ𝑡𝑖,𝐸 = max 𝑡𝑖𝑗,𝐸 − min 𝑡𝑖𝑗,𝐸 ,

(4)

Δ𝑡𝑖,𝑋 = max 𝑡𝑖𝑗,𝑋 − min 𝑡𝑖𝑗,𝑋 ,

(5)

𝑗

𝑗

𝑗

𝑗

For flight 𝑖 and for ensemble member 𝑗, the entry distance 𝑑𝑖𝑗,𝐸 and the exit distance 𝑑𝑖𝑗,𝑋 are the
distances travelled by the aircraft from its origin to the entry point and to the exit point, respectively.
Since the trajectories will be provided as a list of discrete points, the distance between two consecutive
points is calculated considering a rhumb line.

©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium
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Entry count
The entry count for a given sector is defined as the number of flights entering the sector during a
selected time period 𝑃𝑘 ,
𝑃𝑘 = [𝑘𝑡𝑠 , 𝑘𝑡𝑠 + δ𝑡),

𝑘 = 0,1,2, …

(6)

where 𝑡𝑠 is a step value that defines the time difference between the start times of two consecutive
time periods, and δ𝑡 is the duration of each time period.
Because the entry time is uncertain, the aircraft can enter the sector in different time periods, thus
leading to an uncertain entry count. The larger the dispersion of the entry time and the smaller the
values of δ𝑡, the more likely the entry count to be uncertain. For example, in case that the dispersion
of the entry time of one flight is larger than the duration of the time period, then this flight may enter
the sector in two or more consecutive time periods.
We define an entry function for flight 𝑖, for ensemble member 𝑗, and for time period 𝑃𝑘 , denoted as
𝐸𝑖𝑗 (𝑃𝑘 ). It takes the value 1 when the aircraft enters the ATC sector during this time period and the
value 0 otherwise
𝐸𝑖𝑗 (𝑃𝑘 ) = {

1,
0,

if 𝑡𝑖𝑗,𝐸 ∈ 𝑃𝑘 ,
otherwise.

(7)

Note that if the aircraft does not enter the ATC sector, 𝐸𝑖𝑗 (𝑃𝑘 ) is set to zero although 𝑡𝑖𝑗,𝐸 is not
defined.
The entry count for ensemble member 𝑗 and for time period 𝑃𝑘 , denoted as 𝐸𝑗 (𝑃𝑘 ), is obtained as the
sum of the entries of the different flights
𝑚

𝐸𝑗 (𝑃𝑘 ) = ∑ 𝐸𝑖𝑗 (𝑃𝑘 ).

(8)

𝑖=1

From these 𝑛 values of the entry count, mean, maximum, and minimum values (𝐸̅ , 𝐸𝑚𝑎𝑥 , and 𝐸𝑚𝑖𝑛 ,
respectively) for time period 𝑃𝑘 can be determined
𝑛

1
𝐸̅ (𝑃𝑘 ) = ∑ 𝐸𝑗 (𝑃𝑘 ),
𝑛

(9)

𝐸𝑚𝑎𝑥 (𝑃𝑘 ) = 𝑚𝑎𝑥 𝐸𝑗 (𝑃𝑘 ),

(10)

𝐸𝑚𝑖𝑛 (𝑃𝑘 ) = 𝑚𝑖𝑛 𝐸𝑗 (𝑃𝑘 ).

(11)

𝑗=1
𝑗

𝑗

The uncertainty information is on the spread of the entry count. The dispersion of the entry count,
Δ𝐸(𝑃𝑘 ), is defined as follows
Δ𝐸(𝑃𝑘 ) = 𝐸𝑚𝑎𝑥 (𝑃𝑘 ) − 𝐸𝑚𝑖𝑛 (𝑃𝑘 ).

(12)

Notice that, since the entry of each flight to the ATC sector for time period 𝑃𝑘 only depends on the
entry time 𝑡𝑖𝑗,𝐸 , see Eq. (7), then the entry count and its statistical characterization are only affected
by the uncertainty in this time. Therefore, the uncertainty in the entry count increases when the
uncertainty in the entry time increases.
12
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Occupancy count
The occupancy count for a given sector is defined as the number of flights inside the sector during a
selected time period 𝑃𝑘 , defined as before, see Eq. (6). As in the case of the entry count, because the
entry and exit times are uncertain, the aircraft can enter or exit the sector in different time periods for
different forecast members, and therefore the occupancy count is also uncertain.
We define an occupancy function for flight 𝑖, for ensemble member 𝑗, and for time period 𝑃𝑘 , denoted
as 𝑂𝑖𝑗 (𝑃𝑘 ). It takes the value 1 when the aircraft is inside the sector during this time period (it enters,
exits, or stays in the sector in this period) and the value 0 if the aircraft is outside
𝑂𝑖𝑗 (𝑃𝑘 ) = {

1,
0,

if (𝑡𝑖𝑗,𝐸 ∈ 𝑃𝑘 ) or (𝑡𝑖𝑗,𝑋 ∈ 𝑃𝑘 ) or (𝑡𝑖𝑗,𝐸 < 𝑘𝑡𝑠 and 𝑡𝑖𝑗,𝑋 ≥ 𝑘𝑡𝑠 + δ𝑡),
otherwise.

(13)

The occupancy count for ensemble member 𝑗 and for time period 𝑃𝑘 , denoted as 𝑂𝑗 (𝑃𝑘 ), is obtained
as the sum of the occupancies of the different flights
𝑚

𝑂𝑗 (𝑃𝑘 ) = ∑ 𝑂𝑖𝑗 (𝑃𝑘 ).

(14)

𝑖=1

Again, from these 𝑛 values of occupancy count, the mean, maximum, and minimum values (𝑂̅, 𝑂𝑚𝑎𝑥 ,
and 𝑂𝑚𝑖𝑛 , respectively) can be obtained for the time period
𝑛

1
𝑂̅(𝑃𝑘 ) = ∑ 𝑂𝑗 (𝑃𝑘 ),
𝑛

(15)

𝑂𝑚𝑎𝑥 (𝑃𝑘 ) = max 𝑂𝑗 (𝑃𝑘 ),

(16)

𝑂𝑚𝑖𝑛 (𝑃𝑘 ) = min 𝑂𝑗 (𝑃𝑘 ).

(17)

𝑗=1
𝑗

𝑗

The dispersion of the occupancy count, Δ𝑂(𝑃𝑘 ), is defined as follows
Δ𝑂(𝑃𝑘 ) = 𝑂𝑚𝑎𝑥 (𝑃𝑘 ) − 𝑂𝑚𝑖𝑛 (𝑃𝑘 ).

(18)

According to Eq. (13), the occupancy of the ATC sector by a flight during time period 𝑃𝑘 depends not
only on the entry time 𝑡𝑖𝑗,𝐸 but also on the exit time 𝑡𝑖𝑗,𝑋 . Hence, the uncertainty in the exit time is the
result of the uncertainty of the flight before entering the sector and the uncertainty of the flight while
it is inside the sector.

3.2 Trajectory predictor for the pre-tactical phase
As indicated in Section 2, the trajectory predictor determines the aircraft trajectory for each flight and
for each possible atmospheric scenario. The trajectory predictor considered for mid-term planning
solves the problem of trajectory planning considering uncertain wind fields provided by EPS.
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For each flight and a given EPS formed by 𝑛 members, the trajectory predictor determines 𝑛 different
trajectories, each one corresponding to a different ensemble member. All the trajectories are flown at
the same altitude and airspeed, and they follow the same route, described as a sequence of waypoints.
The difference between the trajectories is then the arrival times to the waypoints of the route, because
they are subject to different wind fields. Since each member of the forecast is considered as equally
probable, then each trajectory is also considered as equally probable.
The route determined by the trajectory predictor for each flight minimises a weighted sum of the
average flight times of the 𝑛 trajectories and of the flight-time dispersion, measured as the difference
between the maximum flight time 𝑡𝑓,𝑚𝑎𝑥 and the minimum flight time 𝑡𝑓,𝑚𝑖𝑛 . The relative weight of
the dispersion is controlled by a parameter denoted as 𝑝. By changing the value of this parameter, one
can obtain routes that are more efficient on average (they arrive earlier on average) or routes that are
more predictable (they show less dispersion).
This problem of trajectory planning is formulated as a deterministic optimal control problem, where
the 𝑛 trajectories are simultaneously considered. For each flight, the mathematical formulation of the
problem is as follows
𝑛

1
min [ ∑ 𝑡𝑗 (𝑟𝑓 ) + 𝑝(𝑡𝑓,𝑚𝑎𝑥 − 𝑡𝑓,𝑚𝑖𝑛 )]
𝑛

(19)

cos(𝜒𝑔 )
𝑅𝐸 + ℎ
sin(𝜒𝑔 )
𝜙
(𝑅𝐸 + ℎ) cos 𝜙
𝑑 𝜆
𝑡1 =
1
𝑑𝑟 ⋮
𝑉𝑔,1
[𝑡𝑛 ]
⋮
1
𝑉𝑔,𝑛
[
]

(20)

𝑗=1

subject to the constraints

𝑉𝑔,1 cos(𝜒𝑔 )
⋮
𝑉𝑔,𝑛 cos(𝜒𝑔 )

𝑉 cos(𝜒1 ) + 𝑤𝑦,1 (𝜙, 𝜆)
⋮
𝑉 cos(𝜒𝑛 ) + 𝑤𝑦,𝑛 (𝜙, 𝜆)
=
𝑉 cos(𝜒1 ) + 𝑤𝑥,1 (𝜙, 𝜆)
𝑉𝑔,1 sin(𝜒𝑔 )
⋮
⋮
)
[ 𝑉𝑔,𝑛 sin(𝜒𝑔 ) ] [𝑉 cos(𝜒𝑛 + 𝑤𝑥,𝑛 (𝜙, 𝜆)]

(21)

where 𝑟 is the distance flown along the route, 𝑟𝑓 is the distance flown when arriving to the destination,
𝑡𝑗 (𝑟) is the flight time at distance 𝑟 for ensemble member 𝑗, 𝜒𝑔 is the course, 𝑅𝐸 = 6371 km is the
Earth radius considered as a sphere, 𝑉𝑔,𝑗 are the groundspeeds derived from the winds provided by
ensemble member 𝑗, 𝑉 is the aerodynamic airspeed, 𝜒𝑗 is the heading for ensemble member 𝑗, and
𝑤𝑥,𝑗 and 𝑤𝑦,𝑗 are the Eastbound and Northbound components of the wind for member 𝑗. Notice that
the wind does not depend on the time in this formulation; it is obtained from the forecast closer to
the middle time of the flight. An estimation of the arrival time needs to be provided to choose the
appropriate forecast beforehand.
14
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The boundary conditions of the problem are
(𝜙(0), 𝜆(0)) = (𝜙0 , 𝜆0 ),
(𝜙(𝑟𝑓 ), 𝜆(𝑟𝑓 )) = (𝜙𝑓 , 𝜆𝑓 ),
𝑡𝑗 (0) = 𝑡0 ,
∀𝑗 ∈ {1, … , 𝑛}

(22)

where 𝜙0 and 𝜆0 are the coordinates of the departure point, 𝜙𝑓 and 𝜆𝑓 are the coordinates of the
destination point, and 𝑡0 is the departure time.
The resolution of this mathematical problem relies on an initialization and wind approximation
procedure. Then, it is solved with direct methods, discretizing the trajectory with a trapezoidal scheme
and then solving the resulting nonlinear optimization problem with NLP software.

3.3 Application for sector demand analysis at pre-tactical level
In this section, the demand of an ATC sector LECMSAU is analysed for a whole day, 01 September 2016
(from 00:00 to 24:00), when predicted the day before, 31 August (at 00:00). First, in Section 3.3.1, the
traffic scenario is described, in terms of ATC sector, flights, and weather forecasts to be considered.
Then, in Section 3.3.2, the results are presented and analysed for two different values of the
parameter 𝑝; they show the benefits on the predictability of sector demand associated to improving
the predictability of individual trajectories according to the algorithms developed in WP 4.

3.3.1 Traffic scenario
ATC sector
The ATC sector LECMSAU, located in the Northwest of Spain, see Figure 2, is considered in this
application. The airspace of this sector can be described as one prism; it ranges from FL345 to FL 460,
and the coordinates of the vertices that define the lateral boundary have been obtained from
Eurocontrol’s Network Strategic Tool (NEST) for the Aeronautical Information Regulation and Control
(AIRAC) cycle 1609. The declared capacity of this sector (i.e., the maximum number of flights entering
the sector per hour) is 36 flights/hour, also obtained from NEST and AIRAC cycle 1609.
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Figure 2. Geographical location of ATC sector LECMSAU and the extended area.

Flights
The information of the flights is also retrieved from NEST software (AIRAC cycle 1609), and it
corresponds to the last filed flight plans from the airlines (i.e., initial trajectories, according to NEST
nomenclature). Notice that the optimal routes determined by the trajectory predictor of this work are,
in general, different from the routes filled in the flight plans, and it may happen that an optimal route
crosses the sector whereas the corresponding planned route does not. Therefore, to take into account
this situation, it has been decided to consider flights that planned to cross an extended area around
LECMSAU. The coordinates of the four vertices of this area are (See Figure 2): (N 47˚, W 15˚ 30’),
(N 46˚ 30’, W 2˚ 30’), (N 40˚, W 5˚ 30’), (N 40˚, W 15˚).
A total number of 1443 flights is obtained from NEST for the date of analysis and the extended area.
However, 51 of these flights are discarded, those flights arriving or departing to/from LEST, LEVX, and
LECO airports. The reason is that, under the hypothesis of flying at constant pressure altitude, these
flights instantly appear or disappear inside the sector, not crossing the sector boundaries. Therefore,
the entry or exit times are not defined for these aircraft if constant pressure altitude is assumed. Thus,
one has a smaller subset of 1392 flights.
The routes obtained from NEST for these 1392 flights are not considered as input for the trajectory
predictor, as it is intended to determine the optimal routes. However, just for illustrative purposes,
these routes, defined by the coordinates of their waypoints, are represented in Figure 3.

16
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Figure 3. Traffic crossing the extended area on 01 September 2016 according to flight plans.

The trajectory predictor described in Section 3.2 requires the following information for each flight:






coordinates of the departure and arrival airports: which are obtained from NEST;
departure time: which is obtained from NEST;
arrival time: which is obtained from NEST and used as a reference time;
pressure altitude: since in TBO-Met only cruise trajectories are considered, the pressure
altitude has been fixed to 200 hPa (approximately 38600 ft) for all aircraft and the whole flight
(from origin to destination);
airspeed: the average cruise Mach provided by Eurocontrol’s Base of Aircraft Data (BADA)
3.13 [13] for the aircraft model that performs the flight is considered for the whole flight (from
origin to destination), ranging from 0.63 to 0.85.

Weather forecasts
In this application, the meteorological uncertainty is retrieved from the European Centre for MediumRange Weather Forecasts. In particular, the weather forecast ECMWF-EPS, composed of 50 perturbed
members, is used.
Since the analysis is performed the day before the operation, the forecasts released at 00:00 on 31
August 2016 are considered. According to the flight plans retrieved from NEST, the earliest flight
departs at 16:20 on 31 August and, as a reference, the latest flight arrives to its destination at 09:52
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on 02 September. Taking into account these times, the forecasts with forecasting horizons of 12, 18,
24, 30, 36, 42, 48, 54, and 60 hours are considered in this application.
The forecasts are retrieved for a coverage area which ranges from 45 degrees South to 75 degrees
North, and from 130 degrees West to 50 degrees East. The spatial grid resolution is 0.25 degrees.
According to the cruise altitude chosen for all flights (38600 ft), the forecasts are retrieved for the
pressure level 200 hPa.
The meteorological variables required by the trajectory predictor are the zonal and the meridional
winds (winds along the West-East and South-North directions, respectively). In Figures 4 to 7, the
average and dispersion of the meridional and zonal winds are shown for the forecast corresponding to
the time instant 12:00 on 01 September. The dispersion is measured as the difference between the
maximum and the minimum values at each geographic location. Notice that, since the entry and
occupancy counts are affected by the uncertainty the flights encounter before entering and inside the
sector (see Section 3.1), Figures 4 to 7 consider the same geographical area represented in Figures 8
and 9, which cover the trajectories of the flights that enter the extended area around LECMSAU.
The average meridional wind, see Figure 4, ranges approximately between -30 m/s (South direction)
and 40 m/s (North direction). High values of the wind are found at the East coast of North America and
the North Atlantic Ocean. The average zonal wind, see Figure 5, is larger than the meridional wind,
ranging approximately between -30 m/s (West direction) and 60 m/s (East direction). The zonal wind
is therefore the main contributor to the existence of jet streams. The larger values are found again at
the East coast of North America, the North Atlantic Ocean, and South America.

Figure 4. Average meridional wind, ECMWF-EPS released at 00:00, 31/08/16, step 36 hours.
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Figure 5. Average zonal wind, ECMWF-EPS released at 00:00, 31/08/16, step 36 hours.

The dispersion of the meridional and zonal winds is shown in Figures 6 and 7, respectively. In both
cases, the dispersion can be rather large, with maximum values above 40 m/s. The geographic areas
affected by high uncertainty are approximately the same in both cases. In particular, it can be
highlighted the East coast of North America and the North Atlantic, affecting flights from North
America to Europe.

Figure 6. Dispersion of the meridional wind, ECMWF-EPS released at 00:00, 31/08/16, step 36 hours.
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Figure 7. Dispersion of the zonal wind, ECMWF-EPS released at 00:00, 31/08/16, step 36 hours.

3.3.2 Results
This section is organised as follows. First, the aircraft trajectories provided by the trajectory predictor
are presented. Then, the entry time is analysed, which is the main contribution to the uncertainty of
the entry and occupancy counts. Next, the entry count is presented for three different pairs of values
of the step 𝑡𝑠 and the duration of the time period 𝛿𝑡. Finally, the occupancy count is presented for the
same three pairs of values of 𝑡𝑠 and 𝛿𝑡.

Aircraft trajectories
For a given flight and for each value of the parameter 𝑝, a different route is obtained by the trajectory
predictor; that route may or may not cross the sector. Trajectories exiting the sector and briefly
entering again have been discarded for not being realistic. In this application, two different values of
the relative weight of the dispersion are considered: 𝑝 = 0, and 𝑝 = 20. From the set of 1392 flights
originally considered as input for the trajectory predictor, the number of trajectories that enter the
sector for 𝑝 = 0 is 440 and for 𝑝 = 20 is 624. In this work, only the effect of the reduction of the time
dispersion on the sector demand is analysed. For this reason, 328 flights are considered, those flights
that cross the sector LECMSAU for both values of 𝑝. The effect of the varying number of aircraft
entering the sector, that is, the displacement of the traffic flows from one sector to another, is left for
future work.
The routes followed by the 328 flights, defined by the coordinates of their waypoints, are shown for
𝑝 = 0 and 𝑝 = 20 in Figures 8 and 9, respectively. They are represented from the departure airports
to the exit points of the sector, since the routes from the exit points to the arrival airports do not affect
the values of the demand indicators.
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This traffic is composed of short flights (departing from Portugal, Spain, and France), medium flights
(mainly flights from the Canary Islands, the British Isles, the Scandinavian Peninsula, and Eastern
Europe), and long flights (from South, Central, and North America).

Figure 8. Routes for 𝑝 = 0 corresponding to the traffic considered in the analysis.

Figure 9. Routes for 𝑝 = 20 corresponding to the traffic considered in the analysis.
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The relative frequencies of the distance between the departure airport and the entry point are shown
for 𝑝 = 0 and 𝑝 = 20 in Figures 10 and 11, respectively. Approximately, 10% of the flights travel less
than 500 km before entering the sector, 34% between 500 and 1000 km, either 27% (for 𝑝 = 0) or 29%
(for 𝑝 = 20) between 1000 and 1500 km, either 20% (for 𝑝 = 0) or 18% (for 𝑝 = 20) between 1500
and 2000 km, and 9% more than 2000 km.

Figure 10. Relative frequency of the distance between the departure airport and the entry point
for 𝑝 = 0.

Figure 11. Relative frequency of the distance between the departure airport and the entry point
for 𝑝 = 20.
22
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The increase of predictability of single trajectories, can be quantified as the reduction in the dispersion
of the arrival time to the destination, Δ𝑡𝑖,𝑓 , when comparing more predictable routes (𝑝 = 20) to
routes that are more efficient on average (𝑝 = 0), see Figure 12. As all points are under the bisectrix,
one can see that every trajectory reduces the dispersion of the arrival time. However, as can be
inferred from the objective function (Eq. 25), this reduction of the dispersion comes along with an
increase of the mean flight time. In this application, the average value of the mean flight time increases
382.5 s, and the average value of the dispersion decreases 71.0 s.

Figure 12. Dispersion of the arrival time to the destination airport.

Entry time
The dispersion of the entry time, Δ𝑡𝑖,𝐸 , as a function of the distance to the entry point, 𝑑𝑖,𝐸 , for each
flight is presented in Figure 13, for 𝑝 = 0 and 𝑝 = 20. Notice that, since in this application the route
of each flight is the same for all the atmospheric realizations, then the distances 𝑑𝑖𝑗,𝐸 and 𝑑𝑖𝑗,𝑋 are
the same for all the ensemble members.
Firstly, one can see that the dispersion increases as the distance increases because the uncertainty is
accumulated along the trajectories; as expected, flights arriving from distant locations present more
uncertainty. For example, for 𝑝 = 0, the maximum dispersion is as large as 449 seconds and it is found
for a distance to the entry point equal to 7553 km.
Secondly, it can be seen that there are flights with similar distances but different values of dispersion.
For example, for 𝑝 = 0 and 𝑑𝑖,𝐸 approximately equal to 1500 km, the dispersion ranges between 115
and 339 seconds. As possible causes of these different values, the following ones can be highlighted:


different routes (flights over regions of the airspace with different uncertainty),
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different effects of the same wind uncertainty on different flights (uncertainties in
tail/headwinds have a higher impact than uncertainties in crosswinds),



different departure times (the predictions for flights departing later are made with weather
forecasts with larger forecasting horizons, thus having a larger uncertainty), or



different speeds (flights with lower values of Mach number and with headwinds are more
sensitive to uncertainties in the wind).

Furthermore, it can be seen that the trajectories obtained for 𝑝 = 20 show, in general, a lower
dispersion of the entry time. This general trend is also shown in Figure 14, where the dispersion of the
entry time corresponding to more predictable routes (𝑝 = 20) is represented as a function of the
dispersion of the entry time corresponding to routes that are more efficient on average (𝑝 = 0). The
vast majority of the points are under the bisectrix; in particular, the average value of dispersion for all
the aircraft goes from 156.4 s for 𝑝 = 0, to 125.8 s for 𝑝 = 20, which is a reduction of 30.6 s (a 20%,
roughly speaking).
The relative frequencies of the dispersion of the entry time for 𝑝 = 0 and 𝑝 = 20 are shown in
Figures 15 and 16, respectively. In this application, for 𝑝 = 0, 11% of the flights have a dispersion below
1 minute, 30% between 1 and 2 minutes, 23% between 2 and 3 minutes, 13% between 3 and 4 minutes,
16% between 4 and 5 minutes, and 7% above 5 minutes; whereas for 𝑝 = 20, 11% of the flights have
a dispersion below 1 minute, 41% between 1 and 2 minutes, 23% between 2 and 3 minutes, 21%
between 3 and 4 minutes, 3% between 4 and 5 minutes, and no flight has a dispersion above 5 minutes.
It can be graphically seen that the histograms are displaced to the left.

Figure 13. Dispersion of the entry time vs distance to the entry point.
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Figure 14. Dispersion of the entry time for two values of 𝑝.

Figure 15. Relative frequency of the dispersion of the entry time for 𝑝 = 0.
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Figure 16. Relative frequency of the dispersion of the entry time for 𝑝 = 20.

Entry count
The entry count for 𝑝 = 0, 𝑡𝑠 = 𝛿𝑡, and three different time intervals, 𝛿𝑡 =60, 30, and 10 minutes, is
shown in Figures 17, 18, and 19, respectively. The average entry count is shown as vertical bars, and
the minimum and maximum entry count as whiskers. The capacity of the sector is depicted as a red
horizontal line, which is 36 flights/hour, and is assumed to be 18 flights/30 minutes, and
6 flights/10 minutes.
For the 60 minute interval, the largest value of the mean entry count is 40.5 flights, found at 07:0008:00, which exceeds the sector capacity. The entry count determined for smaller time intervals allows
a more precise identification of the traffic peaks. In particular, for the 30 minute interval, the traffic
peak takes the value 26.6 and is found in the period 07:00-07:30, and for the 10 minute interval it is
14.2 flights in 07:20-07:30, much higher than the assumed capacities.
The uncertainty on the entry count is on the spread of the number of flights, that is, the height of the
whiskers in Figures 17, 18, and 19, also represented in Figures 20, 21, and 22, for convenience. For
example, for 𝛿𝑡 = 30 minutes and 𝑝 = 0, the difference between the maximum and the minimum
values of the entry count is as large as 3 flights for a total of 0.5 hours, 2 flights for 5.5 hours (in disjoint
periods), 1 flight for 9 hours, and 0 flights for the remaining 9 hours.
When the duration of the time periods is shortened, it can be observed that the maximum values of
the dispersion increase, as already noted in Section 3.1, but the average values of the entry counts are
proportionally reduced; thus, the uncertainty becomes relatively more important. For example, for the
30 minute interval, the largest dispersion on the entry count is 3 flights and the average entry count is
6.83 flights/period (obtained as the number of flights entering the sector divided by the number of
time periods), 44% in relative terms; whereas for the 10 minute interval the largest dispersion on the
entry count is 4 flights and the average entry count is 2.28 flights/period, 175%.
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Figure 17. Entry count for 𝑡𝑠 = 60 min, 𝛿𝑡 = 60 min, and 𝑝 = 0.

Figure 18. Entry count for 𝑡𝑠 = 30 min, 𝛿𝑡 = 30 min, and 𝑝 = 0.
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Figure 19. Entry count for 𝑡𝑠 = 10 min, 𝛿𝑡 = 10 min, and 𝑝 = 0.

For 𝑝 = 20, the average entry counts are slightly different to those found for 𝑝 = 0, due to differences
in the average entry times; they are not shown for brevity. The main difference between the two set
of results is found in the dispersion of the entry count, as can be seen at the right of Figures 20, 21,
and 22 as compared to the left. The maximum dispersion can be occasionally larger, for example, for
10 minutes and 𝑝 = 20 the maximum dispersion is 5 flights, and for 𝑝 = 0 is 4 flights, but on average,
the dispersion is significantly reduced: for 60 minutes, the average dispersion per period (and for the
whole day) is reduced from 0.83 to 0.50 flights; for 30 minutes, from 0.99 to 0.69; and for 10 minutes,
from 0.90 to 0.50.
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Figure 20. Dispersion of the entry count for 𝑡𝑠 = 𝛿𝑡 = 60 min. Left: 𝑝 = 0. Right: 𝑝 = 20.

Figure 21. Dispersion of the entry count for 𝑡𝑠 = 𝛿𝑡 = 30 min. Left: 𝑝 = 0. Right: 𝑝 = 20.

Figure 22. Dispersion of the entry count for 𝑡𝑠 = 𝛿𝑡 = 10 min. Left: 𝑝 = 0. Right: 𝑝 = 20.
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Occupancy count
The occupancy count for 𝑝 = 0, 𝑡𝑠 = 𝛿𝑡, and three different time intervals, 𝛿𝑡 =60, 30, and
10 minutes, is shown in Figures 23, 24, and 25, respectively. Analogously, the average occupancy count
is shown as vertical bars, and the minimum and maximum occupancy count as whiskers. For the
60 minute interval, the largest value of the mean occupancy count is 46.9 flights, found at 07:00-08:00.
As the time interval reduces, the occupancy count tends to the number of aircraft simultaneously
present at the sector at a given instant. For example, for the 30 minute interval, the largest occupancy
count takes the value 32.9 and is found in the period 07:00-07:30, and for the 10 minute interval it is
23.9 flights in 07:20-07:30. It is interesting to remark that, for the three time intervals, the largest value
of the mean occupancy count is found at the same time period as the largest value of the mean entry
count.
The uncertainty on the occupancy count is on the spread of the number of flights, analogously to the
entry count; it is represented in Figures 26, 27, and 28. For example, for 𝛿𝑡 = 30 minutes and 𝑝 = 0,
the difference between the maximum and the minimum values of the entry count is as large as 4 flights
for a total of 0.5 hours, 3 flights for 1.5 hours (in disjoint periods), 2 flights for 6 hours, 1 flight for
9.5 hours, and 0 flights for the remaining 6.5 hours.
As it happened for the entry count, when the duration of the time periods is shortened, the maximum
values of the dispersion increase, but the average values of the occupancy counts are also reduced;
thus, the uncertainty becomes relatively more important. For example, for the 30 minute interval, the
largest dispersion on the occupancy count is 4 flights and the average occupancy count is
10.9 flights/period (obtained as the sum of the occupancy count at each time period divided by the
number of time periods), 17% in relative terms; whereas for the 10 minute interval the largest
dispersion on the occupancy count is 5 flights and the average occupancy count is 6.05 flights/period,
83%.

Figure 23. Occupancy count for 𝑡𝑠 = 60 min, 𝛿𝑡 = 60 min, and 𝑝 = 0.
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Figure 24. Occupancy count for 𝑡𝑠 = 30 min, 𝛿𝑡 = 30 min, and 𝑝 = 0.

Figure 25. Occupancy count for 𝑡𝑠 = 10 min, 𝛿𝑡 = 10 min, and 𝑝 = 0.

For 𝑝 = 20, the average occupancy counts (again not shown for brevity) are slightly different to those
found for 𝑝 = 0, due to differences in the average entry and exit times. The main difference between
the two set of results is found in the dispersion of the occupancy count, as can be seen at the right of
Figures 26, 27, and 28 as compared to at the left. The maximum dispersion can be occasionally large
both for 𝑝 = 0 and 𝑝 = 20; for example, for 10 minutes the maximum dispersion is 5 flights. However,
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on average, the dispersion is significantly reduced: for 60 minutes, the average dispersion per period
(and for the whole day) is reduced from 1.13 to 0.75 flights; for 30 minutes, from 1.17 to 0.69; and for
10 minutes, from 1.07 to 0.85.

Figure 26. Dispersion of the occupancy count for 𝑡𝑠 = 𝛿𝑡 = 60 min. Left: 𝑝 = 0. Right: 𝑝 = 20.

Figure 27. Dispersion of the occupancy count for 𝑡𝑠 = 𝛿𝑡 = 30 min. Left: 𝑝 = 0. Right: 𝑝 = 20.

Figure 28. Dispersion of the occupancy count for 𝑡𝑠 = 𝛿𝑡 = 10 min. Left: 𝑝 = 0. Right: 𝑝 = 20.
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4 Sector demand analysis at tactical level

In the tactical level analysis, the demand of an ATC sector subject to uncertain thunderstorms is
predicted with forecasting horizons below 60 minutes, at regular time steps of 10 minutes. The sector
demand is obtained from the entry and exit times of each flight considered in the analysis. For each
flight, these times are obtained as follows.
First, a reference trajectory is computed by the airspace user 3 hours in advance of the departure time,
which is the trajectory to be filed in the flight plan or the Reference Business Trajectory in the future
TBO concept. This reference trajectory is determined by using the algorithms developed in Task 4.1 [9]
(summarized below, in Section 4.2.1), which reduce the convection risk along the whole trajectory
when the value of the convection penalty 𝑐𝑝 is increased. The convection risk is derived from Ensemble
Prediction Systems (EPS).
In order to represent the real movement of the aircraft, it is assumed that the aircraft executes the
reference trajectory until it arrives to the boundary of an extended area that comprises the sector’s
vertical projection onto the ground, being the flight time the average of the flight times provided by
the different members of the EPS. In this way, only the uncertainty originated by the thunderstorms
the aircraft encounters inside or close to the sector is considered in this analysis. The dimensions of
the extended area are such that the aircraft requires about 10 minutes to get into the sector. In case
that the flight departs from an airport inside this extended area, the departing point and time are
considered to be the intersection of the reference trajectory with the extended area.
Once the flight enters the extended area, the extension of DIVMET developed in Task 4.2 [10]
(summarized below, in Section 4.2.2) compute a set of 31 possible deviation trajectories, taking into
account the stochastic behaviour of the thunderstorms. These deviation trajectories evade the
thunderstorms and reattach to the reference trajectory. They result in 31 entry times and 31 exit times
to/from the ATC sector under study, and thus to an uncertain sector demand. The thunderstorms
information is derived from Nowcasts.
In order to be able to compute the sector demand every 10 minutes, it is necessary to update the
evolution of the thunderstorms and the position of the aircraft. The Nowcasts are updated and
released by AEMET every 10 minutes, see D2.3 [3]. For flights that have not yet entered the extended
area, it is considered that they follow the reference trajectory. For flights that have already entered
the extended area, the position of the aircraft is updated 10 minutes after entering this area, following
a deviation trajectory obtained using DIVMET along with the latest available deterministic Nowcast.
This deviation trajectory becomes a revised reference trajectory. At this position, another 31 deviation
trajectories are obtained using the algorithms from Task 4.2, leading to 31 updated entry times and/or
exit times. This updating process is performed every 10 minutes.
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The objective of this analysis is twofold. On one hand, to quantify the uncertainty in the sector demand
due to the stochastic evolution of the thunderstorms. On the other hand, to show the effects on the
predictability of the sector demand when the convection risk is reduced during the process of
trajectory planning.
The methodology developed in D5.1 is not directly applicable to the short-term and execution analysis,
and is has to be adapted to this analysis. There are two reasons justifying the need for a methodology
adaptation. On one hand, the concept of a meteorological scenario that is common to all the flights
(as the ensemble members are) is no longer valid. This is further clarified with the description of the
computation of deviation trajectories of a particular flight, in Section 4.2.2. On the other hand, in some
cases, the DIVMET is not able to provide trajectory deviations for some nowcast perturbations, as there
can be spatial distributions of storm cells that the aircraft cannot avoid.
This section is organized as follows. In Section 4.1, the methodology adapted to tactical level analysis
is presented; in Section 4.2, the trajectory predictor for tactical phase is described; and, in Section 4.3,
an application is presented, in which the demand is analysed for a particular traffic scenario and
weather data. In this application only the occupancy count is analysed since it is of more interest to air
traffic controllers at the tactical level.

4.1 Methodology for sector demand analysis at tactical level
In this section, the methodology developed in D5.1 is adapted to the short-term and execution
analysis, as it is not directly applicable. First, some definitions are provided and the general hypotheses
are established. Then, the entry and exit times and distances are described, obtained from the
individual aircraft trajectories. Finally, the entry and occupancy counts are also described, obtained
from the previous times.

Definitions and general hypotheses
It is considered that the geometry of the ATC sector is fixed and does not change with time. Therefore,
the effects of opening/closing sectors are not analysed.
It is considered that there exist 𝑚 different flights. For a flight 𝑖 (𝑖 = 1, … , 𝑚) the trajectory predictor
performs 𝑛 executions and provides 𝑛𝑖 different deviation trajectories (corresponding to the successful
executions), with 𝑛𝑖 ≤ 𝑛. Recall that the trajectory predictor may not able to provide trajectory
deviations for some nowcast perturbations.
The position of flight 𝑖 (𝑖 = 1, … , 𝑚) for the deviation 𝑗 (𝑗 = 1, … , 𝑛𝑖 ) at time 𝑡, is denoted as 𝐱𝑖𝑗 (𝑡). It
is given by the longitude 𝜆, the latitude 𝜙, and the pressure altitude ℎ:
𝐱𝑖𝑗 (𝑡) = [𝜆𝑖𝑗 (𝑡), 𝜙𝑖𝑗 (𝑡), ℎ𝑖𝑗 (𝑡)].

(23)

The deviation trajectories 𝐱𝑖𝑗 generated by the trajectory predictor will be provided as a list of discrete
points and times. A linear interpolation will be used to obtain the position of the flight at any time.
Note that, for a given flight 𝑖, the different deviation trajectories follow different routes. Therefore, it
may happen that some deviation trajectories do not cross the sector. In that case, on one hand, the
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corresponding times are not defined and, on the other hand, they contribute as zero to the
corresponding counts.

Entry and exit times and distances
If trajectory 𝐱𝑖𝑗 crosses the ATC sector, then there exist an entry time to the sector 𝑡𝑖𝑗,𝐸 and an exit
time from the sector 𝑡𝑖𝑗,𝑋 (𝑡𝑖𝑗,𝐸 ≤ 𝑡𝑖𝑗,𝑋 ), and the associated entry and exit points, 𝐱𝑖𝑗 (𝑡𝑖𝑗,𝐸 ) and
𝐱𝑖𝑗 (𝑡𝑖𝑗,𝑋 ). The deviation trajectories may cross the same sector multiple times to avoid convective
regions within the sector. In that case, the entry and exit times are considered to be the time to the
first entry and the time to the last exit, respectively.
The entry and exit times are statistically characterized. For flight 𝑖, the average entry and exit times
(𝑡𝑖,𝐸 and 𝑡𝑖,𝑋 , respectively) are defined as
𝑛𝑖

𝑡𝑖,𝐸

1
= ∑ 𝑡𝑖𝑗,𝐸 ,
𝑛𝑖

(24)

𝑗=1
𝑛𝑖

𝑡𝑖,𝑋

1
= ∑ 𝑡𝑖𝑗,𝑋 ,
𝑛𝑖

(25)

𝑗=1

The uncertainty information is on the spread of these times. The dispersion of the entry and exit times
for flight 𝑖, (Δ𝑡𝑖,𝐸 and Δ𝑡𝑖,𝑋 , respectively) are defined as the differences between the maximum and the
minimum values for the different deviation trajectories
Δ𝑡𝑖,𝐸 = max 𝑡𝑖𝑗,𝐸 − min 𝑡𝑖𝑗,𝐸 ,

(26)

Δ𝑡𝑖,𝑋 = max 𝑡𝑖𝑗,𝑋 − min 𝑡𝑖𝑗,𝑋 ,

(27)

𝑗

𝑗

𝑗

𝑗

For flight 𝑖 and for deviation 𝑗, the entry distance 𝑑𝑖𝑗,𝐸 and the exit distance 𝑑𝑖𝑗,𝑋 are the distances
travelled by the aircraft from its origin to the entry point and to the exit point, respectively. Since the
trajectories will be provided as a list of discrete points, the distance between two consecutive points
is calculated considering a rhumb line.

Entry count
Analogously to the pre-tactical analysis, the entry count for a given sector is defined as the number of
flights entering the sector during a selected time period 𝑃𝑘 ,
𝑃𝑘 = [𝑘𝑡𝑠 , 𝑘𝑡𝑠 + δ𝑡),

𝑘 = 0,1,2, …

(28)

where 𝑡𝑠 is a step value that defines the time difference between the start times of two consecutive
time periods, and δ𝑡 is the duration of each time period.
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We define an entry function for flight 𝑖, for deviation 𝑗, and for time period 𝑃𝑘 , denoted as 𝐸𝑖𝑗 (𝑃𝑘 ). It
takes the value 1 when the aircraft enters the ATC sector during this time period and the value 0
otherwise
1,
𝐸𝑖𝑗 (𝑃𝑘 ) = {
0,

if 𝑡𝑖𝑗,𝐸 ∈ 𝑃𝑘 ,
otherwise.

(29)

Note that if a deviation trajectory 𝐱𝑖𝑗 does never enter the ATC sector, 𝐸𝑖𝑗 (𝑃𝑘 ) is set to zero although
𝑡𝑖𝑗,𝐸 is not defined.
The contribution of the flight 𝑖 to the mean, maximum, and minimum values of the entry count for
time period 𝑃𝑘 , denoted as 𝐸̅𝑖 (𝑃𝑘 ), 𝐸𝑖 𝑚𝑎𝑥 (𝑃𝑘 ), and 𝐸𝑖 𝑚𝑖𝑛 (𝑃𝑘 ), respectively, are obtained as
𝑛𝑖

1
𝐸̅𝑖 (𝑃𝑘 ) = ∑ 𝐸𝑖𝑗 (𝑃𝑘 ) ≤ 1,
𝑛𝑖

(30)

𝐸𝑖 𝑚𝑎𝑥 (𝑃𝑘 ) = 𝑚𝑎𝑥 𝐸𝑖𝑗 (𝑃𝑘 ) ∈ {0,1},

(31)

𝐸𝑖 𝑚𝑖𝑛 (𝑃𝑘 ) = 𝑚𝑖𝑛 𝐸𝑖𝑗 (𝑃𝑘 ) ∈ {0,1}.

(32)

𝑗=1

𝑗

𝑗

The mean, maximum, and minimum values (𝐸̅ , 𝐸𝑚𝑎𝑥 , and 𝐸𝑚𝑖𝑛 , respectively) of the entry count for
time period 𝑃𝑘 can be determined from these 𝑚 contributions as follows
𝑚

𝐸̅ (𝑃𝑘 ) = ∑ 𝐸̅𝑖 (𝑃𝑘 ),

(33)

𝑖=1
𝑚

𝐸𝑚𝑎𝑥 (𝑃𝑘 ) = ∑ 𝐸𝑖 𝑚𝑎𝑥 (𝑃𝑘 ),

(34)

𝑖=1
𝑚

𝐸𝑚𝑖𝑛 (𝑃𝑘 ) = ∑ 𝐸𝑖 𝑚𝑖𝑛 (𝑃𝑘 ).

(35)

𝑖=1

The dispersion of the entry count, Δ𝐸(𝑃𝑘 ), is defined as follows
Δ𝐸(𝑃𝑘 ) = 𝐸𝑚𝑎𝑥 (𝑃𝑘 ) − 𝐸𝑚𝑖𝑛 (𝑃𝑘 ).

(36)

Occupancy count
The occupancy count for a given sector is defined as the number of flights inside the sector during a
selected time period 𝑃𝑘 .
We define an occupancy function for flight 𝑖, for deviation 𝑗, and for time period 𝑃𝑘 , denoted as
𝑂𝑖𝑗 (𝑃𝑘 ). It takes the value 1 when the aircraft is inside the sector during this time period (it enters,
exits, or stays in the sector in this period) and the value 0 if the aircraft is outside
𝑂𝑖𝑗 (𝑃𝑘 ) = {

36

1,
0,

if (𝑡𝑖𝑗,𝐸 ∈ 𝑃𝑘 ) or (𝑡𝑖𝑗,𝑋 ∈ 𝑃𝑘 ) or (𝑡𝑖𝑗,𝐸 < 𝑘𝑡𝑠 and 𝑡𝑖𝑗,𝑋 ≥ 𝑘𝑡𝑠 + δ𝑡),
otherwise.
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As for the entry count, if a deviation trajectory 𝐱𝑖𝑗 does never enter the ATC sector, 𝑂𝑖𝑗 (𝑃𝑘 ) is set to
zero although 𝑡𝑖𝑗,𝐸 and 𝑡𝑖𝑗,𝑋 are not defined.
The contribution of the flight 𝑖 to the mean, maximum, and minimum values of the occupancy count
for time period 𝑃𝑘 , denoted as 𝑂̅𝑖 (𝑃𝑘 ), 𝑂𝑖 𝑚𝑎𝑥 (𝑃𝑘 ), and 𝑂𝑖 𝑚𝑖𝑛 (𝑃𝑘 ), respectively, are obtained as
𝑛𝑖

1
𝑂̅𝑖 (𝑃𝑘 ) = ∑ 𝑂𝑖𝑗 (𝑃𝑘 ) ≤ 1,
𝑛𝑖

(38)

𝑂𝑖 𝑚𝑎𝑥 (𝑃𝑘 ) = 𝑚𝑎𝑥 𝑂𝑖𝑗 (𝑃𝑘 ) ∈ {0,1},

(39)

𝑂𝑖 𝑚𝑖𝑛 (𝑃𝑘 ) = 𝑚𝑖𝑛 𝑂𝑖𝑗 (𝑃𝑘 ) ∈ {0,1}.

(40)

𝑗=1

𝑗

𝑗

The mean, maximum, and minimum values (𝑂̅, 𝑂𝑚𝑎𝑥 , and 𝑂𝑚𝑖𝑛 , respectively) of the occupancy count
for time period 𝑃𝑘 can be determined from these 𝑚 contributions as follows
𝑚

𝑂̅(𝑃𝑘 ) = ∑ 𝑂̅𝑖 (𝑃𝑘 ),

(41)

𝑖=1
𝑚

𝑂𝑚𝑎𝑥 (𝑃𝑘 ) = ∑ 𝑂𝑖 𝑚𝑎𝑥 (𝑃𝑘 ),

(42)

𝑖=1
𝑚

𝑂𝑚𝑖𝑛 (𝑃𝑘 ) = ∑ 𝑂𝑖 𝑚𝑖𝑛 (𝑃𝑘 ).

(43)

𝑖=1

The dispersion of the occupancy count, Δ𝑂(𝑃𝑘 ), is defined as follows
Δ𝑂(𝑃𝑘 ) = 𝑂𝑚𝑎𝑥 (𝑃𝑘 ) − 𝑂𝑚𝑖𝑛 (𝑃𝑘 ).

(44)

4.2 Trajectory predictor for tactical phase
For short-term planning and execution, the trajectory predictor generates possible deviation
trajectories with a storm avoidance strategy, based on weather information provided by Nowcasts.
The trajectory predictor relies on the application of a variant of DIVMET, summarized in Section 4.2.2.
It also needs, as input, a reference trajectory which, in the application considered in this project, is the
solution of a mid-term planning problem considering convective weather based on information
provided by the EPS. The computation of the reference trajectory is briefly described in Section 4.2.1.
For each flight the trajectory predictor determines 𝑛𝑖 different deviation trajectories. All the
trajectories are flown at the same altitude and airspeed, but they follow different routes, described as
sequences of waypoints. All deviation trajectories are considered as equally probable.
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4.2.1 Prediction of the reference trajectory
The reference trajectory is determined by the application of an extension of the trajectory predictor
for mid-term planning, and therefore relies on the weather information provided by the EPS. This
extension is also described in deliverable D4.1 [9], and includes the consideration of convection risk in
the objective function in order to reduce the route exposure to convective areas.
A convective area is an area where individual convective storms may develop. Convective storms need
a trigger mechanism and the onset and the location of those individual storms is impossible to forecast
at the pre-tactical level. However, necessary conditions for the formation of storms can be forecasted
from EPS information, and an indicator of convection risk can be obtained and used for trajectory
planning.
In particular, for each flight, the extended trajectory predictor minimises a weighted sum of the
average flight times of the 𝑛 trajectories (corresponding to the 𝑛 ensemble members), the flight-time
dispersion (𝑡𝑓,𝑚𝑎𝑥 − 𝑡𝑓,𝑚𝑖𝑛 ) and the convection risk, measured as the integral of the probability of
convection along the route. The relative weight of the convection risk is controlled by a parameter
denoted as 𝑐𝑝. By changing the value of this parameter (assuming now 𝑝 = 0), one can obtain routes
that are more efficient on average (they arrive earlier) or routes that are less risky in terms of
convection (less probable to run into storms). Now, the mathematical formulation of the problem is
as follows

𝑛

𝑟𝑓
1
min [ ∑ 𝑡𝑗 (𝑟𝑓 ) + 𝑝(𝑡𝑓,𝑚𝑎𝑥 − 𝑡𝑓,𝑚𝑖𝑛 ) + 𝑐𝑝 ∫ 𝑝𝑐 (𝜆, 𝜙)𝑑𝑟]
𝑛
0

(45)

𝑗=1

subject to the constraints in Eqs. (20) and (21), and to the boundary conditions in Eq. (22). For the
short-term and execution analysis, the dispersion penalty is not considered (i.e., 𝑝 = 0).
The resolution of this mathematical problem provides 𝑛 different trajectories with the same route. The
reference trajectory is a trajectory that has the same route and assigns the average value of the times
at each location.

4.2.2 DIVMET
DIVMET performs a dynamic deterministic trajectory prediction according to the field of existing and
forecasted high-risk areas [14]. In this context, high-risk areas are defined by the limits of convective
cells, which are determined from gridded weather radar reflectivity fields and further extended by a
safety margin. DIVMET calculates, at a given point in space and time, an efficient and safe route to the
final destination. For that purpose it requires an initially planned route and storm data as inputs.
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It is assumed that the initially planned route satisfies the airspace user’s preferences with respect to
efficiency and predictability. Therefore, in case of adverse weather, the pilot has to navigate around
the high-risk areas while at the same time keeping close to the original reference trajectory. The
DIVMET algorithm is able to simulate this behaviour and provides (upon user request for any point in
space and time) a highly predictable and efficient trajectory to the final destination.
The Nowcast data used by DIVMET in this project are provided by AEMET. They are described in detail
in deliverable D2.3 [3]. The data contains estimates of the location of the centroid of convective cells
for the upcoming hour with forecasting horizons every 10 minutes. Additionally, a rectangle
encompassing the detected convective cells is provided. Taking this data as input, the software
developed in Task 2.4 and described in deliverable D2.4 [15] constructs convective cells with elliptical
shape for all forecasting horizons up to one hour.
At the initial instant of time, a route calculation is performed assuming a static storm field for the
remaining time until the aircraft has reached its destination, and considering a constant ground speed.
Obviously, it would not be appropriate to follow that route because the storm field will evolve with
time. Therefore, only the piece of route corresponding to the subsequent ten minutes is taken. Then,
the weather nowcast is used as a weather update, or equivalently said, a new forecast of the storm
field is considered to calculate a new route. This calculation is performed again assuming a static storm
field (the updated one) up to the destination, but only the portion corresponding to the following ten
minutes is added to the final forecasted route. This is repeated for all lead-times, with the exception
that, for the final lead-time considered (one hour), the whole calculated route (up to the destination)
is added to the final forecasted route, as no new weather update is available. Following this procedure,
the route adapts every ten minutes to the changing weather situation. An example of deviation route
is shown in Figure 29.

Figure 29. Example of deviation route to avoid convective cells. Red dot marks aircraft position.
Orange: original trajectory. Red: Deviation trajectory. Light blue: Convective cells. Dark blue:
Convective hull after safety margin addition.
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In this project, a variant of DIVMET has been developed to account for weather uncertainty. The main
extension is that the location of the centroid of each convective cell is varied randomly within a given
range, according to an uncertainty margin (see Figure 30). The uncertainty margin models the typical
displacement errors of a storm nowcast, which increases as the lead-time increases according to a
given model (five different lead-time dependent functions for the uncertainty margins have been
proposed in deliverable D4.2 [10]).
In particular, multiple deviation routes are computed for each considered flight. Each deviation route
is computed as follows: First, DIVMET is applied to the zero-lead-time nowcast; then, at each leadtime, a Monte-Carlo sampling is performed (leading to a perturbed adverse weather field) and DIVMET
is applied. Hence, each deviation route is the result of extracting six random samples of the uncertain
storm field, each one at a given lead-time from ten minutes to one hour.

Figure 30. Illustration of the variation of the elliptical convective cells within the uncertainty margin.
Left: low lead-time. Right: high lead-time.

4.3 Application for sector demand analysis at tactical level
In this section, the demand of an ATC sector LECBLVU is analysed for seven hours, from 6:00 to 13:00
on 19 December 2016, when predicted with a forecasting horizon below 60 minutes, and a regular
time step of 10 minutes. First, in Section 4.3.1, the traffic scenario is described, in terms of ATC sector,
flights, and weather forecasts to be considered. Then, in Section 4.3.2, the results are presented and
analysed for two different values of the parameter 𝑐𝑝; they show the benefits on the predictability of
sector demand associated to reducing the convection risk of individual trajectories according to the
algorithms developed in WP 4.
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4.3.1 Traffic scenario
ATC sector
The ATC sector LECBLVU, located in the East coast of Spain, see Figure 31, is considered in this
application. The airspace of this sector can be described as one prism; it ranges from FL345 to FL 460,
and the coordinates of the vertices that define the lateral boundary have been obtained from NEST for
the AIRAC cycle 1613. The declared capacity of this sector is 37 flights/hour, also obtained from NEST
and AIRAC cycle 1613.

Figure 31. Geographical location of ATC sector LECBLVU and the extended area.

Flights
As in the pre-tactical analysis, the information of the flights is retrieved from NEST software (AIRAC
cycle 1613), corresponding to the actual last filed flight plans from the airlines. Again, to take into
account that the optimal routes determined by the trajectory predictor developed in Task 4.1 may be
different from the actual routes filed in the flight plans, the considered flights are those that planned
to cross an extended area around the ATC sector. The coordinates of the four vertices of this area are
(see Figure 31): (N 41˚ 30’, W 2˚ 30’), (N 42˚, E 2˚ 30’), (N 37˚ 30’, E 2˚), (N 37˚, W 3˚). This extended
area is also the area from which the computation of the deviation trajectories is started.
A total number of 383 flights planned to cross the extended area between 06:00 and 13:00 on
19 December 2016. As in the pre-tactical analysis, flights arriving or departing to/from airports located
inside the lateral boundary of the ATC sector are discarded, this is the case of 32 flights with origin or
destination LEVC airport. Thus, one has a smaller subset of 351 flights.
Two different values of the relative weight of the convection risk are considered in this analysis:
𝑐𝑝 = 0 and 𝑐𝑝 = 0.005. For each flight and for each value of the parameter 𝑐𝑝, a different reference
trajectory is obtained. In the pre-tactical application, only those flights that cross the ATC sector were
considered because flights not crossing the sector do not affect the sector demand. However, in the
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tactical analysis, it may happen that the deviation trajectories may enter the sector although the
reference trajectory does not. For this reason, in the tactical analysis we consider the flights that cross
the extended area, even if they do not cross the sector. From the set of 351 flights, the number of
reference trajectories that enter the extended area for 𝑐𝑝 = 0 is 313 and for 𝑐𝑝 = 0.005 is 258.
Because one of the goals of this application is to show the effects of reducing the convection risk, only
those flights that cross the extended area for both values of 𝑐𝑝 are considered in the analysis, a total
number of 257 flights. The reference trajectories for these flights and both values of 𝑐𝑝 are shown
below in Section 4.3.2.

Weather forecasts
In this application, two kind of meteorological forecasts are used: EPS and Nowcasts. The reference
trajectories are obtained from the wind fields provided by ECMWF-EPS and the probability of
convection derived from GLAMEPS, see Deliverable 2.3 [3]. The deviation trajectories are obtained
from the uncertain thunderstorms derived from AEMET Nowcasts, see also Deliverable 2.3 [3]. They
are described next.
Since the reference trajectories are determined 3 hours before departure time, forecasts released at
different times and with different time steps are considered. According to the 351 flight plans retrieved
from NEST, the earliest flight departs at 23:55 on 18 December, and, as a reference, the latest flight
arrives to its destination at 19:45 on 19 December. Taking into account the departing time and the
duration of each flight, the forecasts released on 18 December at 12:00 with time step of 18 hours and
on 19 December with time steps of 6 and 12 hours are considered in this application.
The forecasts are retrieved for a coverage area which ranges from 24 degrees South to 61 degrees
North, and from 96 degrees West to 56 degrees East. The spatial grid resolution is 0.25 degrees.
According to the cruise altitude chosen for all flights (38600 ft), the forecasts are retrieved for the
pressure level 200 hPa.
The meteorological variables required by the trajectory predictor described in Section 4.2.1 are the
zonal wind, the meridional wind, and the probability of convection. As an example, in Figures 32
and 33, the average meridional and zonal winds are shown for the forecast released at 00:00 on
19 December with a forecast horizon of 6 hours. The average meridional wind ranges approximately
between -50 m/s (South direction) and 50 m/s (North direction). High values of the wind are found at
the East coast of North America, the British Isles, Tunisia, the North Atlantic Ocean, and Lake Ladoga.
The average zonal wind is larger than the meridional wind, ranging approximately between -40 m/s
(West direction) and 90 m/s (East direction). The larger values are found again at the East coast of
North America, the North Atlantic Ocean, the Sahara Desert, and Germany.
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Figure 32. Average meridional wind, ECMWF-EPS released at 00:00, 19/12/16, step 6 hours.

Figure 33. Average zonal wind, ECMWF-EPS released at 00:00, 19/12/16, step 6 hours.
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Figure 34. Probability of convection, ECMWF-EPS released at 00:00, 19/12/16, step 6 hours.

In Figure 34, the probability of convection is shown for the forecast released at 00:00 on 19 December
with a forecasting horizon of 6 hours. A big area of convection can be seen in the East coast of Spain,
where the ATC sector under study is located. Other areas of convection are located in the West coast
of Morocco and the North Atlantic Ocean.
The AEMET Nowcast contains information about detected storm cells every 10 minutes, and an
estimation of the movement of the cell in the next hour with a 10-minute lead-time step. For example,
the Nowcast released at 06:00 on 19/12/2016 identifies 30 different storm cells. In Figure 35, the
rectangle that encloses each cell is presented in blue, and the estimation of its future position in red.
It can be seen that the sector and the extended area are greatly affected by these storms. All the cells
travel Eastwards at different speeds.
The highest activity of the storms, in terms of number of convective cells, is found at 08:10. A total
number of 55 cells is detected at this time, see Figure 36.
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Figure 35. AEMET Nowcast released at 06:00, 19/12/16; detected storm cells (blue), and forecast for
10, 20, 30, 40, 50, and 60 minutes (red).

Figure 36. AEMET Nowcast released at 08:10, 19/12/16; detected storm cells (blue), and forecast for
10, 20, 30, 40, 50, and 60 minutes (red).
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4.3.2 Results
This section is organised as follows. First, the aircraft reference trajectories for the two values of the
convection penalty 𝑐𝑝 are presented. Then, the deviation trajectories computed by DIVMET along with
the uncertainty in the entry and the exit times are shown. Finally, the occupancy count is presented
when predicted at different time instants.

Reference trajectories
The reference routes followed by the 257 flights considered in the analysis are shown for 𝑐𝑝 = 0 and
𝑐𝑝 = 0.005 in Figures 37 and 38, respectively. They are represented from the departure airport to the
destination airport. In this application, the average time required by one flight to fly from the entry to
the extended area to the exit of the ATC sector is about 20.8 minutes, and the maximum time 32.3.
This maximum time is in accordance with the maximum forecasting horizon provided by AEMET
Nowcasts (60 minutes), it is smaller and leaves some room for the extra time required by the deviation
trajectories (which, as will be shown below in this section, their dispersion can be up to 20 minutes).
Notice that, if one wants to enlarge the extended area or to consider ATC sectors of larger dimensions
(requiring larger times to be crossed), Nowcasts with larger forecasting horizons may be required.

Figure 37. Reference trajectories for 𝑐𝑝 = 0.
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Figure 38. Reference trajectories for 𝑐𝑝 = 0.005.

In Figure 39, the convection risk is shown for all the flights considered in the analysis (257) and both
values of the convection penalty. The convection risk is reduced for all the flights when 𝑐𝑝 is increased,
therefore, all points are under the bisectrix. On average, the convection risk is reduced from 395081 m
to 365184 m (7.6% reduction). However, as can be inferred from the objective function, Eq. (45), this
reduction of the convection risk comes along with an increase of the mean flight time. In this
application, the average value of the mean flight time increases 69.9 seconds.
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Figure 39. Convection risk of each flight.

Deviation trajectories
The possible deviation trajectories computed by DIVMET at different time instants for flight id
203221283 (according to NEST nomenclature) and for 𝑐𝑝 = 0.005 are shown in Figure 40. It can be
seen that at the first prediction time (09:28), when the aircraft enters the extended area, the possible
deviation trajectories are very disparate among them. This dispersion comes from the uncertain
location of the storm cells. According to the function used in this application to model this uncertainty
(named F5 in D4.2 [10]), the location of the centroid can be displaced up to 10 km for a leading time
of 30 minutes. As the flight progresses, the aircraft comes closer to the storm cells, thus the dispersion
is reduced and the deviation trajectories are more similar among them.
The dispersion of the entry and the exit times for flight 203221283 when predicted at different time
instants is shown in Table 1. It can be clearly seen how the dispersion of the entry (exit) time is reduced
as the aircraft approaches the entry (exit) point. Initially (09:28), the dispersion of the entry time is
rather large (294.9 seconds), because the entry point can be located at the Northeast or at the
Northwest of the sector, see Figure 40. The dispersion of the exit time is even larger (766.3 seconds),
because the aircraft can exit the sector by the Northeast or by the South. At the second prediction
time, performed 10 minutes later (09:38), the aircraft is on the verge of entering the sector, thus the
dispersion of the entry time is nil. Also, the dispersion of the exit time is significantly reduced
(386.7 seconds). When the prediction is updated again (09:48), the aircraft is close to exit the sector
and the dispersion of the exit time is further reduced (1.4 seconds). The dispersion of the entry (exit)
time is zero once the aircraft enters (exits) the sector.
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Figure 40. Flight 203221283 and 𝑐𝑝 = 0.005: possible deviation routes (red) and executed trajectory
(blue). Time instants 09:28 (top left), 09:38 (top right), 09:48 (bottom left), and 09:58 (bottom right).

Prediction time
09:28

09:38

09:48

09:58

𝚫𝒕𝑬

294.9

0

0

0

𝚫𝒕𝑿

766.3

386.7

1.4

0

Table 1. Flight 203221283 and 𝑐𝑝 = 0.005: entry and exit time dispersions when computed at
different time instants.
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Next, aggregated values are shown for all the flights that could have crossed the sector according to
the possible deviation trajectories: 130 flights for 𝑐𝑝 = 0 and 101 flights for 𝑐𝑝 = 0.005.
The average dispersion of the entry and exit times, when predicted at different times, every 10
minutes, is shown in Figures 41 and 42, respectively. Because the time instant when the first prediction
is made (i.e., when each flight enters the extended area) is different for each flight, this time has been
generically denoted as T0.
Firstly, one can see that the dispersion decreases as the flight progresses and new predictions are
made. This is the same behaviour observed in the previous example for flight 203221283, see Figure 40
and Table 1. That is, the dispersion is reduced as the aircraft approaches the entry/exit point, and is
zero once the aircraft enter/exit the sector.
Secondly, the value of the dispersion in this application is rather large. On average, for T0 and 𝑐𝑝 = 0,
46.2 seconds on the entry time and 88.1 seconds on the exit time. It is expected to get larger values if
one decides to make the first prediction even further from the sector, that is, if one considers an
enlarged extended area.
Finally, it can be seen that the trajectories obtained for 𝑐𝑝 = 0.005 show, in general, a lower dispersion
of the entry and exit times (only for the exit time and T0+20, the dispersion is slightly larger). Therefore,
this application shows that increasing the value of 𝑐𝑝 reduces the risk of encountering the storms, and
thus it reduces the dispersion. For example, at T0, the average dispersion of the entry time is reduced
from 46.2 s to 39.1 s, and from 88.1 s to 82.0 for the exit time.
The maximum dispersion of the entry and exit times (among all the flights), when predicted at different
times, every 10 minutes, is shown in Figures 43 and 44, respectively. Notice that the maximum
dispersions can be very important, as large as 1162 s. Again, it can be seen that increasing the value of
𝑐𝑝 reduces the dispersion (as for the mean value, the dispersion is slightly larger for the exit time and
T0+20).

Figure 41. Average dispersion of the entry time when predicted at different time instants.
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Figure 42. Average dispersion of the exit time when predicted at different time instants.

Figure 43. Maximum dispersion of the entry time when predicted at different time instants.
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Figure 44. Maximum dispersion of the exit time when predicted at different time instants.

Occupancy count
As an example, the occupancy count for 𝑐𝑝 = 0 when predicted at three consecutive time instants
(08:30, 08:40, and 08:50) is depicted in Figure 45. It is shown for time periods with duration of
1 minute, and a maximum forecasting horizon of 15 minutes. This maximum horizon is in accordance
with the average time required by one flight to fly from the entry to the extended area to the exit of
the ATC sector (about 20 minutes). If this maximum horizon is to be incremented, the extended area
needs to be enlarged, but this may require Nowcasts with larger lead times.
In Figure 45, it can be seen that, although the maximum forecasting horizon is short, the presence of
the uncertain storms leads to a dispersion of up to 4 flights. This is a large dispersion, taking into
account that the maximum average occupancy is just 7 flights.
In this figure, one can see how the expected occupancy count evolves as the predictions are updated.
As a first example, the occupancy of the time period 08:44-08:45 is between 4 and 8 flights when
predicted at 08:30, and it is narrowed to be between 5 and 6 flights when predicted at 08:40. A second
example is the time period 08:53-08:54, the occupancy is between 3 and 5 when predicted at 08:40,
and 3 flights when predicted at 08:50.
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Figure 45. Occupancy count (left) and its dispersion (right) for 𝑐𝑝 = 0, predicted at time instants
08:30 (top), 08:40 (middle), and 08:50 (bottom); with a forecasting horizon up to 15 minutes.
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The previous examples are clear illustrations of how the dispersion is reduced when the period to be
forecasted is closer to the time instant at which the prediction is generated. This relationship between
the dispersion and the forecasting horizon is shown in Figure 46 for the two values of 𝑐𝑝 considered in
this application. In this figure, it is represented the average of the dispersion for all the predictions
generated every 10 minutes between 07:30 and 11:00, the period most affected by the storm activity.
This average can be interpreted as the average of the dispersions shown on the right side of Figure 45,
but for all the predictions made between 07:30 and 11:00. In Figure 46, TP represents the time instant
at which each prediction is made.
One can see that, as expected, the average dispersion is almost nil for time periods very close to TP,
and that it increases, almost linearly, as the forecasting horizon increases. Notice that this average
dispersion takes into account periods with different traffic density and storm intensity; therefore,
although the maximum average value is about 0.8 flights, the maximum dispersion at a specific
prediction time can be as large as 4 flights, as it was observed in Figure 45.
Finally, in Figure 46, it can be seen that, as intended, the average dispersion is reduced when the
convection penalty of the individual flights is increased, although locally, for particular forecasting
horizons it may increase. The average dispersion for all the forecasting horizons is reduced from
0.52 flights for 𝑐𝑝 = 0 to 0.37 flights for 𝑐𝑝 = 0.005.

Figure 46. Average dispersion of the occupancy count for different forecasting time,
from 07:30 to 11:00.
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5 Conclusions

In this deliverable, the methodology developed in D5.1 has been applied to quantify the effects of
weather uncertainty on the sector demand at pre-tactical and tactical level, and to quantify the
benefits of improving the predictability of individual trajectories on the predictability of sector
demand.
The assessment is based on a methodology that requires to define a scenario in terms of Air Traffic
Control sector, flights, and weather forecasts. In TBO-Met, the meteorological uncertainty is provided
by Ensemble Prediction systems (EPS) for mid-term planning and by EPS and Nowcasts for short-term
planning and execution. A trajectory predictor computes, for each flight and for each possible
atmosphere realization (EPS member or nowcast perturbation), a different aircraft trajectory. The
trajectory predictor reduces the uncertainty by determining the appropriate route to minimise a
weighted sum of the average flight time plus either the flight-time dispersion (mid-term planning) or
the convective risk (short-term planning and execution).
The computed trajectories along with the information of the sector, are then used to analyse the sector
demand. The analysis is based on the statistical characterization of the entry times of the flights
to/from the sector, and of the entry and occupancy counts. Mean, maximum, and minimum values,
and the spread of these times and counts, are obtained.
The statistical characterization has been performed under certain general hypotheses. One of them
can be highlighted: the geometry of the sector is considered to be fixed over time. The opening and/or
closing of sectors would result in transient effects. This hypothesis does not impact the objective of
Work Package 5: to help in the understanding of how weather uncertainty is propagated from the
trajectory scale to the traffic scale. In future extensions of the project, oriented to a practical
implementation, this assumption could be relaxed and the statistical characterization appropriately
extended.
The short-term and execution analysis has required the statistical characterization to be adapted. The
two reasons justifying this adaptation are 1) the way the uncertainty on the storm location has been
added to the deterministic Nowcasts provided by AEMET, and 2) that the DIVMET is not able to provide
trajectory deviations for some nowcast perturbations because there can be spatial distributions of
storm cells that that the aircraft cannot avoid. In future extensions of the project, if probabilistic
Nowcasts are available and resolution strategies are developed to avoid storms in any situation, the
general statistical characterization developed in D5.1 could again be used.
Realistic applications have been provided in this deliverable. In these applications, cruise flights at
constant pressure altitude and constant Mach number are assumed.
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On one hand, for mid-term planning, the demand of the ATC sector LECMSAU is analysed for a whole
day when predicted the day before. The meteorological uncertainty is obtained from the ensemble
forecast ECMWF-EPS. In this application, it has been found that, because uncertainty is accumulated
along the flight, the uncertainty in the entry times increases as the distance travelled by the aircraft to
the entry point increases. Thus, sectors with predominance of incoming long-haul flights are expected
to be more affected by weather uncertainty. Also, it has been found that the uncertainty in the entry
count is large when compared with the declared capacity of the sector, in particular when small time
periods are considered. It is worth noting that, in this application, only wind uncertainties are
considered. Even larger values of uncertainty are expected to be found when uncertainty on air
temperature and, primarily, convective phenomena will be considered, which will be tackled in later
stages of the project.
When the dispersion of the individual trajectories is reduced, the dispersions of the entry times and of
the entry and occupancy counts are also reduced. On one hand, this reduction of the dispersion comes
from an increase of the average flight time and, thus, of fuel consumption and operating costs, but, on
the other hand, both the airlines and the Network Manager will benefit of better predictability. The
airlines will know better when the aircraft will arrive to the destination airports, leading to a better
fleet scheduling. The Network Manager will know more precisely the demand of the sector, what
allows to improve the Demand-Capacity Balancing process, better identifying the Air Traffic Flow and
Capacity Management measures to be applied.
On the other hand, for short-term planning and execution, the demand of the ATC sector LECBLVU is
analysed during seven hours when predicted with forecasting horizons below 60 minutes, at regular
time steps of 10 minutes. For the computation of the reference trajectory, the wind fields are provided
by ECMWF-EPS and the probability of convection is derived from GLAMEPS. For the computation of
the storm-avoidance trajectories, the Nowcasts from AEMET are considered, which are released every
10 minutes and contains not only information about detected storm cells but also an estimation of the
movement of the cell in the next hour with a 10-minute time step. In this application, the effects of
storm uncertainty on sector demand are quantified.
In this application, it has been found that the dispersions of the entry and the exit times can be up to
20 minutes. It has been observed that one cause of large dispersion values is that the location of the
entry and exit points can be very disparate because of the possible deviations required to avoid the
storm cells. These dispersions of the entry and exit times decrease as the flights progress, the aircraft
approach the entry/exit points, and new predictions are made. Also, it has been found that the
uncertainty in the occupancy count is large when compared with the average values. This uncertainty
tends to increase, almost linearly, as the forecasting horizon increases. The maximum forecasting
horizon has to be compatible with the time required by the flights to go from the entry to the extended
area to the exit of the ATC sector. If this maximum horizon is to be incremented, the extended area
needs to be enlarged, and Nowcasts with larger lead times may be required.
When the convection risk of the individual trajectories is reduced, the predictability is increased,
because the dispersions of the entry and exit times and of the occupancy count are also reduced. This
reduction of the risk, as in the case of the pre-tactical analysis, comes from an increase of the average
flight time and, thus, of fuel consumption and operating costs. In this case, the airlines and the Air
Navigation Services Providers (ANSPs) will benefit of better predictability. Again, the airlines will
benefit of better knowing when the aircraft will arrive to the destination airports. The ANSPs will know
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more precisely the demand of the sector in the short term, which helps the air traffic controllers to be
aware of possible future workload peaks and, thus, to take the appropriate measures.
For both applications it has been found that, when the predictability of individual flights is increased,
the trajectories are deviated, modifying the number of aircraft crossing the sector. A future follow-up
project should take into account the displacement of traffic flows from one sector to another, in the
context of a multi-sector traffic analysis.
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