EXPLORATORY RESEARCH

Catalogue of case studies
for
robust
trajectory
planning
Deliverable 4.3
TBO-Met
Grant:
Call:
Topic:
Consortium coordinator:
Edition date:
Edition:

699294
H2020-SESAR-2015-1
Sesar-04-2015 - Environment and Meteorology in
ATM
Universidad de Sevilla
13 November 2017
00.01.00

EDITION 00.01.00

Authoring & Approval
Authors of the document
Name/Beneficiary

Position/Title

Date

Manuel Soler / UC3M

WP4/Task 4.3 leader

24/11/2017

Javier García-Heras / UC3M

UC3M contributor

24/11/2017

Daniel González-Arribas / UC3M

UC3M contributor

24/11/2017

Alfonso Valenzuela / USE

Tasks 5.1, 5.2, and 5.3 leader

24/11/2017

Daniel Sacher / MetSol

Task 4.2 leader

24/11/2017

Carl-Herbert Rokitansky / PLUS

WP6 leader

24/11/2017

Kurt Eschbacher / PLUS

PLUS contributor

24/11/2017

Name/Beneficiary

Position/Title

Date

Thomas Hauf / MetSol

Scientific advisor

01/12/2017

Jürgen Lang / MetSol

MetSol contribution leader

01/12/2017

Damian Rivas / USE

USE contribution leader

01/12/2017

Carl-Herbert Rokitansky / PLUS

PLUS contribution leader

01/12/2017

Juan Simarro / AEMET

AEMET contribution leader

01/12/2017

Manuel Soler / UC3M

UC3M contribution leader

01/12/2017

Reviewers internal to the project

Approved for submission to the SJU By — Representatives of beneficiaries involved in the project
Name/Beneficiary

Position/Title

Date

Manuel Soler / UC3M

WP4/Task 4.3 leader

13/12/2017

Javier García-Heras / UC3M

UC3M contributor

13/12/2017

Daniel González-Arribas / UC3M

UC3M contributor

13/12/2017

Alfonso Valenzuela / USE

Tasks 5.1, 5.2, and 5.3 leader

13/12/2017

Daniel Sacher / MetSol

Task 4.2 leader

13/12/2017

Carl-Herbert Rokitansky / PLUS

WP6 leader

13/12/2017

Kurt Eschbacher / PLUS

PLUS contributor

13/12/2017

Damian Rivas / USE

Project Coordinator

13/12/2017

2

[©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
for the SESAR Joint Undertaking within the frame of the SESAR Programme cofinanced by the EU and EUROCONTROL. Reprint with approval of publisher and
the source properly acknowledged.

CATALOGUE OF CASE STUDIES FOR ROBUST TRAJECTORY PLANNING

Rejected By - Representatives of beneficiaries involved in the project
Name/Beneficiary

Position/Title

Date

Document History
Edition

Date

Status

Author

Justification

00.00.00

01/11/2017

Initial Draft

Manuel Soler

New Document

00.00.01

24/11/2017

Reviewed Draft

Manuel Soler

Updated Document

00.00.02

30/11/2017

Reviewed Draft

Manuel Soler

Updated Document

00.01.00

13/12/2017

First Issue

Manuel Soler

Updated Document

©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
for the SESAR Joint Undertaking within the frame of the SESAR Programme cofinanced by the EU and EUROCONTROL. Reprint with approval of publisher
and the source properly acknowledged.

3

EDITION 00.01.00

TBO-Met
METEOROLOGICAL UNCERTAINTY MANAGEMENT FOR TRAJECTORY BASED
OPERATIONS

This Deliverable (D4.3) 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
A major challenge for Trajectory-Based Operations is the existence of significant uncertainties in the
models and systems required for trajectory prediction. In particular, weather uncertainty has been
acknowledged as one of the most (if not the most) relevant ones. In previous deliverables within
WP4, namely D4.1 and D4.2, we presented results on both robust trajectory mid-term planning (in
this context from one day to 3 hours before departure) and short-term trajectory planning (in this
context 10 min to 1 hour before a potential encounter). Uncertainty associated to the evolution of
winds, convective risk, and thunderstorms were assumed to be the sources of uncertainty. In the
present deliverable we present the scenarios to further validate (in WP6) the algorithms developed
in WP4. Three scenarios are defined, coined VS1 (Validation Scenario 1), VS2 (Validation Scenario 2),
and VS3 (Validation Scenario 3). The first one is intended for the validation of the robust mid-term
trajectory predictor concept developed in Task 4.1, in which only uncertainties due to wind are
considered; in the second, the aim is at the validation of the same robust mid-term trajectory
predictor concept (also developed in Task 4.1), however now considering uncertain winds and
convective risk. The last one (VS3) is aimed at validating the concept developed in Task 4.2, in which
a robust short-term trajectory predictor was developed to consider the uncertain evolution of
storms. The different scenarios are described including traffic patterns, meteorological products and
the simulation infrastructure. Last but not least, different indicators are defined for all VS1, VS2, and
VS3 to be used in the validation exercises in WP6.
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Executive Summary

TBO-Met’s D4.3 focuses on the definition of three scenarios to be later on validated in WP6 activities.
These scenarios are coined:




Validation Scenario 1 (VS1).
Validation Scenario 2 (VS2).
Validation Scenario 3 (VS3).

The aim of VS1 is to validate the robust flight-planning concept developed in Task 4.1 (included in
D4.1, see [1]). In particular, in VS1 only wind uncertainties are considered. In the context of VS1, we
only considered planning at pre-tactical level (mid-term planning; in this context, roughly one day
before departure). Neither convection, nor storms are considered.
The aim of VS2 is to validate the robust flight-planning concept also developed in Task 4.1 (included
in D4.1, see [1]). In this case, both wind uncertainties and convective risk are considered. In the
context of VS2, we also consider robust planning at pre-tactical level (mid-term planning; in this
context, roughly one day before departure). However, the simulator to be used –NAVSIM- would
implement functionality to avoid storms –considered to be deterministic realizations- during the
execution of the flight.
The aim of VS3 is to validate the robust short-term flight planning concepts developed in Task 4.2. In
particular, in VS3 the uncertain evolution of storms is considered. In the context of VS3, the robust
mid-term trajectories (those calculated in VS2) are input and used as reference trajectories. Then,
during execution, the uncertain evolution of storms is considered, and thus short-time robust
trajectory planning algorithms (developed in Task 4.2 and included in D4.2, see [2]) are employed for
the short-term planning to avoid such hazards.
From a methodological point of view, D4.3 includes the following aspects:




Definition of VS1
Definition of VS2
Definition of VS3

Each of the scenarios includes: the selection of the day and traffic, the definition of the robust
trajectory predictor to be used, the meteorological variables and products, the description of the
simulator (NAVSIM) and the simulation runs, and last but not least the definition of indicators for the
validation exercise (indicators defined in terms of distance flown, fuel consumption, flight time and
deviations from nominal path).
D4.3 is structured as follows: VS1 is described in Chapter 2, VS2 is described In Chapter 3, and VS3 is
described In Chapter 4. A summary of the main indicators defined is provided in Chapter 5.
6

[©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
for the SESAR Joint Undertaking within the frame of the SESAR Programme cofinanced by the EU and EUROCONTROL. Reprint with approval of publisher and
the source properly acknowledged.

CATALOGUE OF CASE STUDIES FOR ROBUST TRAJECTORY PLANNING

Follow up activities within TBO-Met that are linked with D4.3 include:



Associated to Task 6.1: the adaptation and preparation of NAVSIM (the simulation
infrastructure to be used in WP6) to the defined scenarios. This will require some calibration
and testing of different functionalities.
Association to WP6, the simulation of VS1, VS2 and VS3 and the quantification of the key
validation indicators.
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1 Introduction1

In the future ATM system, the trajectory becomes the fundamental element of a new set of
operating procedures collectively referred to as Trajectory-Based Operations (TBO). Trajectory
constitutes a fundamental element of the TBO concept; it is the trajectory that will best meet airline
business interests and will evolve out of a collaborative and layered planning process. A major
challenge for Trajectory-Based Operations is the existence of significant uncertainties in the models
and systems required for trajectory prediction, in particular, winds and thunderstorms. A better
understanding of the elements introducing uncertainty in the traffic is key when optimizing,
planning, executing, monitoring and synchronizing trajectories with ground systems and/or other
aircraft. In TBO-Met, the focus is on Meteorological uncertainty. According to the Grant
Agreement [3], meteorological information is provided by Ensemble Prediction Systems (EPS) at the
pre-tactical level (mid-term planning) [4] and by EPS and Nowcasts at the tactical level (short-term
planning and execution) [5].
According to TBO-Met’s Project Management Plan [6], the fundamental goal of WP4 is to analyse
trade-offs between efficiency and predictability of 4D trajectories under meteorological uncertainty
within the envisioned TBO operational concept. The following sub-objectives arise:
1. Robust trajectory planning at pre-tactical level (mid-term planning: up to three hours before
departure) considering wind and convection uncertainty. This is Task 4.1 according to TBOMet’s Project Management Plan [6], which was the aim of deliverable D4.1 (already
approved by SJU; see [1]).
2. Improve predictability in trajectory planning at tactical level (short-term planning and
execution) considering the uncertainty of individual storm cells within the convective
weather regions. This is Task 4.2 according to TBO-Met’s Project Management Plan [6], which
was the aim of D4.2 (already approved by SJU; see D4.2 [2]).
3. The validation via simulation of the above mentioned methodologies. This is partially
covered within Task 4.3 according to TBO-Met’s Project Management Plan [6], in which a
catalogue of simulation scenarios are defined. This is precisely the aim of the present
Deliverable (D4.3). The simulations are part of WP6 according to TBO-Met’s Project
Management Plan [6].

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.
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In other words, the ambition in WP4 is to develop algorithms capable of improving the predictability
of aircraft trajectories when subject to meteorological uncertainty, but keeping acceptable levels of
efficiency. Figure 1 sketches the intended methodologies for WP4.
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Figure 1: TBO-Met’s WP4 Trajectory Planning Methodology for both pre-tactical (mid-term planning) and tactical (shortterm planning and execution) levels. Recall that Deliverable 4.3 focuses on defining the scenarios to be further on validated
in WP 6.

1.1 Scope of the Deliverable
According to TBO-Met’s Project Management Plan [6], the definition of a catalogue of scenarios for
the validation of both pre-tactical (mid-term planning) and tactical (short-term planning and
execution) problem, i.e., left-hand side and right-hand side of Figure 1, respectively, is subject of
study within Deliverable 4.3.
Thus, TBO-Met’s D4.3 focuses on the definition of three scenarios to be later on validated in WP6
activities. These scenarios are coined:




Validation Scenario 1 (VS1).
Validation Scenario 2 (VS2).
Validation Scenario 2 (VS3).

Notice that for WP4 TBO-Met validation, we will compare:



Predicted trajectories that are robust against meteorological uncertainties, and
Simulated trajectories using the simulation infrastructure NAVISM under realised weather.

The aim of VS1 is to validate the robust flight planning concepts developed in Task 4.1. In particular,
in VS1 only wind uncertainties are considered. In the context of VS1, we only considered planning at
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pre-tactical level (mid-term planning; in this context, the day before operation). See the left-hand
side of Figure 1 (only considering wind).
VS1 includes the following aspects:









the selection of the day (01/09/2016),
the selection of the traffic (1392 flights),
the definition of the operational context (selected according to WP5),
the definition of the robust trajectory predictor (that described in D4.1, see [1]),
the identification of the meteorological variables (winds),
the identification of the meteorological products (ECMW-EPS),
the description of the simulator (NAVSIM) and the simulation runs,
the definition of indicators for the validation exercise.

The aim of VS2 is to validate the robust flight-planning concept also developed in Task 4.1. In this
case, both wind uncertainties and convective risk are considered. In the context of VS2, we also
consider robust planning at pre-tactical level (mid-term planning; in this context, roughly three hours
before departure). See the left-hand side of Figure 1.
VS2 includes the following aspects:









the selection of the day (19/12/2016),
the selection of the traffic (351 flights),
the definition of the operational context (selected according to WP5),
the definition of the robust trajectory predictors (that described in D4.1, see [1]),
the identification of the meteorological variables (wind, convection, thunderstorms),
the identification of the meteorological products (ECMW-EPS, GLAMEPS, Nowcasts),
the description of the simulator (NAVSIM/DIVMET) and the simulation runs,
the definition of indicators for the validation exercise.

The aim of VS3 is to validate the robust short-term flight planning concepts developed in Task 4.2. In
particular, in VS3 the uncertain evolution of storms is considered. In the context of VS3, the robust
mid-term trajectories (those calculated in VS2) are input and used as reference trajectories. Then,
during execution, the uncertain evolution of storms is considered, and thus short-time robust
trajectory planning algorithms (developed in Task 4.2 and included in D4.2, see [2]) are employed to
avoid such hazards. See the right-hand side of Figure 1
VS3 includes the following aspects:







10

the selection of the day (19/12/2016) and traffic (351 flights), which coincide with that in
VS2.
the definition of the operational context (selected according to WP5),
the definition of the robust trajectory predictors (that described in D4.2, see [2]),
the identification of the meteorological variables (thunderstorms),
the identification of the meteorological products (Nowcasts),
the description of the simulator (NAVSIM/DIVMET) and the simulation runs,
the definition of indicators for the validation exercise.
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Please refer to Chapters 2-4 for details on each of the validation scenarios.

1.2 Acronyms and Terminology
Term

Definition

ATC

Air Traffic Control

ATM

Air Traffic Management

BADA

Base of Aircraft Data

CDM

Collaborative Decision Making

CNS

Communication, Navigation, and Surveillance

cp

Convection penalty parameter

CPDLC

Controller-Pilot Datalink Communications

DF

Distance Flown

dp

Dispersion penalty parameter

ECMWF

European Centre for Medium-Range Weather Forecasts

EPS

Ensemble Prediction System

FC

Fuel Consumption

FT

Flight Time

GLAMEPS

HIRLAM/ALADIN Grand Limited Area Model EPS

H

Nowcast horizon

KVI

Key Validation Indicator

M

Number of ensemble members

N

Number of storm realizations

RBT

Reference Business Trajectory

SID

Standard Instrumental Departure

STAR

Standard Arrival

SWIM

System Wide Information Management

TBO

Trajectory Based Operations

TF

Deviations from nominal path

VS1

Validation Scenario 1

VS2

Validation Scenario 2

VS3

Validation Scenario 3

WP

Work Package
©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
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List of mathematical sets used
𝒞𝒫𝑉𝑆2

Set of “cp” –convective penalty- parameters in VS2

𝒟𝒫𝑉𝑆1

Set of “dp” -dispersion penalty- parameters in VS1

ℱ𝑉𝑆1

Set of flights in VS1

ℱ𝑉𝑆2

Set of flights in VS2

ℱ𝑉𝑆3

Set of flights in VS3

ℋ𝑉𝑆3

Set of “H” –nowcast horizons- values in VS3

ℳ𝑉𝑆1

Set of members in VS1

ℳ𝑉𝑆2

Set of members in VS2

𝒩𝑉𝑆3

Set of storm realizations in VS3

TBO-Met Consortium

12

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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2 Validation Scenario 1

The first scenario –coined Validation Scenario 1 (VS1)- proposed for its validation in WP6 is described
hereafter. The aim of VS1 is to validate the robust flight-planning concept developed in Task 4.1. In
particular, in VS1 only wind uncertainties are considered. Convective phenomena, both at flight
planning level and during execution, will be evaluated considering other scenarios. The concept to be
validated using VS1 is as follows:
At the mid-term planning level, robust trajectory planning algorithms can be developed that take into
consideration the exposure to uncertain winds. This can be taken into account with a so-coined
parameter 𝑑𝑝 (please refer to D4.1 [1]). The concept would read as follows: the higher the 𝑑𝑝 value,
the less exposure to wind uncertainties and thus the more predictable the trajectory. Thus, the idea
of VS1 is to actually measure that the higher this 𝑑𝑝 value is, the more predictable the trajectory
would be. This would of course at the cost of additional flight time –and thus additional fuel
consumption-.
Notice also that VS1 has been selected in coordination with WP5 activities; indeed, traffic, day of
operation, operational concept, meteorological products, etc. are those defined and used in Task 5.2,
and thus will also be used to validate WP5 algorithms –of course with different indicators-. VS1
considers the demand of an extended area of ATC sector LECM-SAU for a whole day, 01 September
2016 (from 00:00 to 24:00), when predicted the day before, 31 August (at 00:00). Please, refer to
D5.2 [8] for additional information. Demand –flights- and meteorological forecasts used will be
described in what follows.

2.1 Traffic Information
The information of the flights is obtained from Eurocontrol’s NEST software, and it corresponds to
the last filed flight plans from the airlines (i.e., initial trajectories, according to NEST nomenclature).
The demand considered in VS1 is composed by a total number of 1392 flights. See Figure 2.
The trajectory predictor –developed in WP4, please refer to D4.1 [1]- requires the following
information for each flight:




Coordinates of the departure and arrival airports: obtained from NEST;
Departure time: obtained from NEST;
Arrival time: obtained from NEST, used as a reference time;
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Pressure altitude 200 hPa (approximately 38600 ft) for all aircraft and the whole flight (notice
that by hypothesis we restrict ourselves in TBO-Met to flights at constant barometric
altitude)
Airspeed: the average cruise Mach provided by Eurocontrol’s Base of Aircraft Data (BADA)
3.13 [7] for the aircraft model that performs the flight is considered

Figure 2: Figure with all flights in VS1. Source: NEST.

2.2 Meteorological Information
Recall that in VS1, only wind uncertainties are taken into account. Convection phenomena (nor
storms) are thus not considered herein.
The meteorological uncertainty is retrieved from the European Centre for Medium-Range Weather
Forecasts. In particular, the weather forecast ECMWF-EPS, composed of 50 perturbed members and
1 control member, is used.

2.2.1 ECMWF-EPS
The European Centre for Medium-Range Weather Forecasts (ECMWF) has pioneered a system to
predict forecast confidence. This system, operational at ECMWF since 1992, is the Ensemble
Prediction System (EPS). Since 2010, the EPS probabilistic forecast has been based on 51 integrations
with approximately 32-km resolution up to forecast day 10, and 65-km resolution thereafter, with 62
vertical levels. The ECMWF-EPS represents uncertainty in the initial conditions by creating a set of 50
forecasts starting from slightly different states that are close, but not identical, to our best estimate
of the initial state of the atmosphere (the control). Each forecast is based on a model that is close,
but not identical, to our best estimate of the model equations, thus representing also the influence
of model uncertainties on forecast error.
The divergence, or spread, of the control plus 50 forecasts gives an estimate of the uncertainty of the
prediction on that particular day. On some days, the spread might be small implying that the
14
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atmosphere is very predictable and users can trust that the reality will fall somewhere in the narrow
range of forecasts. On other days or in other areas, the 51 forecasts might diverge considerably after
just a few forecast days, indicating that the atmosphere is especially unpredictable. The variable
ensemble spread gives users potentially very useful information on the range of uncertainty. Having
a quantitative flow-dependent estimate of uncertainty allows users to make better-informed
weather-related decisions.
Please, refer to D2.1 [4] for more insight on the meteorological products used in TBO-Met.

2.2.2 Date and data
In concordance with the activities done in WP5 -where the analysis is to be performed the day before
the operation-, the ECMWF-EPS 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 09:54 on 02 September. These flight
times provide us the “steps” needed in the forecasts.
All in all, we consider forecasts —all of them released at 00:00 on 31 August 2016—with time steps
of 12, 18, 24, 30, 36, 42, 48, 54, and 60 hour. Considering the routes of all flights, we define the
coverage area of the forecasts: This 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. The forecasts are
retrieved for the pressure level 200 hPa –the selected barometric altitude for the flight-.
The meteorological variables required by the trajectory predictor are the zonal wind and the
meridional wind (winds along the West East and South-North directions, respectively).
In Figure 3 the dispersion of the wind vector is shown for the forecast produced on August 31st at
00.00 time step 06. The dispersion is measured as the standard deviation (in m/s) of wind modulus
across all members in the ensemble.

Figure 3: Uncertainty map on 01/09/2016. Produced on August 31 2016 at 00.00 with time step 06. Color scale represents
the standard deviation in the module of wind (in m/s) across all member of the ensemble.
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2.3 Robust Mid-Term Planning Trajectory Predictor
The Robust Optimal control Trajectory Predictor was thoroughly exposed and illustrated in D4.1 [1].
Its mathematical formulation is stated herein for the sake of completeness. Nevertheless, interested
readers are referred to [9] for additional details. The problem statement reads as follows:

The reader should notice that the true airspeed (also the barometric altitude) is assumed to be
constant and thus, minimizing time is (though not formally speaking) somehow equivalent to
minimizing fuel consumption. This is because the specific fuel consumption is only a function of
airspeed (according to BADA 3 modelling [7]). Thus, we first minimize the average final time and fuel
consumption is obtained afterwards integrating the following differential equation between the
initial and the final time:
𝑚̇ = 𝜂(𝑉) · 𝑇,
where T= 𝐷 (thrust equal to drag), being the drag only a function of the mass with the assumptions
considered herein (constant V and density, and a parabolic drag polar as in BADA 3 [7]).
16
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2.4 Simulation
2.4.1 NAVSIM Infrastructure
Description: NAVSIM is an ATM/ATC/CNS simulator, which can be used as real-time simulator and as
fast-time simulator, respectively. It allows accurate simulation (i.e. runway-to-runway or gate-togate) which is based on realistic worldwide air traffic extracted from EuroControl/Network Manager
data, worldwide flight scheduled data, or any user flight plan data. Thereby, NAVSIM is using
worldwide navigation data and considers aircraft performances, SID, En-route (i.e. airway system,
Great Circle, or 4D- trajectory), Arrival (STAR), Approach and Final Approach. NAVSIM is and may be
used for evaluating future digital aeronautical communications, SESAR 4D-trajectory concepts,
weather impact on ATM/ATC, wind-optimized routing, ATM performance, advanced Flexible Use of
Airspace (aFUA), UAV/UAS in non-segregated airspace, aircraft noise modelling, remote tower
simulation, advanced airport operations and CDM/SWIM concepts, and future air traffic controller
training featuring both voice and CPDLC communications.
In the context of TBO-Met, NAVSIM will be used to validate the algorithms and meteorological postprocessed products developed across WP2, WP4, and WP5. En-route phase will be only considered.
Traffic in the different scenarios will be simulated, together with realised winds (as in the reanalysis)
and observed storms (as in radar images).
Calibration: It should be noted that NAVISIM must be first calibrated (this is part of Task 6.1). The
goal is to ensure trajectories input from WP4 can be replicated with dismissible error. For that
purpose, a series of deterministic trajectories computed with WP4 trajectory predictor will be
simulated with and without deterministic winds. The parameters in the simulator, e.g., aircraft
performances, will be adapted to match speeds, flight times, distances, and fuel consumption.

2.4.2 Reanalysis information
Meteorological reanalysis is based on meteorological data assimilation. The aim is at assimilating
historical observational data spanning an extended period, using a given model. Reanalysis is
considered to be the best estimate on many variables (such as winds and temperature).
In operational numerical weather prediction, forecast models are used to predict future states of the
atmosphere. The initial state provided as input to the forecast must consist of data values for those
fields that determine the future evolution of the model. Spatially varying fields are required in the
form used by the model, e.g., at each intersection point on a regular grid of longitude and latitude
circles, and initial data must be valid at a single time that corresponds to the present or the recent
past. By contrast, the available observational data usually do not include all of the model's prognostic
fields, and may include other additional fields; these data also have different spatial distribution from
the forecast model grid, are valid over a range of times rather than a single time, and are also subject
to observational error. The technique of data assimilation is therefore used to produce an analysis of
the initial state, which is a best fit of the numerical model to the available data, taking into account
the errors in the model and the data.
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ECMWF re-analysis will be used. The following products exist:





ERA-15, generated re-analyses for approximately 15 years, from December 1978 to February
1994.
ERA-40 (originally intended as a 40-year reanalysis) begins in 1957 (the International
Geophysical Year) and covers 45 years to 2002.
ERA-Interim, a revised extended reanalysis product to replace ERA-40, which covers the
period from 1979 to present. ERA-Interim is continuously updated in real time.
A new reanalysis product ERA5 has recently been released by ECMWF as part of Copernicus
Climate Change Services. This product has higher spatial resolution (31 km) and covers the
period from 2010 to 2016.

ERA-Interim will be used in the course of TBO-Met validation activities.
The data assimilation system used to produce ERA-Interim includes a 4-dimensional variational
analysis (4D-Var) with a 12-hour analysis window. The spatial resolution of the data set is
approximately 80 km (T255 spectral) on 60 vertical levels from the surface up to 0.1 hPa.
ERA-Interim products are normally updated once per month, with a delay of two months to allow for
quality assurance and for correcting technical problems with the production, if any.
ERA-Interim data can be downloaded from the ECMWF Public Datasets. For a detailed
documentation of the ERA-Interim, please see [10]. An open-access journal article describing the
ERA-Interim reanalysis is available from the Quarterly Journal of the Royal Meteorological
Society [11]. Additional details of the modelling and data assimilation system used to produce ERAInterim can be found in the following technical document:
https://www.ecmwf.int/sites/default/files/elibrary/2007/9219-part-ii-data-assimilation.pdf

2.4.3 VS1 Validation
2.4.3.1 VS1 Validation set up
Five different runs of the same scenario with different 𝑑𝑝 parameters will be performed. This results
in simulating 5 x 1392 robust optimal control problems, i.e., 6960 problems. The different dispersion
penalty values -𝑑𝑝- will be:






𝑑𝑝
𝑑𝑝
𝑑𝑝
𝑑𝑝
𝑑𝑝

= 0 (minimum time/fuel),
= 5,
= 10,
= 15,
= 20.

Recall that the higher the 𝑑𝑝 value, the more predictable the flight plan is expected at the cost of
additional flight time –and thus additional fuel consumption-.
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The resulting optimized trajectories will be then input into the NAVSIM Simulator, which will fly them
using the realization of wind –this realization will be considered to be the reanalysis data (See
Section ¡Error! No se encuentra el origen de la referencia.).

2.4.3.2 VS1 Validation Variables
The following variables will be computed from both the robust mid-term trajectory predictor and the
NAVSIM simulator:




Total distance flown (DF) –to cross check compliance of the routeTotal flight time (FT)
Total fuel consumption (FC)

Let us consider the following sets:



ℱ𝑉𝑆1 = {𝑓𝑙𝑖𝑔ℎ𝑡1 , … , 𝑓𝑙𝑖𝑔ℎ𝑡1392 } (set of flights in VS1)
𝒟𝒫𝑉𝑆1 = {𝑑𝑝0 , 𝑑𝑝5 , 𝑑𝑝10 , 𝑑𝑝15 , 𝑑𝑝20 , } (set of 𝑑𝑝 values in VS1)

Let us consider the following variables:




𝐷𝐹𝑖,𝑗
𝐹𝑇𝑖,𝑗
𝐹𝐶𝑖,𝑗

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1,
∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 ,
∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1.

For the sake of notation, when simulated with NAVSIM, they will be denoted:
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗
, 𝐹𝑇𝑖,𝑗
, 𝐹𝐶𝑖,𝑗

with 𝑖 being an index over the set of flights in the scenario (𝑖 ∈ ℱ𝑉𝑆1 ) and j an index over the set of
𝑑𝑝 parameters (𝑗 ∈ 𝒟𝒫𝑉𝑆1 ).
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗
, 𝐹𝑇𝑖,𝑗
, 𝐹𝐶𝑖,𝑗
will be compared against their pairs in the solution to the robust
trajectory predictor -labelled herein 𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗-.

Notice however that the solution to the robust trajectory predictor provides a discrete number M
(equal to the number of members in the ensemble forecast) of possible values for both flight time
and fuel consumption.
Let us then define the following additional set:


ℳ𝑉𝑆1 = {𝑚𝑒𝑚𝑏𝑒𝑟1 , . . . , 𝑚𝑒𝑚𝑏𝑒𝑟50 , } (set of ensemble members in VS1)

When computed using the robust mid-term trajectory predictor, the following variables should be
defined:


𝐹𝑇𝑖,𝑗,𝑚

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 , ∀𝑚 ∈ ℳ𝑉𝑆1 .



𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝐹𝐶𝑖,𝑗,𝑚

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 , ∀𝑚 ∈ ℳ𝑉𝑆1 .
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Thus, in order to compare the robust trajectory predictor results with NAVSIM simulations, we
should statistically characterize flight times and fuel consumptions. Without loss of generality, mean
values could be taken:
𝑀

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑚 (𝐹𝑇𝑖,𝑗,𝑚
)

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐹𝑇𝑖,𝑗,𝑚
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
→ 𝐹𝑇𝑖,𝑗,𝑚
= ∑
𝑀

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

𝑚=1
𝑀

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑚 (𝐹𝐶𝑖,𝑗,𝑚
)

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐹𝐶𝑖,𝑗,𝑚
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
→ 𝐹𝐶𝑖,𝑗,𝑚
= ∑
𝑀

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

𝑚=1

Notice however that, on the contrary, the distance flown, i.e.,
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐷𝐹𝑖,𝑗

, ∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

is equal for all members and thus can be directly compared. See D4.1 [1] for additional insight.

2.4.3.3 VS1 Key Validation Indicators
Thus, the Key Validation Indicators (KVI) to be evaluated in VS1 are as follows:




̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛
𝑁𝑎𝑣𝑆𝑖𝑚
∆𝐹𝑇𝑖,𝑗
= | 𝐹𝑇𝑖,𝑗,𝑚
− 𝐹𝑇𝑖,𝑗
|
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛
𝑁𝑎𝑣𝑆𝑖𝑚
∆𝐹𝐶𝑖,𝑗
= | 𝐹𝐶𝑖,𝑗,𝑚
− 𝐹𝐶𝑖,𝑗
|
∆𝐷𝐹𝑖,𝑗 =

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝐷𝐹𝑖,𝑗

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .
∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

𝑁𝑎𝑣𝑆𝑖𝑚
− 𝐷𝐹𝑖,𝑗

∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

We would expect ∆𝐷𝐹𝑖,𝑗 ≈ 0 ∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1.
Let us also define the following aggregated KVIs:



𝐴𝑣𝑔

∆𝐹𝑇𝑗

𝐴𝑣𝑔

∆𝐹𝐶𝑗

∆𝐹𝑇 𝑀𝑒𝑎𝑛

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆1 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆1

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆1 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆1
𝐴𝑣𝑔

Also, we would expect both ∆𝐹𝑇𝑗
of predictability.

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .
𝐴𝑣𝑔

and ∆𝐹𝐶𝑗

to decrease as 𝑑𝑝 increases, resulting in an increase
𝐴𝑣𝑔

𝐴𝑣𝑔

In order to find trade-offs between predictability (measured as ∆𝐹𝑇𝑗 𝑎𝑛𝑑 ∆𝐹𝐶𝑗
∀𝑗 ∈ 𝒟𝒫𝑉𝑆1)
and efficiency, we will also compute average flight times and fuel consumptions for the different 𝑑𝑝
values as follows:

20

𝐹𝑇 𝑁𝑎𝑣𝑆𝑖𝑚

𝐴𝑣𝑔

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆1 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆1

𝐴𝑣𝑔

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆1 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆1



𝐹𝑇𝑗



𝐹𝐶𝑗

𝐹𝐶 𝑁𝑎𝑣𝑆𝑖𝑚

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1
∀𝑗 ∈ 𝒟𝒫𝑉𝑆1
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3 Validation Scenario 2

The second scenario –coined Validation Scenario 2 (VS2)- proposed for its validation in WP6 is
described in this Chapter. The aim of VS2 is to validate the robust flight planning concepts developed
in Task 4.1. In particular, in VS2 both wind uncertainties and convective phenomena are considered.
The concept to be validated using VS2 is as follows:
At the mid-term planning level, robust trajectory planning algorithms can be developed that take into
consideration the exposure to convective risk. This can be taken into account with a so-coined
parameter 𝑐𝑝 (please refer to D4.1 [1]). The concept would read as follows: the higher the 𝑐𝑝 value,
the less exposure to convective risk and thus the more predictable the trajectory. Thus, the idea of
VS2 is to actually measure that the higher this 𝑐𝑝 value is, the more predictable the trajectory would
be. This would of course be at the cost of additional flight time –and thus additional fuel
consumption-.
Notice also that VS2 has been selected in concordance with WP5 activities; indeed: traffic, day,
operational concept, etc., are those defined and used in Task 5.2, and thus will also be used to
validate WP5 algorithms –of course with different indicators-. VS2 considers the demand of an
extended area over ATC sector LECBLVU for a whole day, 19 December 2016 (from 06:00 to 13:00),
when predicted the day of operations. Please refer to D5.2 [8] for additional information. Demand –
flights- and meteorological products (wind and convective indicators) used will be described in what
follows.

3.1 Traffic Information
The information of the flights is obtained from NEST, and it corresponds to the last filed flight plans
from the airlines (i.e., initial trajectories, according to NEST nomenclature). According to NEST data,
the demand considered in VS2 is composed by a total number of 351 flights. See Figure 4.
The robust mid-term trajectory predictor –developed in WP4, please refer see D4.1 [1]- requires the
following information for each flight:





Coordinates of the departure and arrival airports: obtained from NEST;
Departure time: obtained from NEST;
Arrival time: obtained from NEST, used as a reference time;
Pressure altitude 200 hPa (approximately 38600 ft) for all aircraft and the whole flight (notice
that by hypothesis we restrict ourselves in TBO-Met to flights at constant barometric
altitude);
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Airspeed: the average cruise Mach provided by Eurocontrol’s Base of Aircraft Data (BADA)
3.13 [7] 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.

Figure 4: Traffic in VS2 obtained from NEST

3.2 Meteorological Information
Recall that in VS2, both wind uncertainties and convective phenomena are taken into account. The
meteorological uncertainty is retrieved from the following forecasts: the ECMWF-EPS, composed of
50 perturbed members and 1 control member, and the GLAMEPS, composed of 48 perturbed
members and 4 control members. Please, refer to D2.1 [4] and D2.3 [5] for more insight on the
meteorological products used in TBO-Met.

3.2.1 Date and ECMWF-EPS/GLAMEPS data
In concordance with the activities done in WP5 -where the sector loading analysis is in its tactical
phase and thus is to be performed the day of the operation-, the ECMWF-EPS forecasts released at
00:00 on 19 December 2016 and at 12.00 18 December 2016 are considered.
According to the 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 17:15 on 19 December. These flight
times provide us the “steps” needed in the forecasts. All in all, we consider forecasts —each of them
selected accordingly with released times either at 12.00 December 2016 or 00:00 on 19 December
2016—with time steps of 6, 12, 18, and 24 hours. Considering the routes of all flights, we define the
coverage area of the forecasts: This ranges from 24 degrees South to 61 degrees North, and from 96
22
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degrees West to 56 degrees East. The spatial grid resolution is 0.25 degrees. The forecasts are
retrieved for the pressure level 200 hPa –the selected barometric altitude for the flight-.
The meteorological variables required by the trajectory predictor are the zonal wind and the
meridional wind (winds along the West East and South-North directions, respectively) on the one
hand. On the other hand, convective phenomena are computed based Convective Precipitation,
Total Total Index, Dew Point Temperature, and Temperature. These are extracted from the GLAMEPS
ensemble.
The GLAMEPS ensemble is a 48+4 member multi-model ensemble, with 4 control members plus 48
perturbed members, the latter of which include lagging. GLAMEPS is run over 4 cycles per day for
hours 00, 06, 12 and 18 UTC, where each cycle runs a 24+4 member ensemble. The member
configuration is such that two consecutive cycles make up a full 48+4 member ensemble. See D2.1
[4] for additional information. A summary of Meteorological variables is given below (precipitation is
measured in units of length per unit time, typically in millimetres per hour i.e. the depth of rain water
that would accumulate on a flat, horizontal and impermeable surface during a given amount of time,
typically an hour. One millimetre of precipitation is the equivalent of one litre of water per square
meter. As the models use SI units, the unit for convective precipitation is metres):
Table 1: Selected parameters provided by the ECMWF-EPS (ENS) and GLAM-EPS, respectively.

Short
name in
database

Long Name

Unit

U

U-Velocity

m/s

V

V-Velocity

T

Level (hPa)

Spatial
resolution

Time
resolution

Model

Hybrid levels in
approx. 20hPa
vertical resolution

0.2° x 0.2°
lat/lon grid

3h

ENS

m/s

Hybrid levels in
approx. 20hPa
vertical resolution

0.2° x 0.2°
lat/lon grid

3h

ENS

Temperature

K

Hybrid levels in
approx. 20hPa
vertical resolution

0.2° x 0.2°
lat/lon grid

3h

ENS

CP

Convective
Precipitation

m

Single level

0.2° x 0.2°
lat/lon grid

3h

ENS

TOTALX

Total Totals
Index

K

Single level

0.2° x 0.2°
lat/lon grid

3h

ENS

T

Temperature

K

850, 500

0.1° * 0.1°
lat/lon grid

3h

GLAM

TD

Dew Point
Temperature

K

500

0.1° * 0.1°
lat/lon grid

3h

GLAM

CP

Convective
Precipitation

m¡Error!
Marcador
no
definido.

Single level

0.1° * 0.1°
lat/lon grid

3h

GLAM
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As illustration, Figure 5 represents wind uncertainties through the coverage area on 19/12/2016
(forecast produced at 00.00 with step 06 hours). High uncertainties can be observed in both the
North and the South Atlantic. Also, Figure 6 illustrates the convective areas forecasted on
19/12/2016 (also the forecast produced at 00.00 with step 06 hours). It can be observed a high risk
area over the Mediterranean Sea.

Figure 5: Uncertainty map on 19/12/2016. Produced at 00.00 with time step 06. Color scale represents the standard
deviation in the module of wind (in m/s) across all member of the ensemble.

Figure 6: Convective Risk map on 19/12/2016. Produced at 00.00 with time step 06.
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3.3 Robust Mid-Term Trajectory Predictor
Recall that in VS2 we cover both robust trajectory planning at pre-tactical level (mid-term planning)
considering wind and convection.
The Robust mid-term Trajectory Predictor was thoroughly exposed and illustrated in D4.1 [1]. Its
mathematical formulation is stated herein for the sake of completeness. Nevertheless, interested
readers are referred to [12] for additional details. The problem statement reads as follows:

The same comment in Section 2.3 applies: the true airspeed is assumed to be constant (also the
barometric altitude) and thus, minimizing time is (though not formally speaking) somehow
equivalent to minimizing fuel consumption.
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3.4 Simulation
3.4.1 NAVSIM Infrastructure
In the context of TBO-Met, NAVSIM will be used to validate the algorithms and meteorological postprocessed products developed across WP2, WP4, and WP5. En-route phase will be only considered.
Traffic in the different scenarios will be simulated, together with realised winds (as in the reanalysis)
and observed storms (as in radar images).
Calibration: It should be noted that NAVISIM will be first enhanced to incorporate the DIVMET
Infrastructure (this is part of Task 6.1) and thus being able to avoid storms should they be
encountered.

3.4.2 NAVSIM-DIVMET Integration.
Notice that the NAVSIM simulator must implement a functionality to avoid storms. This is provided
by DIVMET being integrated into NAVSIM. However, with the aim at reproducing reality, and because
NAVSIM has to fly a single trajectory, DIVMET will work herein on a deterministic fashion.
In real-time simulations, DIVMET determines a route at any instant of time. The route will be
recalculated as soon as a weather update occurs and new storm data is provided. Typically, weather
radar update times range between 5 minutes minimum and 1 hour maximum, depending on the
area. The route adapts in time steps given by the weather radar availability to the changing weather
situation. If with the weather updates also the forecasted weather situation is available, referred to
as nowcasts, DIVMET can take those forecasts also into account. For each instant of time, a route
simulation will be initiated where the weather nowcasts are used as weather updates along the
simulated and forecasted route. The aircraft then moves along that forecasted route. The dynamical
storm development and the motion of the aircraft with time are well kept by DIVMET, see Figure 7.
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Figure 7: Example of the deviation of convective cells by DIVMET. Red dot marks aircraft position. Orange line shows
original trajectory (input from the mid-term trajectory predictor), red line shows deviation. The convective cells (light blue)
are surrounded by a safety margin of 5km resulting in a convective hull (dark blue).

3.4.3 Meteorological information input into the simulator
3.4.3.1 ECMWF re-analysis
As it was the case for VS1, in VS2 ECMWF ERA-Interim re-analysis from 19/12/2016 will be used to
incorporate wind in the NAVSIM Simulator infrastructure.

3.4.3.2 Storms
As for the storms, the realization of storms based on radar information from 19/12/2016 will be
incorporated in the NAVSIM Simulator infrastructure.
Recall that the nowcast data (see Section 4.2.1) provided by AEMET contains information about
detected cell storms every 10 minutes, and an estimation of the movement of the cell in the next
hour with a 10 minutes lead-time step.
For the NAVSIM simulator to represent the reality, the detected storms every 10 minutes will be
used.

3.4.4 VS2 Validation
3.4.4.1 VS2 Validation set up
Three different runs of the same scenario with different 𝑐𝑝 parameters will be performed. This
results in simulating 3 x 351 robust optimal control problems considering both winds and
convections, i.e., 1053 problems. The different convection penalty values –𝑐𝑝- will be:






𝑐𝑝
𝑐𝑝
𝑐𝑝
𝑐𝑝
𝑐𝑝

=
=
=
=
=

0 (minimum time/fuel),
0.005,
0.01,
0.015,
0.02.

Recall that the higher the 𝑐𝑝 value, the less exposure to convective risk. This is of course at the cost
of additional flight time –and thus additional fuel consumption-. Notice that for the sake of simplicity
𝑑𝑝 values are herein always set to zero.
The resulting optimized trajectories will be then input into the NAVSIM Simulator, which will fly them
using the realization of wind –this realization will be considered to be the reanalysis data (see
Section 2.4.2)- and the realization of storms –radar data (see Section 3.4.3.2)-.
Should a realised storm be encountered, NAVSIM will work together with DIVMET –on a
deterministic fashion- to deviate from the original flight plan (as provided by the robust mid-term
trajectory predictor) and thus avoid the storm.
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3.4.4.2 VS2 Validation Variables
The following variables will be computed from both the robust mid-term trajectory predictor and the
NAVSIM simulator:





Total number of track modifications from the nominal path (TF)
Total distance flown (DF)
Total flight time (FT)
Total fuel consumption (FC)

Let us consider the following sets:



ℱ𝑉𝑆2 = {𝑓𝑙𝑖𝑔ℎ𝑡1 , … , 𝑓𝑙𝑖𝑔ℎ𝑡351 } (Set of flights in VS2)
𝒞𝒫𝑉𝑆2 = {𝑐𝑝0 , 𝑐𝑝0.005 , 𝑐𝑝0.02 }
(Set of 𝑐𝑝 values in VS2)

Let us consider the following variables:





𝑇𝐹𝑖,𝑗
𝐷𝐹𝑖,𝑗
𝐹𝑇𝑖,𝑗
𝐹𝐶𝑖,𝑗

∀𝑖
∀𝑖
∀𝑖
∀𝑖

∈
∈
∈
∈

ℱ𝑉𝑆2 ,
ℱ𝑉𝑆2 ,
ℱ𝑉𝑆2 ,
ℱ𝑉𝑆2 ,

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2.

For the sake of notation, when simulated with NAVSIM, they will be denoted:
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝑇𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝐶𝑖,𝑗

with 𝑖 being an index over the set of flights in VS2 (𝑖 ∈ ℱ𝑉𝑆2 ), and 𝑗 being an index over the set of 𝑐𝑝
parameters (𝑗 ∈ 𝒞𝒫𝑉𝑆2).
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
, 𝐷𝐹𝑖,𝑗
, 𝐹𝑇𝑖,𝑗
, 𝐹𝐶𝑖,𝑗
will be compared against their pairs in the solution to
the robust mid-term trajectory predictor –labelled herein 𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗-.

Contrary to what happened in VS1, the combined action of the robust trajectory planning predictor
with DIVMET, does modify the distance flown as a consequence of modification on the track flown,
i.e.:
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐷𝐹𝑖,𝑗

𝑁𝑎𝑣𝑆𝑖𝑚
≠ 𝐷𝐹𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
≠ 0.

As in VS1, the solution to the robust mid-term trajectory predictor provides a discrete number M (M
equal to the number of members in the ensemble forecast) of possible values for both flight time and
fuel consumption.
Let us then define the following additional set:
ℳ𝑉𝑆2 = {𝑚𝑒𝑚𝑏𝑒𝑟1 , . . . , 𝑚𝑒𝑚𝑏𝑒𝑟50 }
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(Set of ensemble members in VS2)
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When computed using the robust mid-term trajectory predictor, the following variables should be
defined:


𝐹𝑇𝑖,𝑗,𝑚

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 , ∀𝑚 ∈ ℳ𝑉𝑆2 .



𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝐹𝐶𝑖,𝑗,𝑚

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 , ∀𝑚 ∈ ℳ𝑉𝑆2 .

Thus, in order to compare the robust mid-term trajectory predictor results with NAVSIM simulations,
we should statistically characterize flight times and fuel consumptions. Without loss of generality,
mean values could be taken:
𝑀

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑚 (𝐹𝑇𝑖,𝑗,𝑚
)

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐹𝑇𝑖,𝑗,𝑚
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
→ 𝐹𝑇𝑖,𝑗,𝑚
= ∑
𝑀

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

𝑚=1
𝑀

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑚 (𝐹𝐶𝑖,𝑗,𝑚
)

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝐹𝐶𝑖,𝑗,𝑚
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
→ 𝐹𝐶𝑖,𝑗,𝑚
= ∑
𝑀

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

𝑚=1

3.4.4.3 VS2 Key Validation Indicators
Thus, the Key Validation Indicators to be evaluated in VS2 are as follows:



̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛
𝑁𝑎𝑣𝑆𝑖𝑚
∆𝐹𝑇𝑖,𝑗
= | 𝐹𝑇𝑖,𝑗,𝑚
− 𝐹𝑇𝑖,𝑗
|
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗
𝑀𝑒𝑎𝑛
𝑁𝑎𝑣𝑆𝑖𝑚
∆𝐹𝐶𝑖,𝑗
= | 𝐹𝐶𝑖,𝑗,𝑚
− 𝐹𝐶𝑖,𝑗
|



∆𝐷𝐹𝑖,𝑗 = |𝐷𝐹𝑖,𝑗



𝑁𝑎𝑣𝑆𝑖𝑚
∆𝑇𝐹𝑖,𝑗 = 𝑇𝐹𝑖,𝑗



𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

𝑁𝑎𝑣𝑆𝑖𝑚
− 𝐷𝐹𝑖,𝑗
|

∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2.

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

Notice that in this case, in general, 𝐷𝐹𝑖,𝑗

𝑁𝑎𝑣𝑆𝑖𝑚
≠ 𝐷𝐹𝑖,𝑗
, and thus ∆𝐷𝐹𝑖,𝑗 ≠ 0, which will
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝑁𝑎𝑣𝑆𝑖𝑚
provide an indicator of deviations from the nominal path. Also 𝑇𝐹𝑖,𝑗
≠ 0 (whereas 𝑇𝐹𝑖,𝑗
is by definition zero since it acts as nominal path).

Let us also define the following aggregated KVIs:


𝐴𝑣𝑔

∆𝐹𝑇𝑗

∆𝐹𝑇 𝑀𝑒𝑎𝑛

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗

𝐴𝑣𝑔

= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2

𝐴𝑣𝑔

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2

𝐴𝑣𝑔

𝑖,𝑗
= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2



∆𝐹𝐶𝑗



∆𝐷𝐹𝑗



∆𝑇𝐹𝑗

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

∆𝐷𝐹

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

∆𝑇𝐹

𝐴𝑣𝑔

We would expect all of them ∆𝐹𝑇𝑗

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .
𝐴𝑣𝑔,

, ∆𝐹𝐶𝑗

𝐴𝑣𝑔

, ∆𝐷𝐹𝑗

𝐴𝑣𝑔

, ∆𝑇𝐹𝑗

to decrease as 𝑐𝑝 increases.
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𝐴𝑣𝑔

𝐴𝑣𝑔

In order to find trade-offs between predictability (measured as ∆𝐹𝑇𝑗 𝑎𝑛𝑑 ∆𝐹𝐶𝑗 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 )
and efficiency, we will also compute average flight times and fuel consumptions for the different 𝑐𝑝
values as follows:
𝐹𝑇𝑗



𝐹𝐶𝑗




30

𝐴𝑣𝑔



𝐴𝑣𝑔
𝐴𝑣𝑔

𝐷𝐹𝑗

𝐴𝑣𝑔

𝑇𝐹𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆2

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝑇𝑖,𝑗

𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2
𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝐶𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2
𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆2 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆2

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
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4 Validation Scenario 3

The third scenario –coined Validation Scenario 3 (VS3)- proposed for its validation in WP6 is
described hereafter in this Chapter. The aim of VS3 is to validate the robust short-term trajectoryplanning concept associated to Task 4.2 and exposed in D 4.2 [2]. The concept to be validated using
VS3 is as follows:
At the short-term planning level, robust trajectory planning algorithms can be developed that take
into consideration the exposure to uncertain convective cells (also referred to as thunderstorms).
This can be taken into account with different nowcast horizons labelled herein with the parameter 𝐻
(please refer to D4.2 [2]). The concept would read as follows: the higher the 𝐻 value, the more
uncertain the evolution of storms and thus the more exposure to convective risk. Thus, the higher
the 𝐻 value, the more uncertain the flight time –and hence the additional fuel consumption-.
VS3 has been selected following the scenarios defined and studied in WP5 activities, and thus will
also be used to validate WP5 algorithms –of course with different indicators-. Please refer to D5.2 [8]
for additional information. VS3 considers the same flights as in VS2 and the same date 19 December
2016 (from 06:00 to 13:00). Meteorological products (thunderstorms) used will be described in what
follows.

4.1 Traffic Information
The robust short-term trajectory predictor requires the following information for each flight:


The previously computed robust trajectories (using the robust mid-term trajectory
predictor). This includes latitude, longitude, altitude (constant and equal to 200 hPa.), and
speed (also constant and equal to the average cruise Mach provided by BADA 3.13 [7]) as a
function of time. Any of the points in the trajectory might potentially be an initial point
should storms be present (the initialization is triggered by NAVSIM).

4.2 Meteorological Information
Recall that in VS3, only uncertainty due to the presence of thunderstorms is considered. The
meteorological uncertainty is retrieved from AEMET nowcasts.
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4.2.1 Nowcast data
For the short-term tactical analyses in this project AEMET is providing nowcast data, which is based
on radar reflectivity data (from the AEMET radar network) and lightning data, named 2D-NAC. See
D2.3 [5] for additional information.
The nowcast data contains information about detected cell storms every 10 minutes, and an
estimation of the movement of the cell in the next hour with a 10 minutes lead-time step. The data is
provided in text files, one every 10 minutes.

Figure 8: Schematic illustration of convective cells and the parameters in 2D-NAC-data i.e. rectangle limits, effective radius
(courtesy of INM [13])

4.2.1.1 Modelling of uncertainty
The modelling of uncertainty in DIVMET was covered in D4.2 [2]. Multiple trajectory predictions for
each flight are run while applying minor changes to the field of the high-risk areas. In the context of
this study, a storm is described by a column of elliptical base. The problem is considered in 2-D only.
We consider as uncertainty parameter the location of the centroid. As the data does not provide
information on development or decay of the nowcasted thunderstorm orientation and area of the
ellipse, which would also be uncertain, these parameters are not examined. We further assume that
all ellipses across the variations are geometrical similar with an identical semi axes ratio. This
assumption is in line with the above-mentioned crude approximation of storm shape by an ellipse.
In order to model uncertainty in DIVMET, we varied stochastically the location of the centroid by the
scale of the typical displacement errors for the respective lead-times. That means that with growing
lead-time and thus growing displacement error the variation range of the location is growing too.
This is illustrated in Figure 9 and Figure 10. The displacement error is modelled as an uncertainty
margin around the originally forecasted cell. This is also described in detail in D2.3 [5]. The varied
high-risk areas are additionally surrounded by a safety margin. The magnitude for both margins is
configurable by the user of DIVMET.
32
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Figure 11 illustrates the storm cells present in the nowcast of December 19th 2016 at 00.00 UTC.

Figure 9: Illustration of the variation of the ellipses (dotted
grey) within a small uncertainty margin (light blue area) for
a low lead-time. Original ellipse from the input data is
dashed blue. Shape of the original storm is filled in grey.

Figure 10: Illustration of the variation of the ellipses (dotted
grey) within a big uncertainty margin (light blue area) for a
high lead-time. Original ellipse from the input data is
dashed blue. Shape of the original storm is filled in grey.

Figure 11: Storm cells present in nowcast of Dec. 19th 2016 at 00.00 UTC

4.3 Robust Short-Term Trajectory Predictor
Recall that in VS3 we only consider the robust trajectory planning at tactical level (short-term
planning and execution) considering the uncertainty of individual storm cells within the convective
weather regions.
The Robust short-term Trajectory Predictor is based on DIVMET and was thoroughly described in
D4.2 [2].
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4.4 Simulation
4.4.1 NAVSIM Infrastructure
In the context of TBO-Met, NAVSIM will be used to validate the algorithms and meteorological postprocessed products developed across WP2, WP4, and WP5. En-route phase will be only considered.
Traffic in the different scenarios will be simulated, together with realised winds (as in the reanalysis)
and observed storms (as in radar images).
Calibration: It should be noted that NAVISIM will be first enhanced to incorporate the DIVMET
Infrastructure (this is part of Task 6.1) and thus being able to avoid storms should they be
encountered.

4.4.2 NAVSIM-DIVMET Integration
Notice that the NAVSIM simulator must implement a functionality to avoid storms. This is provided
by DIVMET being integrated into NAVSIM.

4.4.3 Meteorological information input into the simulator
4.4.3.1 ECMWF re-analysis
As it was the case for VS2, in VS3 ECMWF ERA-Interim re-analysis from 19/12/2016 will be used to
incorporate wind in the NAVSIM Simulator infrastructure.

4.4.3.2 Storms
As for storms, the realization of storms based on radar information from 19/12/2016 will be
incorporated in the NAVSIM Simulator infrastructure.
Recall that the nowcast data (see Section 3.4.3.2) provided by AEMET contains information about
detected cell storms every 10 minutes, and an estimation of the movement of the cell in the next
hour with a 10 minutes lead-time step.
For the NAVSIM simulator to represent the reality, the detected storms every 10 minutes will be
used.

4.4.4 VS3 Validation
4.4.4.1 VS3 Validation set up
Six different runs of the scenario with different Nowcast horizon 𝐻 parameter will be performed. This
Nowcast horizon 𝐻 parameter can be tuned in DIVMET and indicates maximum nowcast lead-time
which DIVMET will consider calculating the trajectory to avoid the storms (with the available
information at that time).
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This results in simulating 6 x 351 robust short-term trajectory planning problems, i.e., 2016 problems.
The different Nowcast horizon 𝐻 parameter will be:







𝐻
𝐻
𝐻
𝐻
𝐻
𝐻

=
=
=
=
=
=

10 min.
20 min.
30 min.
40 min.
50 min.
60 min.

Recall that the higher the 𝐻 value, the more uncertain the evolution of storms and thus the more
exposure to convective risk. Thus, the higher the 𝐻 value, the more uncertain the flight time –and
hence the fuel consumption-.
The resulting optimized trajectories will be then input into the NAVSIM Simulator, which will fly them
using the realization of wind –this realization will be considered to be the reanalysis data (see Section
2.4.2)- and the realization of storms –radar data (See Section 3.4.3.2)-.
Should a realised storm be encountered, NAVSIM will work together with DIVMET –on a
deterministic fashion- to deviate from the original flight plan (as provided by the robust mid-term
trajectory predictor) and thus avoid the storm.

4.4.4.2 VS3 Validation Variables
The following variables will be extracted from the simulator:





Total number of track modifications from the nominal path (TF)
Total distance flown (DF)
Total flight time (FT)
Total fuel consumption (FC)

Let us consider the following sets:



ℱ𝑉𝑆3 = {𝑓𝑙𝑖𝑔ℎ𝑡1 , … , 𝑓𝑙𝑖𝑔ℎ𝑡351 } (Set of flights in VS3)
ℋ𝑉𝑆3 = {𝐻10 , 𝐻20 , 𝐻30 , 𝐻40 , 𝐻50 , 𝐻60 } (Set of H values in VS3)

Let us consider the following variables:





𝑇𝐹𝑖,𝑗
𝐷𝐹𝑖,𝑗
𝐹𝑇𝑖,𝑗
𝐹𝐶𝑖,𝑗

∀𝑖
∀𝑖
∀𝑖
∀𝑖

∈
∈
∈
∈

ℱ𝑉𝑆3 ,
ℱ𝑉𝑆3 ,
ℱ𝑉𝑆3 ,
ℱ𝑉𝑆3 ,

∀𝑗 ∈ ℋ𝑉𝑆3
∀𝑗 ∈ ℋ𝑉𝑆3
∀𝑗 ∈ ℋ𝑉𝑆3
∀𝑗 ∈ ℋ𝑉𝑆3

For the sake of notation, when simulated with NAVSIM, they will be denoted:
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝑇𝑖,𝑗
,

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝐶𝑖,𝑗

with 𝑖 being an index over the set of flights in VS3 (𝑖 ∈ ℱ𝑉𝑆2 ), and 𝑗 being an index over the set of 𝐻
parameters (𝑗 ∈ ℋ𝑉𝑆3).
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𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
, 𝐷𝐹𝑖,𝑗
, 𝐹𝑇𝑖,𝑗
, 𝐹𝐶𝑖,𝑗
will be compared against their pairs in the solution to
the robust short-term trajectory predictor (coined from now onwards DIVMET-Trj).

The solution to the robust mid-term trajectory predictor provides a discrete number 𝑁 (𝑁 equal to
the number of possible realizations of the thunderstorms) of possible values for both flight time and
fuel consumption.
Let us then define the following additional set:


𝒩𝑉𝑆3 = {0, . . , 𝑁}

(Set of of storm realizations in VS3)

When computed using the robust short-term trajectory predictor (labelled DIVMET-Trj) the following
variables should be defined:


𝐹𝑇𝑖,𝑗,𝑛

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 , ∀𝑛 ∈ 𝒩𝑉𝑆3 .



𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝐹𝐶𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝐷𝐹𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑇𝐹𝑖,𝑗,𝑛

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 , ∀𝑛 ∈ 𝒩𝑉𝑆3 .




∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 , ∀𝑛 ∈ 𝒩𝑉𝑆3 .
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 , ∀𝑛 ∈ 𝒩𝑉𝑆3 .

Contrary to what happened in VS1 and as it happened in VS2, the action of the robust short-term
trajectory predictor, does modify the distance flown as a consequence of modification on the track
flown, i.e.:
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

≠ 𝐷𝐹𝑖

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

≠ 𝑇𝐹𝑖

𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗
≠ 𝐷𝐹𝑖,𝑗,𝑛
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗
≠ 𝑇𝐹𝑖,𝑗,𝑛

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

.

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

where the super index “RobustTrj” refers to the input trajectories that act as nominal trajectories
(the ones calculated with the robust mid-term trajectory predictor).
Thus, in order to compare the robust short-term trajectory predictor results with NAVSIM
simulations, we should statistically characterize all variables. Without loss of generality, mean values
(being 𝑁 the number of storm realizations) could be taken:
𝑁

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑛 (𝐷𝐹𝑖,𝑗,𝑛
)

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

𝐷𝐹𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
→ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐷𝐹𝑖,𝑗,𝑛
=∑
𝑁

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

𝑛=1
𝑁

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑛 (𝑇𝐹𝑖,𝑗,𝑛
)

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

𝑇𝐹𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
→ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑇𝐹𝑖,𝑗,𝑛
=∑
𝑛=1
𝑁

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑛 (𝐹𝑇𝑖,𝑗,𝑛
)

𝑁

𝑁

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

𝐹𝐶𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
→ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐹𝐶𝑖,𝑗,𝑛
=∑
𝑁
𝑛=1
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∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗

𝐹𝑇𝑖,𝑗,𝑛
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
→ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐹𝑇𝑖,𝑗,𝑛
=∑
𝑛=1

𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑀𝑒𝑎𝑛𝑛 (𝐹𝐶𝑖,𝑗,𝑛
)

𝑁

[©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
for the SESAR Joint Undertaking within the frame of the SESAR Programme cofinanced by the EU and EUROCONTROL. Reprint with approval of publisher and
the source properly acknowledged.

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

CATALOGUE OF CASE STUDIES FOR ROBUST TRAJECTORY PLANNING

4.4.4.3 VS3 Key Validation Indicators
Thus, the Key Validation Indicators to be analysed in VS3 are as follows:





𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
𝑀𝑒𝑎𝑛
NavSim
∆𝐹𝑇𝑖,𝑗
= |̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐹𝑇𝑖,𝑗,𝑛
− 𝐹𝑇𝑖,𝑗
|
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑒𝑎𝑛
NavSim
∆𝐹𝐶𝑖,𝑗
= | 𝐹𝐶𝑖,𝑗,𝑛
− 𝐹𝐶𝑖,𝑗
|
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑒𝑎𝑛
NavSim
∆𝐷𝐹𝑖,𝑗
= | 𝐷𝐹𝑖,𝑗,𝑛
− 𝐷𝐹𝑖,𝑗
|
𝐷𝐼𝑉𝑀𝐸𝑇−𝑇𝑟𝑗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∆𝑇𝐹 𝑀𝑒𝑎𝑛 = | 𝑇𝐹
− 𝑇𝐹 NavSim |
𝑖,𝑗

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ ℋ𝑉𝑆3 .
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ ℋ𝑉𝑆3.

𝑖,𝑗

𝑖,𝑗,𝑛

Let us also define the following aggregated Key Validation Indicators:
𝐴𝑣𝑔



∆𝐹𝑇𝑗



∆𝐹𝐶𝑗

𝐴𝑣𝑔
𝐴𝑣𝑔



∆𝐷𝐹𝑗



∆𝑇𝐹𝑗

𝐴𝑣𝑔

𝑀𝑒𝑎𝑛
∆𝐹𝑇𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆3

∀𝑗 ∈ ℋ𝑉𝑆3 .

𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆3
𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆3 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆3

∀𝑗 ∈ ℋ𝑉𝑆3 .

= ∑𝑖 ∈ ℱ𝑉𝑆3

∀𝑗 ∈ ℋ𝑉𝑆3 .

𝑎𝑛
∆𝐷𝐹𝑖,𝑗

𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆3
𝑀𝑒𝑎𝑛
∆𝑇𝐹𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆3 𝑁_𝑓𝑙𝑖𝑔ℎ𝑡𝑠_𝑉𝑆3
𝐴𝑣𝑔

We would expect all of them ∆𝐹𝑇𝑗

∀𝑗 ∈ ℋ𝑉𝑆3 .
𝐴𝑣𝑔,

, ∆𝐹𝐶𝑗

𝐴𝑣𝑔

, ∆𝐷𝐹𝑗

𝐴𝑣𝑔

, ∆𝑇𝐹𝑗

to decrease as 𝐻 decreases.

Also, analysing the track flown and its associated distance, and comparing with the provided
reference business trajectory (RBT), the one computed using the robust mid-term trajectory
predictor (notice that it is the same for the different nowcast horizons and realizations of storms),
one can obtain the following indicators:
𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝑅𝐵𝑇
NavSim
∆𝐷𝐹𝑖,𝑗
= | 𝐷𝐹𝑖,𝑗
− 𝐷𝐹𝑖

𝑅𝑜𝑏𝑢𝑠𝑡𝑇𝑟𝑗

𝑅𝐵𝑇
NavSim
∆𝑇𝐹𝑖,𝑗
= | 𝑇𝐹𝑖,𝑗
− 𝑇𝐹𝑖

|

|

∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3.

𝑅𝐵𝑇
𝑅𝐵𝑇
We would expect ∆𝐷𝐹𝑖,𝑗
and ∆𝑇𝐹𝑖,𝑗
to be higher for higher values of 𝐻.
𝐴𝑣𝑔

𝐴𝑣𝑔

In order to find trade-offs between predictability (measured as ∆𝐹𝑇𝑗 𝑎𝑛𝑑 ∆𝐹𝐶𝑗 , ∀𝑗 ∈ ℋ𝑉𝑆3)
and efficiency, we will also compute average flight times and fuel consumptions for different H
values as follows:
𝐴𝑣𝑔



𝐹𝑇𝑗



𝐹𝐶𝑗



𝐷𝐹𝑗



𝑇𝐹𝑗

𝐴𝑣𝑔
𝐴𝑣𝑔

𝐴𝑣𝑔

= ∑𝑖 ∈ ℱ𝑉𝑆3

𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝑇𝑖,𝑗

𝑁𝑓𝑙𝑖𝑔ℎ𝑡𝑠 𝑉𝑆3
𝑁𝑎𝑣𝑆𝑖𝑚
𝐹𝐶𝑖,𝑗

∀𝑗 ∈ ℋ𝑉𝑆3

= ∑𝑖 ∈ ℱ𝑉𝑆3 𝑁

∀𝑗 ∈ ℋ𝑉𝑆3

= ∑𝑖 ∈ ℱ𝑉𝑆3

∀𝑗 ∈ ℋ𝑉𝑆3

𝑓𝑙𝑖𝑔ℎ𝑡𝑠 𝑉𝑆3
𝑁𝑎𝑣𝑆𝑖𝑚
𝐷𝐹𝑖,𝑗

𝑁𝑓𝑙𝑖𝑔ℎ𝑡𝑠 𝑉𝑆3
𝑁𝑎𝑣𝑆𝑖𝑚
𝑇𝐹𝑖,𝑗

= ∑𝑖 ∈ ℱ𝑉𝑆3 𝑁

𝑓𝑙𝑖𝑔ℎ𝑡𝑠 𝑉𝑆3

∀𝑗 ∈ ℋ𝑉𝑆3
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5 Summary and Conclusions

To conclude, remark that three scenarios (VS1, VS2, VS3) have been successfully defined for the
validation of the different concepts in WP4.
A summary of the main indicators defined is given in the table below:

VS

VS1

Key Validation Indicator

Description

𝑀𝑒𝑎𝑛
∆𝐹𝑇𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time for each flight
in VS1 and each 𝑑𝑝 parameter.

𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption for
each flight in VS1 and each 𝑑𝑝 parameter.

∆𝐷𝐹𝑖,𝑗 ∀𝑖 ∈ ℱ𝑉𝑆1 , ∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

Difference between the simulated Distance Flown
Consumption and the predicted (at mid-term) distance
flown for each flight in VS1 and each 𝑑𝑝 parameter, which
is expected to be zero.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time averaged over
all flights in VS1 and for each 𝑑𝑝 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1 .

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption
averaged over all flights in VS1 and for each 𝑑𝑝
parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

Simulated Flight Time averaged over all flights in VS1 for
each 𝑑𝑝 parameter

∆𝐹𝑇𝑗

∆𝐹𝐶𝑗

𝐹𝑇𝑗

𝐴𝑣𝑔

𝐹𝐶𝑗

VS2
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∀𝑗 ∈ 𝒟𝒫𝑉𝑆1

Simulated Fuel Consumption averaged over all flights in
VS1 for each 𝑑𝑝 parameter

𝑀𝑒𝑎𝑛
∆𝐹𝑇𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time for each flight
in VS2 and each 𝑐𝑝 parameter.

𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption for
each flight in VS2 and each 𝑐𝑝 parameter.

∆𝐷𝐹𝑖,𝑗 ∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Difference between the simulated Distance Flown
Consumption and the predicted (at mid-term) distance
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flown for each flight in VS2 and each 𝑐𝑝 parameter.
∆𝑇𝐹𝑖,𝑗 ∀𝑖 ∈ ℱ𝑉𝑆2 , ∀𝑗 ∈ 𝒞𝒫𝑉𝑆2
𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time averaged over
all flights in VS2 and for each 𝑐𝑝 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption
averaged over all flights in VS2 and for each 𝑐𝑝 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Difference between the simulated distance flown and the
predicted (at mid-term) distance flown averaged over all
flights in VS2 and for each 𝑐𝑝 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2 .

Number of simulated deviations from the nominal path
averaged over all flights in VS2 and for each 𝑐𝑝 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Simulated Flight Time averaged over all flights in VS2 for
each 𝑐𝑝 parameter

∆𝐹𝑇𝑗

∆𝐹𝐶𝑗

∆𝐷𝐹𝑗

∆𝑇𝐹𝑗
𝐹𝑇𝑗

𝐴𝑣𝑔

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Simulated Fuel Consumption averaged over all flights in
VS2 for each 𝑐𝑝 parameter

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Simulated Distance Flown averaged over all flights in VS2
for each 𝑐𝑝 parameter

∀𝑗 ∈ 𝒞𝒫𝑉𝑆2

Simulated number of nominal path deviations averaged
over all flights in VS2 for each 𝑐𝑝 parameter

𝐹𝐶𝑗

𝐴𝑣𝑔

𝐷𝐹𝑗

𝐴𝑣𝑔

𝑇𝐹𝑗

VS3

Number of nominal path deviations in the simulated
flights for each flight in VS2 and each 𝑐𝑝 parameter.

𝑀𝑒𝑎𝑛
∆𝐹𝑇𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time for each flight
in VS3 and each 𝐻 parameter.

𝑀𝑒𝑎𝑛
∆𝐹𝐶𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption for
each flight in VS3 and each 𝐻 parameter.

∆𝐷𝐹𝑖,𝑗 ∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3

Difference between the simulated Distance Flown
Consumption and the predicted (at mid-term) distance
flown for each flight in VS3 and each 𝐻 parameter.

∆𝑇𝐹𝑖,𝑗 ∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3

Number of nominal path deviations in the simulated
flights for each flight in VS3 and each 𝐻 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ ℋ𝑉𝑆3

Difference between the simulated Flight Time and the
average predicted (at mid-term) Flight Time averaged over
all flights in VS3 and for each 𝐻 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ ℋ𝑉𝑆3 .

Difference between the simulated Fuel Consumption and
the average predicted (at mid-term) Fuel Consumption
averaged over all flights in VS3 and for each 𝐻 parameter.

𝐴𝑣𝑔

∀𝑗 ∈ ℋ𝑉𝑆3

Difference between the simulated distance flown and the
predicted (at mid-term) distance flown averaged over all
flights in VS3 and for each 𝐻 parameter.

∆𝐹𝑇𝑗

∆𝐹𝐶𝑗

∆𝐷𝐹𝑗
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𝐴𝑣𝑔

∆𝑇𝐹𝑗

Number of simulated deviations from the nominal path
averaged over all flights in VS3 and for each 𝐻 parameter.

𝑅𝐵𝑇
∆𝐷𝐹𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

Difference between the simulated distance flown and the
nominal distance in the RBT for each flight in VS3 and for
each 𝐻 parameter.

𝑅𝐵𝑇
∆𝑇𝐹𝑖,𝑗
∀𝑖 ∈ ℱ𝑉𝑆3 , ∀𝑗 ∈ ℋ𝑉𝑆3 .

Number of simulated deviations from the nominal
distance (that in the RBT) for each flight in VS3 and for
each 𝐻 parameter.

𝐴𝑣𝑔

𝐹𝑇𝑗

𝐴𝑣𝑔

𝐹𝐶𝑗

𝐴𝑣𝑔

𝐷𝐹𝑗

𝐴𝑣𝑔

𝑇𝐹𝑗

40

∀𝑗 ∈ ℋ𝑉𝑆3 .

∀𝑗 ∈ ℋ𝑉𝑆3

Simulated Flight Time averaged over all flights in VS3 for
each 𝐻 parameter

∀𝑗 ∈ ℋ𝑉𝑆3

Simulated Fuel Consumption averaged over all flights in
VS3 for each 𝐻 parameter

∀𝑗 ∈ ℋ𝑉𝑆3

Simulated Distance Flown averaged over all flights in VS3
for each 𝐻 parameter

∀𝑗 ∈ ℋ𝑉𝑆3

Simulated number of nominal path deviations averaged
over all flights in VS3 for each 𝐻 parameter
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