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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 the present deliverable, the Technology Readiness Level of TBO-Met is assessed. This assessment is
divided into three individual assessments, corresponding to the three research topics addressed in the
project: 1) Trajectory planning considering meteorological uncertainties, 2) Storm avoidance
considering meteorological uncertainties, and 3) Sector demand analysis considering meteorological
uncertainties. The individual assessments are oriented to define the contribution of TBO-Met to
increasing the level of maturity of the Operational Improvement Steps identified for each research
topic.
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1 Executive Summary

In this deliverable an assessment of the Technology Readiness Level (TRL) of TBO-Met is presented,
which is divided into three parts that correspond to the three research topics addressed in the project:
1. Trajectory planning considering meteorological uncertainties.
2. Storm avoidance considering meteorological uncertainties.
3. Sector demand analysis considering meteorological uncertainties.
The three individual assessments are developed following the criteria identified in the Maturity
Assessment Tool. All the questions posed are answered and the level of satisfaction of the criteria is
evaluated.
These individual assessments are oriented to define the contribution of TBO-Met to increasing the
level of maturity of the following Operational Improvement (OI) Steps identified for each research
topic:
1. Use of probabilistic forecasts to generate more predictable trajectories at mid-term planning
level (new OI Step proposed in this project).
2. Use of probabilistic weather information to enhance trajectory prediction under thunderstorm
activity (new OI Step proposed in this project).
3. Use of probabilistic weather forecasts to enhance sector demand prediction (new OI Step
proposed in this project).
The three research topics are positively assessed, and their contribution to the proposed OI steps is
defined.

6
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2 Introduction1

As indicated in the Project Management Plan [1], TBO-Met project deals with the objectives of the
SESAR 2020 Exploratory Research programme, in particular the following ones related to the
“Meteorology” topic: “to enhance meteorological capabilities and their integration into ATM planning
processes for improving ATM efficiency” and “to develop 4D trajectories that are optimised to take
account of all environmental considerations”.
The global ATM problem addressed in TBO-Met is “to enhance ATM efficiency by integrating
meteorological information”. TBO-Met focuses on three particular research topics:
1. Trajectory planning considering meteorological uncertainties
2. Storm avoidance considering meteorological uncertainties
3. Sector demand analysis considering meteorological uncertainties
pursuing the following objectives:
1. To improve the predictability of aircraft trajectories when subject to meteorological
uncertainty
2. To increase the accuracy of the prediction of sector demand when meteorological uncertainty
is taken into account.
In this document (see the Grant Agreement [2]) an assessment of the Technology Readiness Level (TRL)
of TBO-Met is presented. According to the research topics, the TRL assessment is divided into three
parts. First, for the trajectory planning (in Section 3), next for the storm avoidance (in Section 4), and
finally for the sector demand (in Section 5). These individual assessments are developed following the
criteria Identified in the Maturity Assessment Tool [3]. They are oriented to the contribution of the
progresses made in TBO-Met in increasing the level of maturity of the Operational Improvement (OI)
Steps [4] proposed in this document. For each research topic, the contribution to the corresponding
OI step and the level of satisfaction of each TRL criteria is provided in Section 6.
For completeness, a global summary of the project is included next.

2.1 TBO-Met Summary
In TBO-Met three research topics have been addressed: 1) trajectory planning at pre-tactical level
(mid-term planning) under meteorological uncertainties, 2) storm avoidance at tactical level (shortterm planning and execution), and 3) sector demand analysis under meteorological uncertainties, both

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, 2017. Created by TBO-Met Project Consortium
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at pre-tactical and tactical levels. The weather information is obtained from Ensemble Prediction
Systems (EPS) and Nowcasts, which provide two types of meteorological uncertainties: wind
uncertainty and convective zones (including individual storm cells).
For the trajectory planning problem at pre-tactical level (up to three hours before departure), a
methodology has been developed to plan efficient trajectories with low levels of uncertainty. In
particular, two problems have been analysed: On one hand, the trade-off between predictability
(measured by the flight-time dispersion) and cost-efficiency (flight time or fuel consumption)
considering only uncertain winds, and, on the other, the trade-off between exposure to convective risk
and cost-efficiency considering now uncertain winds and convection risk. As part of this work, a tool
has been developed that provides the probability of convection from the information contained in the
EPS.
At tactical level (during the flight), a probabilistic trajectory predictor under thunderstorm activity has
been developed, taking into account the uncertainty in the location of the convective cells (modelled
as stochastic no-fly zones). The output is an ensemble of deviation trajectories that avoid the possible
storm realisations and reattach to the optimal reference route (computed at the pre-tactical phase).
An already existing deterministic tool for generating the deviation trajectories (DIVMET) has been
adapted to account for the uncertainty in the cell evolution. As part of this work, a tool has been
developed that models synthetically the uncertainty in the location of the cells (because the Nowcasts
considered are deterministic).
For the sector demand problem, the objective has been to quantify the impact of trajectory planning
under weather uncertainty (as performed at the trajectory scale) on sector demand. A methodology
has been developed to analyse the uncertainty of sector demand (probabilistic sector loading) in terms
of the uncertainty of the individual trajectories. The approach is based on the statistical
characterization of the entry and occupancy counts, and is quite general, not depending on the specific
tools developed in the project. At pre-tactical level, the methodology is able to quantify the reduction
of the dispersions of the entry and occupancy counts when the dispersion of the individual trajectories
subject to wind uncertainty is reduced. On the other hand, the methodology is able to quantify the
reduction of the dispersions of the two counts at tactical level, taking into account the uncertain
evolution of the convective cells, when the convection risk of the individual trajectories is reduced in
the mid-term planning phase. This analysis has provided an understanding of how weather uncertainty
is propagated from the trajectory scale to the sector scale.

2.2 Acronyms and Terminology

8

Term

Definition

ANSP

Air Navigation Service Provider

ATC

Air Traffic Control

ATM

Air Traffic Management

OI

Operational Improvement

TBO

Trajectory Based Operations
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TRL

Technology Readiness Level

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 TRL Assessment for Trajectory Planning

Regarding the research topic of trajectory planning, no OI Steps have been identified. For this reason,
a new OI Step is proposed:
AUO-xx01: Use of probabilistic forecasts to generate more predictable trajectories at mid-term
planning level.
The aim of this OI is to benefit from the existence of probabilistic forecasts in the mid-term planning
horizon. These forecasts may refer to departure time and weather forecasts, among others, and will
be consistently shared among the ATM actors and other stakeholders. The probabilistic forecasts will
follow an ensemble approach and, therefore, the methodology that may be developed for trajectory
optimization shall rely on a scenario-based description of the uncertainty.

TRL-1.1
Has the ATM problem/challenge/need(s) that innovation would contribute to solve been identified?
Where does the problem lie?

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 relevant ones [5]. One of the ATM problems addressed in TBO-Met
at the trajectory scale is the generation of more predictable trajectories considering the uncertainty of
weather predictions.
The exploratory concept developed in TBO-Met for this problem is a stochastic optimization
methodology capable of trading-off cost-efficiency and predictability and/or exposure to convective
risk.

TRL-1.2
Has the ATM problem/challenge/need(s) been quantified?

In the past, some initial efforts have been made to quantify the effects of meteorological uncertainties
on the flight duration. For example, in the IMET project (part of Work Package E of the SESAR
Programme), the duration of a flight with fixed Mach number and flight level was calculated for each
ensemble member of an Ensemble Prediction System [6]. As a reference, a standard deviation of
4.4 minutes was obtained for a 400-minute flight when forecasted 30 hours in advance.
10
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The optimization algorithm developed in TBO-Met shows that it is possible to reduce the effects of the
meteorological uncertainties. In particular, it quantifies and is able to reduce the time dispersion and
the convective risk, see Deliverable 4.1 [7]. This reduction comes from an increase in the flight time
and in the fuel consumption. As an example, for an Airbus 330 and for a particular flight forecasted
6 hours in advance, the algorithm shows that it is possible to reduce the dispersion in the arrival time
by approximately 1.25 minutes at the toll of 500 kg of extra fuel burnt.

TRL-1.3
Are potential weaknesses and constraints identified related to the exploratory topic/solution under
research?
- The problem/challenge/need under research may be bound by certain constraints, such as time,
geographical location, environment, cost of solutions or others.

The main constraint that apply to the topic under research is that the problem is restricted to the midterm planning level, i.e., in this context from a few days to several hours before departure. It affects
to all airspace users at any geographical location.
No potential weaknesses affecting the ATM problem under research have been identified.

TRL-1.4
Has the concept/technology under research defined, described, analysed and reported?

The concept has been defined and thoroughly described, including mathematical details and
preliminary results, in Deliverable 4.1 [7].
The concept can be summarized as follows: development of an optimal control methodology to solve
trajectory-planning problems considering meteorological uncertainty. Different trade-offs between
predictability, convective risk, and cost efficiency can be made. State-of-the-art forecasts from
Ensemble Prediction Systems are used as input data for the wind field and convective risk. With this
methodology the uncertainty can be quantified and reduced by proposing alternative routes.

©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.
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TRL-1.5
Do fundamental research results show contribution to the Programme strategic objectives e.g.
performance ambitions identified at the ATM MP Level?

The results show two contributions to SESAR goals:




Improvement of the overall ATM system efficiency. As stated in SESAR’s ATM Master Plan [8]
(Section 3.3.4, which deals with predictability), SESAR performance ambition aims to reduce
the size of the arrival-time window from approximately 5 minutes to 2 minutes. This will have
a beneficial effect on the reduction of the buffer times the airlines factor into schedules in
order to increase their robustness to tactical time variations leading to strategic delay costs.
Most of this reduction is expected to come from taxi-time and arrivals in Terminal
Manoeuvring Areas. The proposed methodology shows that some reduction is also achievable
for the en-route phase at the mid-term planning level.
Increase in capacity. As shown in Deliverable 5.2 [9], reducing the time dispersion or the
convective risk of the individual trajectories also reduces the dispersion of the sector demand.
Thus, if the sector demand is more predictable, smaller safety buffers can be considered when
establishing declared sector capacities; therefore, declared sector capacities can be increased.

TRL-1.6
Do the obtained results from the fundamental research activities suggest innovative
solutions/concepts/ capabilities?
- What are these new capabilities?
- Can they be technically implemented?

In the trajectory-scale at the mid-term planning, the new capability developed in TBO-Met is the
reduction of the unpredictability of the trajectory and its exposure to convective areas. This
reduction is done by quantifying the uncertainty and the exposure, and including them in the process
of flight planning.
The technical implementation is possible, as it has been shown in the project. It would require the
modification of the flight planning tools used by the users to, first, include the uncertainty costs in the
objective function, and second, to adapt the optimization strategies to the consideration of
probabilistic weather forecasts.

12
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TRL-1.7
Are physical laws and assumptions used in the innovative concept/technology defined?

The exploratory concept is based on the physical assumption that the probabilistic weather forecast
provides a representative sample of the possible future states of the atmosphere (see Deliverable
4.1 [7]).
Other assumptions are:



The availability of a probabilistic forecast composed of 𝑛 equally-probable members.
The unique source of uncertainty is the meteorological uncertainty.

TRL-1.8
Have the potential strengths and benefits identified? Have the potential limitations and disbenefits
identified?
- Qualitative assessment on potential benefits/limitations. This will help orientate future validation
activities. It may be that quantitative information already exists, in which case it should be used if
possible.

Two strengths of the exploratory concept have been identified: first, the quantification of the
trajectory uncertainty due to weather and, second, the tailoring of the uncertainty reduction for each
flight according to the user’s preferences. The amount of uncertainty reduction can be chosen by the
airspace user by selecting the appropriate relative weight of the uncertainties in the operation costs,
similarly to what is done today with the cost index and the time costs.
The following benefits have been identified:






Reduction of the expected flight time uncertainty.
Reduction of the expected fuel burnt uncertainty.
Reduction of fuel reserves.
Reduction of airline’s buffer times allocated to increase its robustness.
Increase of declared sector capacities.

However, the following disbenefits arise:



Increase of expected flight time.
Increase of expected fuel burnt.

At this stage of development, the proposed methodology has three identified limitations:


Raw meteorological input data has been used. However, biases and dispersion errors often
occur in forecast ensembles: they are usually underdispersive and, as a consequence,
undercalibrated [10]. Therefore, statistical post-processing, that is, calibration, can be
beneficial.
©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
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The methodology is only suitable for free flight concept. Its adaptation to a structured airspace,
e.g. the one conceived in the free route concept with entry and exit points between airspaces,
would require an adaptation of the formulation of the optimization problem.
Meteorological forecasts are not considered to evolve over time, i.e., a fixed snapshot of the
forecasted status of the atmosphere is considered for the whole duration of the flight.

TRL-1.9
Have Initial scientific observations been reported in technical reports (or journals/conference papers)?

Besides Deliverable 4.1 [7], the following conference/journal papers with methodological approaches,
modelling, and initial results have been published [11, 12, 13]:
D. González-Arribas, M. Soler, and M. Sanjurjo, “Wind-Based Robust Aircraft Route
Optimization using Meteorological Ensemble Prediction Systems,” 6th SESAR Innovation Days,
Delft, The Netherlands, 2016.
D. González-Arribas, M. Soler, M. Sanjurjo-Rivo, J. García-Heras, D. Sacher, U. Gelhardt, J. Lang,
T. Hauf and J. Simarro, “Robust Optimal Trajectory Planning under Uncertain Winds and
Convective Risk,” ENRI International Workshop on ATM/CNS, Tokyo, Japan, 2017.
D. González-Arribas, M. Soler, and M. Sanjurjo, “Robust Aircraft Trajectory Planning under
Wind Uncertainty using Optimal Control,” Journal of Guidance, Control, and Dynamics, Vol. 41,
No. 3, pp. 673-688, 2018.

TRL-1.10
Have the research hypothesis been formulated and documented?

The hypotheses were reported in Deliverable 4.1 [7], they read as follows:






14

Aircraft performance is based on BADA 3 models.
Constant barometric altitude is considered for the flight.
Constant Mach speed is considered for the flight.
No routing constraints are imposed (free flight concept).
Meteorological forecasts are not considered to evolve over time.
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TRL-1.11
Is there further scientific research possible and necessary in the future?

Further research is possible with the ambition of the computation of all-flights-in-a-day in Europe in a
more realistic fashion. To bring current research to higher technological levels and achieve the
mentioned ambition, the following research is considered to be needed in the future:







The inclusion of other sources of uncertainty different from the meteorological one, e.g., on
aircraft dynamics.
The use of calibrated Ensemble Prediction Systems obtained through statistical prostprocessing techniques, for instance Ensemble Model Output Statistics.
The enrichment of aircraft performance modelling, e.g., considering BADA 4, which accounts
for compressibility effects.
The consideration of structured airspaces.
The consideration of three-dimensional flights, including thus variable barometric altitude.
This would allow the computation of complete flights.
The consideration of meteorological forecasts that evolve over time, e.g., to consider a series
of snapshots of the forecasted status of the atmosphere for the whole duration of the flight.

TRL-1.12
Are stakeholder's interested about the technology (customer, funding source, etc.)?

Throughout the course of TBO-Met Project, partners have attended several conferences (e.g., SESAR
Innovation Days), workshops (e.g., Electronic Navigation Research Institute Workshop), congresses
(e.g., World ATM Congress), among others. The following stakeholders have shown interest about the
algorithms/tools developed in TBO-Met:








Pilots
Air Traffic Controllers
Airlines
Met Offices
Air Navigation Services Providers
Airborne System Designers
Ground System Designers

These expressions of interest have been somehow informal and we ambition to channel them upwards
towards higher maturity levels.

©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
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4 TRL Assessment for Storm Avoidance

For the maturity assessment of the trajectory scale problem at short term, a new OI Step is proposed:
AUO-xx02: Use of probabilistic weather information to enhance trajectory prediction under
thunderstorm activity.
Probabilistic weather information shall be used to compute a better short-term forecast for the
trajectory when crossing an area with thunderstorm activity. The aim is to enhance the decision making
process of the ATM actors by enriching the information available in advance. The weather information
will be shared between the Met provider and the other ATM actors, in particular, the Airspace Users
and the ANSPs. This information shall be based on Nowcasts and shall contain uncertainty information.
The short-term forecasting of the trajectory will follow an ensemble approach, and the output shall be
a set of possible deviation trajectories that the aircraft might follow to avoid a thunderstorm cell field.

TRL-1.1
Has the ATM problem/challenge/need(s) that innovation would contribute to solve been identified?
Where does the problem lie?

A challenging aspect of aircraft trajectory prediction at short-term level is the avoidance of hazardous
convective weather regions, more commonly referred to as storms or thunderstorms. Thus, one of the
ATM problems addressed in TBO-Met at the trajectory scale is the short-term trajectory prediction
under thunderstorm activity.
The exploratory concept developed in TBO-Met for this problem is a probabilistic trajectory predictor
with storm avoidance, taking into account the uncertainty in the location of the convective cells
(modelled as stochastic no-fly zones).

TRL-1.2
Has the ATM problem/challenge/need(s) been quantified?

The inherently uncertain nature of thunderstorms causes major safety risks. In addition to increased
safety risks, thunderstorms are also a leading cause of reduced time and cost efficiencies. From 2008
to 2013, inclement weather caused 69% of system-impacting delays (delays greater than 15 minutes),
as recorded in the OPSNET Standard “Delay by Cause” Reports [14]. Within those weather delays,

16
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thunderstorms emerging from atmospheric instabilities were responsible for around 25%, turning
them into the leading cause of flight delays in the US airspace.
The methodology developed in TBO-Met allows to quantify the effects of the thunderstorm
uncertainty, see Deliverable 4.2 [15]. As an example, short-term trajectory prediction has been used
to forecast, for a particular scenario and with tens of minutes in advance, the expected delay due to
crossing an area with active storms. In the case study, three different routes were considered, subject
to the same thunderstorm activity; the standard deviation of the delay ranged between 22 and
149 seconds.

TRL-1.3
Are potential weaknesses and constraints identified related to the exploratory topic/solution under
research?
- The problem/challenge/need under research may be bound by certain constraints, such as time,
geographical location, environment, cost of solutions or others.

The main constraint that applies to the topic under research is that, in terms of time, the problem is
restricted to the short-term level; in this context, this is equivalent to tens of minutes before
encountering the storm hazard. Besides this constraint, no weaknesses have been identified related
to the exploratory topic under research.

TRL-1.4
Has the concept/technology under research defined, described, analysed and reported?

The concept has been defined and thoroughly described, including mathematical details and
preliminary results, in Deliverable 4.2 [15]. It can be summarized as the development of a probabilistic
trajectory predictor with storm avoidance, taking into account the uncertainty in the location of the
convective cells (modelled as stochastic no-fly zones). Deterministic Nowcasts are used as input data
for the location and size of the convective cells. The uncertainty in the location of the cells is modelled
synthetically. The output is an ensemble of deviation trajectories that avoid the possible storm
realizations and reattach to the original reference route.

©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
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TRL-1.5
Do fundamental research results show contribution to the Programme strategic objectives e.g.
performance ambitions identified at the ATM MP Level?

The main contribution of the algorithm developed in TBO-Met for stochastic trajectory prediction with
storm avoidance is in the areas of safety and operational-efficiency because, by using this algorithm,
the involved stakeholders, airspace users and ANSPs, would be better informed and, therefore, better
prepared, some minutes in advance, to face the effects of an evolving thunderstorm field. It can be
said that this is an indirect contribution.

TRL-1.6
Do the obtained results from the fundamental research activities suggest innovative
solutions/concepts/ capabilities?
- What are these new capabilities?
- Can they be technically implemented?

The results obtained in TBO-Met related to the storm avoidance problem underpin an innovative
capability, namely, the short-term forecasting of the possible deviation trajectories that an aircraft
might follow to avoid a set of storm cells. On one hand, this innovative capability paves the road for a
more proactive way of facing a thunderstorm field, as more information for decision support is known
in advance. On the other hand, it is a basic building block for more accurate, short-term, traffic
analyses.
The technical implementation is possible, as it has been shown in the project. In fact, an already
implemented tool (DIVMET) has been modified, first, to generate multiple thunderstorm field
scenarios based on a deterministic Nowcast and, second, to compute a number of possible deviation
trajectories (one per each scenario of convective cells). In fact, if a probabilistic Nowcast were
available, the original and well-stablished DIVMET tool (without modifications) could be applied as
many times as Nowcast members, to obtain the ensemble of deviation trajectories.

TRL-1.7
Are physical laws and assumptions used in the innovative concept/technology defined?

The following assumptions have been used in the definition of the exploratory concept:




18

The location of the convective cells is the unique source of uncertainty.
Availability of a Nowcast providing the position and size of the convective cells.
Availability of a model defining how the cell position uncertainty evolves with lead time.
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TRL-1.8
Have the potential strengths and benefits identified? Have the potential limitations and disbenefits
identified?
- Qualitative assessment on potential benefits/limitations. This will help orientate future validation
activities. It may be that quantitative information already exists, in which case it should be used if
possible.

Two strengths of the exploratory concept have been identified. On one hand, the methodology allows
for the quantification of the uncertainty of the forecasted aircraft trajectory when affected by
thunderstorms; this is based on the notion that the trajectory predictor provides a probabilistic
trajectory. On the other hand, the methodology also allows to forecast traffic uncertainty in the short
term.
The benefit identified is the possibility to take more informed decisions as to when and how to avoid
the storms. This idea applies, first, to the airlines and pilots, as they would have a better picture of the
possible scenarios that they would encounter when avoiding the thunderstorm field; and second, to
the ANSPs and Network Manager, as they can use the output of the methodology in order to forecast
sector demand in the short term.
The following limitations have been identified:





In terms of geographical location, the studies are restricted to the Spanish airspace, because
the Nowcasts used in TBO-Met have been provided by AEMET (Spanish Met Office).
The prediction time horizon is defined by the Nowcast forecast horizon.
The analysis (including the convective cell description and the avoidance strategy devised) is
2-D, because only 2-D information about the convective cells can be extracted from the
Nowcasts.
Instead of a probabilistic Nowcast, a synthetic uncertainty model is added to a deterministic
Nowcast to characterize the location of the convective cells.

TRL-1.9
Have Initial scientific observations been reported in technical reports (or journals/conference papers)?

The methodological approach, the modelling, and initial results were published in Deliverable 4.2 [15].
Additionally, a conference paper will be presented at ISSA 2018, in which the effects in the sector
demand are analysed [16]:
A. Valenzuela, A. Franco, D. Rivas, D. Sacher, J. García Heras, M. Soler, “Effects of Weather
Uncertainty in Sector Demand at Tactical Level,“ in International Symposium on Sustainable
Aviation, Rome, Italy, 2018.
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TRL-1.10
Have the research hypothesis been formulated and documented?

The hypotheses were reported in Deliverable 4.2 [15]. They read as follows:






Elliptical convective cells are considered.
Constant barometric altitude is considered.
Constant ground speed is considered.
A 2-D avoidance strategy is considered.
No operational constraints are considered.

TRL-1.11
Is there further scientific research possible and necessary in the future?

To bring current research to higher technological levels, the following research is considered to be
needed in the future:


The inclusion of other sources of uncertainty different from the location of the convective cells.



The improvement of thunderstorm uncertainty modelling, e.g., extracting probabilistic fields
by using probabilistic Nowcasts.



In case of the availability of Nowcasts providing 3D storm cells, the consideration of vertical
avoidance manoeuvres.



The consideration of operational environment constraints, such as preventing the deviation
trajectories from entering into restricted or reserved airspaces or the fulfilment of time
constraints at specific fixes.

TRL-1.12
Are stakeholder's interested about the technology (customer, funding source, etc.)?

As already indicated, airspace users and ANSPs would benefit from the innovative methodology
developed in TBO-Met for short-term trajectory prediction under thunderstorm activity. In general,
they are very much interested in the storm avoidance problem, as indicated in the TBO-Met
Survey [17] and informally at the advisory board, because there is a real need for enhanced (more
efficient) avoidance strategies. On the other hand, the interest of the ANSPs should come from the
possibility of improving the accuracy of short-term traffic analyses.
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5 TRL Assessment for Sector Demand

For the maturity assessment of the sector demand problem, a new OI Step is proposed:
DCB-xx01: Use of probabilistic weather forecasts to enhance sector demand prediction.
The aim of this OI is to benefit from the existence of probabilistic weather forecasts in order to provide
enhanced sector demand predictions, ranging from the mid-term planning to the execution phases.
Existent probabilistic weather forecasts are able to predict different phenomena as, for example, wind
and thunderstorms, and they provide a measure of uncertainty. The probabilistic forecasts follow an
ensemble approach and, therefore, the methodologies that could be developed for sector demand
prediction shall rely on a scenario-based description of the uncertainty. The enhanced sector demand
prediction shall include a quantitative measure of its uncertainty.

TRL-1.1
Has the ATM problem/challenge/need(s) that innovation would contribute to solve been identified?
Where does the problem lie?

An improved traffic predictability thanks to the elaboration of a probabilistic demand will help the
ANSPs and the Network Manager in their planning and monitoring needs. The ATM problem addressed
in TBO-Met at the traffic scale is the quantification of sector demand uncertainty considering the
uncertainty of weather predictions.
The exploratory concept developed in TBO-Met for this problem is an ensemble-based stochastic
methodology to predict sector demand based on the uncertainty of the individual trajectories.

TRL-1.2
Has the ATM problem/challenge/need(s) been quantified?

In the past, the effects of uncertainties on the sector demand prediction were quantified in an
aggregated way, considering all significant components of uncertainty together, without distinction of
the different uncertainty sources, see for example Ref. [18]. The particular contribution of the
meteorological uncertainty was assessed only in a qualitatively way, being recognized as one of the
main sources of uncertainty that affect the ATM system [5].
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The methodology developed in TBO-Met allows to quantify the effects of the meteorological
uncertainty. Results are presented in Deliverable 5.2 [9] for applications concerning the pre-tactical
and the tactical phases. Next, as a reference, some quantitative results are summarized.
In the pre-tactical phase, only considering wind uncertainties, dispersions on the entry time as large as
7 minutes have been obtained for predictions made one day in advance. The dispersion in the entry
and the occupancy count depends on the duration of the time periods chosen for the analysis,
maximum values of 5 flights have been obtained for 1-minute duration.
In the tactical phase, considering uncertain thunderstorms, dispersions much larger than in the pretactical analysis have been found; as large as 19 minutes in the entry time, for predictions made
10 minutes before the aircraft enters the sector. Maximum dispersions of 4 flights have been found in
the occupancy count for predictions made 15 minutes in advance and duration of the time periods of
1 minute.

TRL-1.3
Are potential weaknesses and constraints identified related to the exploratory topic/solution under
research?
- The problem/challenge/need under research may be bound by certain constraints, such as time,
geographical location, environment, cost of solutions or others.

The main weakness identified related to the ATM problem addressed in TBO-Met is that the current
solutions to the problem, which are based on the use of time constraints and the consideration of
safety buffers, are somewhat inefficient.
No potential constraints affecting the ATM problem under research have been identified.

TRL-1.4
Has the concept/technology under research defined, described, analysed and reported?

The concept has been defined and thoroughly described, including mathematical details and
preliminary results, in Deliverables 5.1 and 5.2 [9, 19].
The concept can be summarized as follows: a methodology to assess the uncertainty of sector demand
when meteorological uncertainty is taken into account. The methodology has been developed to
analyse the uncertainty of sector demand (probabilistic sector loading) in terms of the uncertainty of
the individual trajectories. The approach is based on the statistical characterization of the entry and
occupancy counts.
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TRL-1.5
Do fundamental research results show contribution to the Programme strategic objectives e.g.
performance ambitions identified at the ATM MP Level?

Related to the methodology developed to obtain a probabilistic demand, the fundamental research
results show two contributions to SESAR goals (see Deliverables 5.1 [19] and 5.2 [9]):




Increase in capacity. If sector demand probabilistic predictions are available, ANSPs can
reduce the capacity buffers they factor in order to protect themselves from over-deliveries
(when the actual number of aircraft that enter a regulated sector during a particular period
exceeds the declared capacity); therefore, declared sector capacities can be increased.
Improvement of the overall ATM system efficiency. An improved traffic predictability thanks
to the elaboration of the probabilistic demand, can lead the Network Manager and the ANSPs
to a better identification of the Air Traffic Flow and Capacity Management measures to be
implemented, thus improving the traffic throughput.

TRL-1.6
Do the obtained results from the fundamental research activities suggest innovative
solutions/concepts/ capabilities?
- What are these new capabilities?
- Can they be technically implemented?

The results obtained in TBO-Met confirm that it is possible to compute probabilistic sector demand
forecasts, from a set of individual trajectories that take into account uncertain weather, such as winds,
convective areas or storm cells. This new capability can be seen as a basic pillar for the innovative
concept of probabilistic Demand-Capacity Balancing.
The technical implementation is straightforward because it only requires, first, to apply current tools
to compute deterministic demand forecasts as many times as individual members of the probabilistic
weather forecast (either Ensemble Prediction Systems or Nowcast), and second, to perform a
statistical characterization of the results. Therefore, no ground-breaking development is needed.
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TRL-1.7
Are physical laws and assumptions used in the innovative concept/technology defined?

The main assumption (or pre-condition) made in the exploratory concept is the availability of an
ensemble of trajectories for each flight; this is the base for the statistical analysis. This assumption
was stated in Deliverable 5.1 [19]. The underlying trajectory predictor that computes the trajectories
has to provide one trajectory for each possible weather realization. All the trajectories are considered
to be equally probable.

TRL-1.8
Have the potential strengths and benefits identified? Have the potential limitations and disbenefits
identified?
- Qualitative assessment on potential benefits/limitations. This will help orientate future validation
activities. It may be that quantitative information already exists, in which case it should be used if
possible.

Two strengths of the innovative concept have been identified: on one hand, the methodology
developed to obtain a probabilistic demand is quantitative and, on the other hand, it is a versatile
methodology in the sense that any underlying trajectory predictor can be considered (the one
developed in TBO-Met or any other).
The following benefits have also been identified:




A better understanding of the uncertainty propagation from the trajectory scale to the traffic
scale (scientific benefit).
An improvement on sector demand predictability.
Benefits for the stakeholders: support for better-informed decision making (ANSPs – support
for dynamic sector configuration, Network Manager – support for better Demand-Capacity
Balancing).

The methodology developed to obtain a probabilistic sector demand has an identified limitation: The
analysis is restricted to one sector. However, the methodology is suitable to be extended to perform a
multisector analysis.
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TRL-1.9
Have Initial scientific observations been reported in technical reports (or journals/conference papers)?

The methodological approach and different analyses were published in Deliverables 5.1 [19] and
5.2 [9]. Additionally, two different publications have been presented at international conferences and
a third one is in preparation. The methodology to obtain a probabilistic demand from the uncertainty
of the individual trajectories was presented at EUCASS 2017 [20]:
A. Valenzuela, A. Franco, D. Rivas, “Sector Demand Analysis under Meteorological
Uncertainty,” 7th European Conference for Aeronautics and Space Sciences, Milan, Italy, 2017.
The pre-tactical analysis considering aircraft trajectories subject to wind uncertainty was presented at
SESAR Innovation Days 2017 [21]:
A. Valenzuela, A. Franco, D. Rivas, J. García Heras, M. Soler, “Effects of Reducing Wind-Induced
Trajectory Uncertainty on Sector Demand,“ 7th SESAR Innovation Days, Belgrade, Serbia, 2017.
The tactical analysis considering aircraft trajectories subject to uncertain storms will be presented at
ISSA 2018 [16]:
A. Valenzuela, A. Franco, D. Rivas, D. Sacher, J. García Heras, M. Soler, “Effects of Weather
Uncertainty in Sector Demand at Tactical Level,“ in International Symposium on Sustainable
Aviation, Rome, Italy, 2018.

TRL-1.10
Have the research hypothesis been formulated and documented?

The research hypotheses for the development of the general methodology are collected in
Deliverable 5.1 [19], and the hypotheses of its adaptation to tackle the tactical problem are collected
in Deliverable 5.2 [9].The following research hypotheses have been considered:




Only the en-route operating environment has been considered. However, the extension of the
methodology for probabilistic sector demand prediction to Terminal Manoeuvring Area or
airport environments would be straightforward.
The ATC sector geometry is fixed and does not change with time; therefore, the effects of
opening/closing sectors are not analysed.
At pre-tactical phase, trajectories are considered to cross the ATC sector only once. At tactical
phase, 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.
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TRL-1.11
Is there further scientific research possible and necessary in the future?

Three main lines of further scientific research have been identified to be necessary (although not
hindering):






Extension to Terminal Manoeuvring Area environment. In the Terminal Manoeuvring Area
climbing/descending trajectories are present, which may enter/exit the sector not only by the
lateral boundaries but also by the upper and lower limits. The methodology should be applied
to this challenging environment, providing a better understanding of the propagation of the
weather uncertainty to the traffic scale.
Dynamic sector configuration. The developed methodology is based on the hypothesis that
the ATC sector geometry does not change with time. If specified changes at given times are
allowed, the enhanced methodology could be applied to provide decision support in sector
reconfiguration.
Multi-sector analysis. The innovative methodology developed in TBO-Met should be extended
to higher levels, that is, to be able to analyse traffic at network scale, and to perform
probabilistic sector demand predictions at several sectors at once.

TRL-1.12
Are stakeholder's interested about the technology (customer, funding source, etc.)?

As previously mentioned, ANSPs and Network Manager would benefit from the innovative
methodology developed in TBO-Met. They have shown rather informally (at the advisory board, at
workshops and conferences, and in other contexts) very much interest on having the capability of
forecasting probabilistic sector demand.
Another evidence of the interest of the stakeholders is the fact that another project in the H2020
Exploratory Research call deals with building probabilistic traffic predictions: COPTRA2, participated by
Boeing Research and Technology Europe, Catholic University of Louvain, Istanbul Technical University,
CRIDA and Eurocontrol.

2

http://coptra.eu/
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6 Summary and Conclusions

The contribution of TBO-Met to each one of the proposed OI Steps can be summarized as follows:


OI Step: AUO-xx01 -- Use of probabilistic forecasts to generate more predictable trajectories
at mid-term planning level.
Contribution: The development of a stochastic optimisation methodology for trajectory
planning which makes use of probabilistic weather forecasts.
This methodology has been applied to two different problems: On one hand, the trade-off
between predictability (measured by the flight-time dispersion) and cost-efficiency (flight time
or fuel consumption) considering only uncertain winds, and, on the other, the trade-off
between exposure to convection risk and cost-efficiency considering now uncertain winds and
convection risk. Specific tools for the provision and processing of probabilistic meteorological
data have been also developed, such as a tool that provides the probability of convection from
the information contained in the EPS.



OI Step: AUO-xx02 -- Use of probabilistic weather information to enhance trajectory
prediction under thunderstorm activity.
Contribution: The development of a probabilistic trajectory predictor with storm avoidance.
The methodology takes into account the uncertainty in the location of the convective cells,
which are obtained from Nowcasts and modelled as stochastic no-fly zones. The output is an
ensemble of deviation trajectories that avoid the possible storm realisations and reattach to
the optimal reference route. An already existing deterministic tool for generating the deviation
trajectories (DIVMET) has been adapted to account for the uncertainty in the cell evolution.
With respect to the input, a tool has been developed that models synthetically the uncertainty
in the location of the cells (because the Nowcasts considered are deterministic).



OI Step: DCB-xx01 -- Use of probabilistic weather forecasts to enhance sector demand
prediction.
Contribution: The development of an ensemble-based stochastic methodology to perform a
probabilistic prediction of the sector demand.
This methodology analyses the uncertainty of sector demand in terms of the uncertainty of
the individual flights, and requires the previous computation of different possible trajectories
for each flight. Each possible trajectory corresponds to a possible weather realization provided
by the probabilistic weather forecasts. The methodology is able to rely on already existing
deterministic trajectory predictors and is suitable to be applied to all ATM phases, from long
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term planning to execution phases. The output is an ensemble of possible sector loadings,
which are statistically characterised. The analysis performed quantifies the impact of
enhanced trajectory planning under weather uncertainty on sector demand.

In the following table, the level of satisfaction of all the Maturity Assessment Criteria is evaluated for
the three individual assessments, according to the answers given in the previous sections to the
questions posed. It can be concluded that the three individual assessments are positive.
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TRL-criteria ID

Trajectory planning

Storm avoidance

Sector demand

1

Achieved

Achieved

Achieved

2

Achieved

Partial – Non blocking

Partial – Non blocking

3

Achieved

Achieved

Achieved

4

Achieved

Achieved

Achieved

5

Achieved

Partial – Non blocking

Achieved

6

Achieved

Achieved

Achieved

7

Achieved

Achieved

Achieved

8

Partial – Non blocking

Partial – Non blocking

Partial – Non blocking

9

Achieved

Partial – Non blocking

Achieved

10

Partial – Non blocking

Partial – Non blocking

Partial – Non blocking

11

Achieved

Achieved

Achieved

12

Achieved

Achieved

Achieved
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