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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
This deliverable contains the proceedings of the TBO-Met workshop, which has been framed as the 2nd
International Workshop on Meteorology and Air Traffic Management. The workshop took place in
Salzburg, Austria, on 3-4 May 2018, and was hosted by the University of Salzburg, through the
Aerospace Research Group of the Department of Computer Sciences. The workshop was very
successful, gathering around 40 participants from 20 different European institutions. The main goal of
the workshop was to present and discuss the most relevant outputs of the SESAR 2020 TBO-Met
project with engineers, academicians, scientists and professionals, and, furthermore, it was a forum
where the participants shared new ideas and developments in the field of Air Traffic Management
under meteorological uncertainties.
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1 Executive Summary

This deliverable contains the proceedings of the TBO-Met workshop, framed as the 2nd International
Workshop on Meteorology and Air Traffic Management, held in Salzburg, Austria, on 3-4 May 2018.
The TBO-Met consortium successfully gathered together about 40 representatives of the Meteorology
and Air Traffic Management community from 7 different countries and 20 different European
institutions.
The workshop programme was composed of 12 presentations and a panel discussion, divided into
three sessions: Improving safety and efficiency of Air Traffic Management under meteorological
uncertainties (Session 1), Overview and main outcomes of the SESAR 2020 TBO-Met project (Session
2), Projects and Alliances on Meteorology and Air Traffic Management at European level (Session 3).
The sessions addressed the following topics. Firstly, to improve decision making tools to increase
safety and improve flight efficiency of Air Traffic Management under meteorological uncertainties. In
this first session the successfully completed Austrian FFG project MET4LOWW was presented and
some insights were provided in the ongoing project EUNADICS-AV, funded by the EU Horizon 2020
program. Secondly, the project consortium gave an overview of the TBO-Met project and the main
outcomes of it, structured according to the different work packages. Session 3 was dedicated to
projects and alliances on meteorology and Air Traffic Management at European level, as for example
the COOPANS alliance.
This document contains detailed information about the workshop, including the programme, the
abstracts of all presentations made, the list of participants, and the links to additional information.
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2 Introduction1

This document contains the proceedings of the TBO-Met workshop. This workshop is organised with
the objective of being the main dissemination event of the project, corresponding to Milestone MS 15
(according to the Grant Agreement [1]). The TBO-Met Consortium decided to frame it as the 2nd
International Workshop on Meteorology and Air Traffic Management (the 1st edition of this workshop
was organised in Seville in May 2017), and to prepare a 2-day programme complementing the
dissemination of the TBO-Met results with other presentations, addressing other projects and
activities related to Meteorology and Air Traffic Management at European level.
For completeness, a global summary of the project is included next.

2.1 TBO-Met project
As indicated in the Project Management Plan [2], the 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”.
Therefore, TBO-Met focuses on three particular research topics:
1. Trajectory planning at the pre-tactical level (mid-term planning) under meteorological
uncertainties
2. Storm avoidance at tactical level (short-term planning and execution), and
3. Sector demand analysis under meteorological uncertainties, both at pre-tatical and tactical
levels.
Consequently, the TBO-Met project pursues the following objectives:
1. To improve the predictability of aircraft trajectories when subject to meteorological
uncertainty, and

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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2. To increase the accuracy of the prediction of sector demand when meteorological uncertainty
is taken into account.
The weather information is obtained from Ensemble Prediction Systems (EPS) and Nowcasts, which
provide two types of meteorological uncertainties: (1) wind uncertainty and (2) 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

ACC

Area Control Centre

ANSP

Air Navigation Service Provider

ATC

Air Traffic Control
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ATM

Air Traffic Management

ECMWF

European Centre for Medium-Range Weather Forecasts

EPS

Ensemble Prediction System

KPA

Key Performance Area

KPI

Key Performance Indicator

KVI

Key Validation Indicator

MET

Meteorology

SJU

SESAR Joint Undertaking

TBO

Trajectory Based Operations

TMA

Terminal Manoeuvring Area

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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4 The Workshop

The 2nd International Workshop on Meteorology and Air Traffic Management took place in Salzburg,
Austria, May 3rd - 4th, 2018. It was hosted by the Aerospace Research Group of the Department of
Computer Sciences, University of Salzburg, Austria.
The aim of the workshop was to bring together engineers, academicians, scientists, professionals,
and students, to discuss and share ideas about the recent results in the field of Air Traffic Management
under uncertain meteorological conditions, and especially about the management of the uncertainty
present in weather predictions.
The development of new methodologies that allow the integration of weather uncertainty
information into the air traffic planning process is a key factor to meet SESAR goals of improving the
levels of capacity and efficiency of the Air Traffic Management (ATM) system, while maintaining, or
even increasing, the current safety levels. This workshop was a meeting place for professionals and
researchers to share their different approaches to these methodologies.
This workshop has been part of the activities of the TBO-Met project (Meteorological Uncertainty
Management for Trajectory Based Operations), which is developed by the Universidad de Sevilla
(coordinator), the Universidad Carlos III de Madrid, the University of Salzburg, MeteoSolutions GmbH
and the Spanish Agencia Estatal de Meteorología (AEMet). The TBO-Met project is funded by the SESAR
JU under grant agreement No 699294 under European Union's Horizon 2020 research and innovation
programme.
More than 40 participants, from 20 European institutions, attended this 2nd edition of the
Workshop:
Agencia Estatal de Meteorología (AEMet)

Finnish Meteorological Institute

Airbus Central Reasearch & Technology

Flightkeys GmbH

Austro Control GmbH

Leibniz University Hannover

BRIMATECH Services GmbH

Luftfartsverket (LFV), Sweden

Central Institution for Meteorology and
Geodynamics (ZAMG)

Linköping University, Sweden

Centro de Referencia de Investigación,
Desarrollo e Innovación ATM A.I.E (CRIDA I+D+i
ATM)

MeteoSolutions GmbH

Croatia Control Ltd.

Naviair, Denmark

Deutsche Flugsicherung GmbH (DFS)

Universidad Carlos III de Madrid (UC3M), Spain

Ecole Nationale de l'Aviation Civile (ENAC)

Universidad de Sevilla, Spain

Eurocontrol

University of Salzburg, Austria

Frauenhofer Austria Research GmbH
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Furthermore, the participants were from seven different countries: Austria, Croatia, Finland,
France, Germany, Spain, and Sweden. The complete list of participants and a family picture can be
found at the end of this document in Annex I.
The event took place in Edmundsburg, a historic building on Mönchsberg, belonging to the
University of Salzburg. The workshop programme was composed of 12 presentations, divided into
three sessions:
Session 1: Improving safety and efficiency of Air Traffic Management under meteorological
uncertainties.
Session 2: Overview and main outcomes of the SESAR 2020 TBO-Met project.
Session 3: Projects and Alliances on Meteorology and Air Traffic Management at European level
In addition, a panel discussion with its focus on “How to apply probabilistic approaches to a
deterministic world” and a concluding session on “Planning for the future” presented an opportunity
to review and summarize the Workshop ideas and discuss future steps.
Each session constitutes a chapter in this document, where the abstracts of the presentations are
presented. The workshop programme is included in the following chapter.
Additional information, including all the presentations, can be found in the project website [3]
https://tbomet-h2020.com.

12

[©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.

PROCEEDINGS OF TBO-MET WORKSHOP

5 Workshop programme

Day 1, May 3rd:

09:00 – 10:00 Reception, Coffee.
10:00 – 10:30 Opening: Carl-Herbert Rokitansky, University of Salzburg.

SESSION 1: IMPROVING SAFETY AND EFFICIENCY OF AIR TRAFFIC MANAGEMENT UNDER METEOROLOGICAL
UNCERTAINTIES

10:30 – 11:00 MET4LOWW – Weather impact analysis based on elaborate air traffic simulations,
Markus Kerschbaum, Austro Control Gmbh.
11:00 – 11:30 Advanced integrated 4D trajectory-based AMAN/DMAN with extended
meteorological range, Carl-Herbert Rokitansky, University of Salzburg.
11:30 – 12:00 European Natural Airborne Disaster Information and Coordination System for
Aviation, Barbara Scherllin-Pirscher, ZAMG.
12:00 – 13:30 Lunch

SESSION 2: OVERVIEW AND MAIN OUTCOMES OF THE SESAR 2020 TBO-MET PROJECT
13:30 – 13:45 TBO-Met overview, Damián Rivas (TBO-Met Project Coordinator), Universidad de
Sevilla.
13:45 – 14:15 TBO-Met results #1: Meteorological data provision and processing, Juan Simarro,
AEMET, and Daniel Sacher, MetSol.
14:15 – 14:45 TBO-Met results #2: Trajectory planning under meteorological uncertainty,
Manuel Soler, Universidad Carlos III de Madrid.
14:45 – 15:00 Coffee break
15:00 – 15:30 TBO-Met results #3: Sector demand analysis under meteorological uncertainty,
Alfonso Valenzuela, Universidad de Sevilla.
15:30 – 16:00 TBO-Met results #4: Trajectory simulation and virtual flight trials under
meteorological uncertainty, Kurt Eschbacher, University of Salzburg.
16:00 – 16:15 Potential for follow-up projects, Damián Rivas (TBO-Met Project Coordinator),
Universidad de Sevilla.
19:00 – 00:00 Social Event
©SESAR JOINT UNDERTAKING, 2017. Created by TBO-Met Project Consortium
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Day 2, May 4th:

09:00 – 09:30 Reception, Coffee.

SESSION 3: PROJECTS AND ALLIANCES’ ON METEOROLOGY AND AIR TRAFFIC MANAGEMENT AT EUROPEAN LEVEL
09:30 – 10:00 PNOWWA project: Overview and main results, Heikki Juntti, Finnish
Meteorological Institute.
10:00 – 10:30 An Approach to Define Adverse Wx Zones Based on the Flight Management
Performed by Pilots in Convective Weather Events, Jürgen Lang, MeteoSolutions
GmbH and Stefan Schwanke, DFS Deutsche Flugsicherung GmbH.
10:30 – 11:00 COOPANS and MET, Alen Sajko, Croatia Control Ltd.
11:00 – 11:30 Coffee Break
11:30 – 12:30 Panel discussion: How to apply probabilistic approaches to a deterministic world.
Pannelists: Thomas Hauf, Leibniz Universität Hannover, Raimund Zopp, Flightkeys
GmbH, Herbert Pümpel, Austro Control GmbH, Alen Sajko, Croatia Control Ltd,
and Damián Rivas, Universidad de Sevilla.
12:30 – 13:00 Planning for the future and closing, Carl-Herbert Rokitansky, University of
Salzburg, and Damián Rivas (TBO-Met Project Coordinator), Universidad de
Sevilla.
13:00 – 14:00 Lunch
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6 Session 1: Improving safety and efficiency
of Air Traffic Management under
meteorological uncertainties

MET4LOWW – Weather impact analysis based on elaborate air traffic simulations
Markus Kerschbaum
Austro Control, Austria
Wind and adverse/severe weather have a significant impact on air traffic management (ATM). Various
performance figures related to safety, capacity, cost-efficiency and environmental impact have to be
considered and optimized. ATM decisions currently rely on strictly deterministic information, while it
would be more reasonable to use a probabilistic approach to account for the intrinsic uncertainty of
the meteorological (MET) information. Results of the project MET4LOWW aiming at reconciling the
uncertainty of weather and strictly deterministic ATM procedures in a holistic ATM/MET approach for
optimal arrival and departure management are presented.
The quantitative assessment is based on ATM key performance indicators (KPI) derived from fast-time
air traffic simulations in terminal airspace. In addition, the simulated traffic is qualitatively assessed by
air traffic controllers. Based on this analysis the ATM/ MET procedures are optimized. The developed
MET4LOWW weather impact analysis flow chart is shown in Figure 1. Based on this analysis the
ATM/MET procedures are optimized.

Figure 1: MET4LOWW weather impact analysis flow chart
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Advanced integrated 4D trajectory-based AMAN/ DMAN with extended meteorological range
Carl-Herbert Rokitansky
University of Salzburg, Austria
This FFG-Projects aim is to improve safety and efficiency of air traffic by implementation of meteodata by fast-time simulation (NAVSIM) and to derive ATM-concepts. Wind and adverse/ severe
weather have a significant impact on air traffic management (ATM). Various performance figures
related to safety, capacity, cost-efficiency and environmental impact have to be considered and
optimized. ATM decisions currently rely on strictly deterministic information, while it would be more
reasonable to use a probabilistic approach to account for the intrinsic uncertainty of the
meteorological (MET) information. Weather especially wind, thunderstorms and low visibility have big
impact on airport capacity. However, weather cannot be changed but accurate forecasts help to be
prepared and to minimize weather impact. It is common in ATM to measure performance in various
Key Performance Areas (KPA). This approach is adopted here for the weather impact analysis by
looking at four KPAs: capacity, environmental impact/flight efficiency, cost-effectiveness and traffic
complexity. Traffic complexity is used as a proxy for safety, as safety cannot be measured directly with
deterministic simulations such as the ones used in this study. Each KPA is represented by at least one
Key Performance Indicator (KPI), where each KPI has to meet several criteria.
The contribution of Paris Lodron University Salzburg - Aviation Competence Center in cooperation with
ACG is the validation of meteo data and air traffic szenarios in ATM/ATC, analysed by fast time
simulation to optimize arrival and departure management. NAVSIM is used for the simulation of
various weather and traffic scenarios. It is capable of world-wide runway-to-runway as well as gate-togate, air traffic simulations. It incorporates sophisticated simulation techniques based on detailed
aircraft performance data and around one million navigation data. More than ten thousand aircrafts
can be simulated simultaneously, including a generic flight management system for each aircraft, in
real-time or fast-time mode.
Validation experiments show very good agreement between simulation and actual flight tracks or even
better results due to optimization (see Figure 2). Thus, validation by Human in the Loop Simulation
improves the operational Air Traffic Management. This project will be basis for an international
validation testbed for future SESAR-solutions.

Figure 2: NAVSIM/ AMAN validation at Vienna Airport
16
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European Natural Airborne Disaster Information and Coordination System for Aviation
Barbara Scherllin-Pirscher, Gerhard Wotawa, Marcus Hirtl, and the EUNADICS-AV Team
Zentralanstalt für Meteorologie und Geodynamik (ZAMG), Austria
Natural disaster events such as volcanic eruptions, dust storms, wild fires, and nuclear accidents or
incidents (see Figure 3) can cause severe problems to air traffic. While emitted atmospheric aerosols
can damage aircraft engines, necessitating additional maintenance, re-routings, or even flight
cancellations, radioactive aerosols and gases are obviously dangerous for the passengers’ and crews’
health. Detailed information about the distribution of these atmospheric pollutants can help to
decrease the risk of being affected and thereby also decrease economic loss.
Aiming at providing yet unavailable consistent and coherent information about the horizontal and
vertical distribution of air pollutants during these events, the Horizon2020 project EUNADICS-AV,
which is coordinated by ZAMG, is a joint effort of scientists from different fields. 21 project partners
from 12 European countries bring in their unique expertise on observations, modeling and early
warning systems, as well as Air Traffic Management. Tailored information about “what, where, and
how much” shall be made available in near real-time to stakeholders including Volcanic Ash Advisory
Centers (VAACs), Regional Specialized Meteorological Centers (RSMCs), national meteorological
services, the aviation community, the scientific community, but also to the general public. Expert
interviews were performed to identify information needed for different communities. EUNADICS-AV
products will be obtained from integrating harmonized data from satellite Earth observation, groundbased measurements, and airborne platforms into state-of-the-art modelling and data assimilation
systems. A tracer experiment, planned for fall 2018 and an evaluation and validation exercise planned
for spring 2019 will help to test and optimize the EUNADICS-AV system as well as data flow and
information availability. Focus region will be Europe but the system is supposed to work globally.
More information about the EUNADICS-AV project can be found at http://www.eunadics.eu/ .

Figure 3: The Horizon2020 project EUNADICS-AV intends to close the gap in data and information availability during natural
airborne disaster events such as volcanic eruptions, dust storms, wild fires, and nuclear accidents or incidents.
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7 Session 2: Overview and main outcomes of
the SESAR 2020 TBO-MET Project

TBO-Met overview
Damián Rivas (TBO-Met Project Coordinator)
Universidad de Sevilla, Spain
In this presentation an overall high-level description of the project TBO-Met (Meteorological
Uncertainty Management for Trajectory Based Operations) is made (see Figure 4). First, the objectives
and the expected impacts of TBO-Met are presented, both from the point of view of the integration of
meteorological information into the ATM planning process and from the point of view of the overall
efficiency of the ATM system. Then, the work structure is described, and in particular the three
research problems are addressed, namely, mid-term trajectory planning considering weather forecast
uncertainties, short-term trajectory prediction under thunderstorm activity and sector demand
analysis considering weather forecast uncertainties.
WP1: Project management
WP7: Dissemination, exploitation and communication
WP8: Ethics requirements
WP2: Data provision and data processing

Meteo
Input

Data
Processing

Solutions
Evaluation
WP6: Evaluation
and assessment
of solutions

TBO
Research Topics

Project
Output

WP3: Survey
WP4: Trajectory planning
WP5: Sector demand
analysis

Figure 4: Overview of the TBO-Met project workflow

Following, the main achievements and the potential benefits of the project are stated. The overall
conclusion is that the ATM efficiency can be enhanced by integrating into the ATM planning process
the available information about the uncertainty of weather forecasts; in particular, the results have
shown that the predictability of aircraft trajectories can be increased, the storm avoidance strategy
can be better anticipated, and the accuracy of sector demand forecast can be improved. Finally, the
technical lessons learned are identified, and the recommendations for future research are individually
presented for the three research problems mentioned above, stressing the next steps for a potential
follow-up project.

18
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TBO-Met results #1: Meteorological data provision and processing
Juan Simarro and Daniel Sacher
Agencia Estatal de Meteorología (AEMET), Spain, and MeteoSolutions GmbH, Germany
In this talk the work was introduced which was done in work package two of the TBO-Met project. The
first part about meteorological input data was presented by Juan Simarro (AEMET). AEMET is the major
source of meteorological data in TBO-Met project. The requirements of the scientific work packages
four and five are checked against the available data. The selected data is presented in detail and
decisions for using certain data are explained. The data is separated in data for pre-tactical and tactical
planning levels.
The second part of the presentation was taken by Daniel Sacher (MeteoSolutions). This part is
about data processing and data provision. The data processing steps are presented in detail. Again the
processing is divided in data for pre-tactical and tactical planning levels. For the pre-tactical planning
level, data of ECMWF-EPS and GLAMEPS has been processed. Here, wind components (see Figure 5)
and convection indicator are of special interest. The processing comprises the output of tailored data
grids of all ensemble members as well as the output of ensemble mean and spread, which can be
interpreted as forecast uncertainty. Moreover probability of convection has been derived from the
forecast ensemble.

Figure 5: Processing of wind data from ECMWF-EPS as grids of ensemble members (1), as grids of mean and spread of
ensemble members (2) and as trajectory following data (3).

For the tactical planning level, Nowcast data has been processed and provided in form of ellipses
(see Figure 6). The ellipses have been extended by safety margins. Uncertainty is modelled by
randomly varying the location of the ellipses within an uncertainty margin. These are ready to use as
adverse weather zones in the DIVMET storm avoidance tool which is a product of MeteoSolutions.
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Figure 6: Example of application of elliptical convective cells in DIVMET. The ellipses are extended by a safety margin.
Overlapping extended ellipses are merged to one object which is then surrounded by a convex hull
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TBO-Met results #2: Trajectory planning under meteorological uncertainty
Manuel Soler
Universidad Carlos III de Madrid, Spain
In this presentation a summary of TBO-Met’s work package four is provided, including methodologies
and main results. The focus is on the analysis of trade-offs between efficiency and predictability of 4D
trajectories under meteorological uncertainty. We differentiate two time-horizons (see Figure 7): the
mid-term planning level (in this context, before departure); and the short-term planning level (in this
context, during the execution of the flight). For the latter, we first present a novel robust optimal
control formulation for trajectory planning problems.
Then, two case studies are presented: the first with results on robust trajectory planning
considering wind as the unique source of uncertainty; the second considering both wind and
convection risk as sources of uncertainty. All in all, it is shown that uncertainty (in this case due to wind
and/or exposure to convective risk) can not only be quantified, but also reduced by proposing
alternative trajectories at the mid-term planning level. At the short-term planning level, we present a
methodology to avoid individual storms (modelled as stochastic no-fly zones) and reattach the original
reference trajectory. A case study with a set of simulations is presented herein. Trade-offs between
efficiency (fuel burnt) and predictability (time to reach the fix) are provided when taking decision at
different look-ahead times (10 min. to 60 min. before the encounter). At this level, we show that
predictability can be quantified for a better-informed decision-making.
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ECMWF EPS forecasts

Tactical Phase (during execution)
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Figure 7: Pre-tactical or mid-term trajectory planning and tactical or short-term Cb avoidance
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TBO-Met results #3: Sector demand analysis under meteorological uncertainty
Alfonso Valenzuela
Universidad de Sevilla, Spain
In TBO-Met, a methodology to assess the uncertainty of sector demand when meteorological
uncertainty is taken into account has been developed (see Figure 8). The methodology requires the
definition of a scenario (in terms of Air Traffic Control sector, flights, and weather forecasts to be
considered), the processing of meteorological data (provided by Ensemble Prediction Systems or
Nowcasts, composed of different possible atmosphere realizations), and a trajectory predictor (which,
for each flight and for each atmosphere realization, computes a different aircraft trajectory). The
computed trajectories, along with the information of the sector, are then used to analyse the sector
demand, which is described in terms of entry count (number of flights entering the sector during a
selected time period) and of occupancy count (number of flights inside the sector during a selected
time period).

Figure 8: The general scheme for the methodology for sector demand analysis

The analysis is based on the statistical characterization of the entry and exit times of the flights
to/from the sector, and of the entry and occupancy counts. Results are presented for two realistic
applications. On one hand, the sector demand of an en-route sector is analysed at pre-tactical level,
the day before operation, when subject to wind uncertainty. This uncertainty is obtained from the
ensemble forecast ECMWF-EPS. On the other hand, the effects of storm uncertainty on sector demand
are quantified at tactical level, less than one hour before operation. In this second application the
source of uncertainty is the location of the thunderstorm cells, which is derived from AEMET Nowcasts.
In both cases it is shown that, when the dispersion or the convection risk of the individual trajectories
is reduced, then the dispersions of the entry and the occupancy counts are also reduced.
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TBO-Met results #4: Trajectory simulation and virtual flight trials under meteorological uncertainty
Kurt Eschbacher
University of Salzburg, Austria
The goal of trajectory simulation and virtual flight trials is to validate the trade-offs between the
efficiency and predictability of 4D trajectories planed at pre-tactical (mid-term planning: up to three
hours before departure) and tactical level (short-term planning and execution) within the envisioned
TBO operational concept under meteorological uncertainty.
From the ATM point of view more predictable trajectories even under meteorological uncertainty
may have notable effects on improved sector demand planning so the second objective was to validate
the prediction of sector demands at pre-tactical level (mid-term planning, one day in advance) and
tactical level (short-term planning and execution, some minutes before operation).
Various validation scenarios were simulated with the aim of assessing these trade-offs and Key
Validation Indicators (KVI). Thereby USBG’s NAVSIM simulation infrastructure, which provides a
realistic representation of the entire air traffic and detailed aircraft performance characteristic, serves
as core for the virtual flight trials. The exiting framework was enhanced by the CB avoid functionality
of DIVMET. This was done by remote coupling NAVSIM via web-service to DIVMET (see Figure 9). In
this combined mode, NAVSIM simulates the routes and DIVMET searches on request for possible
adverse weather situations ahead. In the case of conflicts, DIVMET proposes an alternative route based
on the weather situation, the actual aircraft position and the original planed trajectory which is then
flown by the NAVSIM flight.
Finally, the planed (by the different algorithms developed throughout the TBO-MET project using
different MET forecast products) and the actual flown trajectory under real weather (ECMWF reanalysis was considered as real weather) is compared and the difference is assessed by predefined
KVIs. Preliminary results showed increasing predictability for trajectory planed and stated as less
uncertain in average. Never the less this is achieved by extra fuel burn and additional air miles flown
to avoid areas of high uncertainty. After finalizing all flight trial simulations a detailed trade-off analyse
will be available, hopefully following the trend of the preliminary results.

Figure 9: Scheme of the coupled DIVMET and NAVSIM model
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Potential for follow-up projects
Damián Rivas (TBO-Met Project Coordinator)
Universidad de Sevilla, Spain
The identified areas for further research out of the insights of the TBO-Met focuses in particular on
three topics, (1) trajectory planning, (2) storm avoidance, and (3) sector demand analysis. In each
mentioned research field different aspects can be addressed. These are listed in parts in the following
paragraphs.
In the trajectory planning problem the following research is needed for the future:
a) The inclusion of other sources of uncertainty different from the meteorological one, e.g., on
aircraft dynamics.
b) The use of calibrated EPS obtained through statistical prost-processing techniques, for
instance Ensemble Model Output Statistics.
c) The enrichment of aircraft performance modeling, e.g., considering BADA 4, which accounts
for compressibility effects.
d) The consideration of structured airspaces as, for example, Free Routing Airspace.
e) The consideration of three-dimensional flights, including thus variable barometric altitude.
This would allow the computation of complete flights.
f) 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.
In the storm avoidance problem, the following research is needed for the future:
a) The inclusion of other sources of uncertainty different from the location of the convective
cells.
b) The improvement of thunderstorm uncertainty modelling, e.g., extracting probabilistic fields
by using probabilistic Nowcasts.
c) In case of the availability of Nowcasts providing 3D storm cells, the consideration of vertical
avoidance manoeuvres.
d) 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.
In the sector demand problem, the following research is needed for the future:
a) Extension to TMA environment, considering climbing/descending trajectories, which may
enter/exit the sector also by the upper and lower limits.
b) Multi-sector analysis, that is, the extension of the methodology to be able to analyse traffic
considering several sectors at once.
c) Variable sector configuration, to take into account that the ATC sectors can be opened
and/or merged.
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8 Session 3: Projects and alliances on
Meteorology and Air Traffic Management
at European level

PNOWWA project: Overview and main results
Heikki Juntti
Finnish Meteorological Institute Helsinki/Rovaniemi, Finland
The PNOWWA (Probabilistic Nowcasting of Winter Weather for Airports) project produced methods
for the probabilistic short-term forecasting of winter weather (see Figure 10) and enables the
assessment of the uncertainty in the ground part of 4D trajectories. 4D trajectory management is a
necessary concept to meet future growth in air traffic; probabilistic forecasts will be used in ATM
applications to support operational planning in surface management and ATM decision making,
thereby increasing airport capacity, shortening delays and promoting safety.
PNOWWA demonstrated very short-term (0-3h, "nowcast") probabilistic winter weather
forecasts in 15 min time resolution based on an extrapolation of movement of weather radar echoes
and improve predictability of changes in snowfall intensity caused by underlying terrain (such as
mountains and seas). Research demonstrations are conducted both offline and online at the Operative
User Environment site representing influence of the underlying terrain to forecast accuracy. An
extensive user consultation analysed needs to ensure products are suitable to be integrated in various
applications on the ATM side. The adjustment to user needs will cover the most relevant parameters
(visibility, intensity and snow depth) and operationally important thresholds of the selected
parameters (e.g. heavy snowfall).

Figure 10: Overview of the PNOWWA project
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An Approach to Define Adverse Wx Zones Based on the Flight Management Performed by Pilots in
Convective Weather Events
Jürgen Lang
MeteoSolutions GmbH, Germany
As a result of the prevailing weather conditions, such as lightning and hail, convective areas are a
security risk to air traffic and must therefore be avoided by aircraft. The aim of a current project is to
define convective areas (so-called ´Adverse Wx Zones´) geared towards civil aviation.
Using weather radar data, a radar reflectivity threshold of 37 dBZ has been frequently used in
aviation as a criterion for dangerous convective weather events. This value was determined empirically
in the 1980's based on a 6 class reflectivity product. This criterion is still often used in air traffic. So, it
should be verified and if necessary redefined taking into account the current flight management
performed by pilots during convective events.
For the study, radar raw data as well as convective warning levels from the NowCastMIX-Aviation
system of the German National Weather Service (Deutscher Wetterdienst, DWD) were considered. In
order to analyze the flight management performed by pilots in convective weather events, the data of
flight trajectories were merged with the meteorological variables and statistically evaluated. The study
area was limited to the lower airspace of the north of Germany controlled by the Area Control Center
(ACC) of the German ATC agency (DFS Deutsche Flugsicherungs GmbH) in Bremen.
The study was carried out in two phases. First, the chosen approach was tested using a data set
consisting of data from three selected days with thunderstorms in June 2017. In a subsequent phase,
the investigation period was extended to June 2017. For this month, the periods of convective weather
conditions were determined according to predefined criteria and the corresponding data for these
periods were prepared and evaluated. Finally, the results were used for a first proposal to define
´Adverse Wx Zones´.
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COOPANS and MET – Managerial view on the MET-ATM issue
Alen Sajko
Croatia Control, Croatia
COOPANS is an abbreviation for COOPeration between Air Navigation Service providers (ANSP).
COOPANS members are: LFV (Sweden), Naviair (Denmark), IAA (Ireland), Austro Control and Croatia
Control. Austro Control and Croatia Control are the MET providers as well. In 2018, NAV Portugal has
begun the process of joining COOPANS.
The story started with common procurement – the COOPANS Topsky ATM system made by Thales,
and followed by cooperation in research and development (through SESAR), education and cross
border cooperation. COOPANS has one of the most advanced ATM systems in Europe. The same
system is running in 5 ANSPs and 7 ACCs, including constant development and regular upgrades by all
members at the same time, following SESAR as technological and the most successful part of SES.
COOPANS sees the MET as one of the issues in the future, including problems with uncertainty
and availability of MET information. COOPANS needs harmonized MET information for the COOPANS
Topsky system, for all of the COOPANS partners. The main question in the integration of MET
information into the ATM is how to translate probabilistic information as the weather forecast is into
binary value as the decision is. In this process MET and ATM has to cooperate according to the graphic
below (see Figure 11).

Figure 11: The proposed cooperation flow between MET and ATM

The impact assessment is crucial here, because MET has to know what are the ATM’s needs and
problems, and ATM has to know what are the MET’s abilities and limitations. COOPANS will put its
strong focus on the MET issue in Wave 2 of SESAR 2020, beginning new advanced cooperation with its
national MET providers. The main question to be solved is how to harmonize MET information for the
COOPANS Topsky system and translate MET information into decision making or problem resolution
in ATM. Since MET information is probabilistic information, TBO-MET project is very interesting for
COOPANS and COOPANS members believe this is the right way forward.
The following three main conclusions may be drawn: (1) Both MET and ATM experts need to work
together to solve the problem of MET information for ATM. (2) MET has to be proactive, not just to
wait for requirements. (3) ATM has to be aware of the abilities and limitations of the MET services and
the confidence of MET information has to be proved.
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Panel discussion: How to apply probabilistic approaches to a deterministic world.
Moderator: Thomas Hauf (Leibniz Universität Hannover)
Panelists: Raimund Zopp (Flightkeys GmbH), Herbert Pümpel (Austro Control GmbH), Alen Sajko
(Croatia Control Ltd), and Damián Rivas (Universidad de Sevilla)
The Panel started with a comment about its title. "How to apply probabilistic approaches to a
deterministically regulated world", would also be a good title, because the world is, indeed,
probabilistic, but the regulations are deterministic.
All the participants in the Panel agreed that MET and ATM experts have to work together,
considering the different needs, sometimes even conflicting, of the different users. For example, the
airspace users want adaptability, that is, the capability of changing the trajectory during the flight
according to their preferences, whereas the Air Navigation Service Providers want predictability to
allocate their resources, and therefore, they would like the flight plans to be as fixed as possible. It is
important to recognise that meteorologists should never substitute the users in the decision making
process, but to present them the MET information in the most honest and objective way. The
suggested path to follow is a bottom-up approach, rather than a centralized top-down approach.
In this context, one clear remark was that the MET offices should not ask the users of MET
products for requirements on these products; instead, they ought to ask for their needs, and translate
them into adequate products. In this process it is important to focus not on the weather itself, but on
the impact the weather has on the air traffic and to take into account that a least-regret strategy is
usually preferred. The most important goal is to detect major weather events (those that can cause a
very high or even disruptive impact to the ATM system). To achieve this objective, it has to be
acknowledged that very important detection infrastructures are needed. Another idea was that MET
information should be provided along with another piece of information indicating its particular
reliability or accuracy: “It does not matter whether the MET information is good in average if, for a
particular instance, it has been identified to be non-accurate”.
With respect to the MET data, there was also agreement that the MET services should be as open
as possible (including private initiatives), and that there should not be a movement towards a private
close domain for the data: “The data should be shared instead of being a product subject to market
rules”.
One final idea for the future was that in order to enhance the integration of MET information into
ATM, there is not a problem of determining who the involved experts should be; rather, the problem
is the lack of a funding structure and a master plan: “A road map focusing on prioritised specific
problems needs to be developed”.
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Planning for the future, and closing
Carl-Herbert Rokitansky and Damián Rivas (TBO-Met workshop organisers)
University of Salzburg, Austria, and Universidad de Sevilla, Spain
First of all, the workshop organisers thanked all the people attending the workshop, and in particular
those who made a presentation. Their valuable talks made the event a great success, especially taking
into consideration that the same days Eurocontrol had organised the Weather Forum event, which
was very much related to this workshop.
After this 2nd International Workshop on Meteorology and ATM (the 1st one was held in Sevilla,
Spain in 2017), it has become clear that the network Met-ATM is very well established. As it was
expressed during the Panel discussion, Met and ATM experts have to work together, providing the
appropriate Met products according to the specific users’ needs. Unfortunately at this stage a master
plan is lacking. So the need was recognised to address this issue, and it was agreed to constitute a
“Met-ATM Working Group” that could keep the momentum, maintaining the links among the
community members, channelling the different initiatives, and eventually contributing to the
definition of such “Met-ATM Road Map” for the integration of meteorological information into the
ATM planning process.
As a first milestone, it was agreed to commit to the organisation of the 3rd International
Workshop on Meteorology and ATM to be held in 2019. One possible venue for the 3rd Workshop could
be Croatia with Croatia Control as hosting institution for the event.
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9 Summary and Outlook

The 2nd International Workshop on Meteorology and Air Traffic Management successfully gathered
together about 40 participants of the meteorology and Air Traffic Management communities from 7
different countries and 20 different types of organizations. The event was received extremely
positively and very enriching for the participants. Furthermore, the workshop formed a platform to
allow an interchange of ideas, findings and new developments in the field of Meteorology and Air
Traffic Management.
Following the very positive encouragement of the 2nd Workshop, it was decided to promote a
third edition of this event. This would be a great opportunity to discuss new concepts and projects, in
addition to keep track of ongoing ones. The participants come to an understanding that for future
events it is important that all related stakeholders like pilots, aircraft operators, air traffic service
providers, etc. should be involved together in the activities. It is obvious that a close collaboration
between the MET and ATM community is required. Support from ATM community, airlines and pilots,
in particular in the provision of necessary ATM and flight data for evaluation and validation, would be
the key for improving the safety and efficiency of ATM. This close cooperation then would serve as the
basis for defining the ATM-tailored MET services to meet future needs.
We are looking forward to the 3rd International Workshop on Meteorology and Air Traffic
Management in around May 2019!
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