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SEPARATION MANAGEMENT IN EUROPE  
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grant agreement No 699247 under European Union’s Horizon 2020 research and innovation 
programme. 

 

 

Abstract  

This report presents the deliverable D5.1 “Simulations Results Database and Separation Concept 
Development” of the R-WAKE project.  

This D5.1 report has two main parts. The 1st part describes the meaning and purpose of the database 
generated using the R-WAKE System simulations tools and used in the WV-Encounters Hazard Study. 
This part of report, together with the associated package of database files that contain the 
simulation results, constitutes the third expected tangible outcome of the project (O3): “Database of 
simulation results that will provide enough evidence to propose new Separation Schemes for further 
R&I activities”.  

The 2nd part of the report provides the discussion and elaboration of a set of proposals for Separation 
Scheme improvements in En-Route operations, based on the body of evidence available in the 
generated simulation data. That is, the R-WAKE Concept Development. This part represents the 
central subject for the Safety and Robustness Analysis project tasks 5.2, reported in deliverable D5.2. 
D5.1 part2 together with D5.2 constitutes the fourth expected tangible outcome of the project (O4): 
“Evidence-based proposal for either maintaining current Separation Standards or adopting new 
ones”.  

The R-WAKE project addresses the SESAR 2020 Exploratory Research work-programme topic ER-07-
2015 - Separation Management and Separation Standards, within the area of Advanced Air Traffic 
Services (ATS). The R-WAKE project overall objective is to investigate the risks and hazards of 
potential wake vortex encounters in the en-route airspace, in order to assess potential 
enhancements for the Separation Standards and Separation Management methods in Europe. 
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1 Introduction 

1.1 Background and objectives 

Figure 1-1 highlights in yellow the position of this deliverable D5.1 in the overall project work logic. 
The deliverable D5.1 is the output of Task 5.1 Scenario Simulations, which consisted in using the R-
WAKE System (described in D4.2) to generate quantitative and qualitative evidence in support of the 
Safety and Robustness Analysis (Task 5.2 / deliverable D5.2) and the Results Assessment (Task 5.3 / 
deliverable D5.3).  

 

Figure 1-1. Context of Deliverable D5.1 in the Project Work logic 

WP3: SYSTEM DESIGN

D3.1 SYSTEM DESIGN REPORT
Step forward in D2.x: aspects: 
 Research Approach, 
 System Specification, 

 (WIAM design prototype development)
 Validation approach

WP5: SIMULATION & ANALYSIS

D5.2 SAFETY & ROBUSTNESS ANALYSIS REPORT

 Micro-SRA: SEVERITY BASELINE (with Experts)
 Macro-SRA: RISK FREQUENCY + MITIGATION Analysis

D5.1 SIMULATION DATABASE (PUBLIC)
 Simulation Results database
 Concept Development (separation schemes proposals)

D5.3 RESULTS ASSESSMENT REPORT

 Knowledge and Concept Claims with CBA
 ATM Feasibility & Fitness, VALS, R&I roadmap

WP2: CONCEPT DEFINITION

D2.1 SYSTEM SPECIFICATION REPORT

3) SYSTEM SPECIFICATION (FAST-TIME SIMULATOR)
 Architecture, Models, Uncertainty Treatment
 Integration and Interfaces

1) BACKGROUND REVIEW
 WVE in Airport/TMA OPS : RECAT (P6.8.1 / Pj.02-01)
 WVE in En-Route OPS
 Safety Assessment methods (P16.6.61 SRM, ESARR4)

2) CONCEPT DESCRIPTION & RESEARCH APPROACH
 RWAKE Target Concept (long-term / short-term)
 STEP-1: MICRO study : Severity baseline
 STEP-2: MACRO study : Frequency and Mitigation

D2.2 SYSTEM VALIDATION PLAN REPORT
Reference Methodology and Scenarios  for System Calibration

 Micro SYS-VAL PLAN
 Macro SYS-VAL PLAN

D2.3 SCENARIOS DEFINITION REPORT
Methodology and Definition of Scenarios for Concept Research: 

 Micro-study-Scenarios
 Macro-study-Scenarios

WP4: SYSTEM DEVELOPMENT

D4.2 SYSTEM RELEASE 2 (DEMO + REPORT)

D4.3 SYSTEM VALIDATION REPORT
 System Confidence Level (Models validity) = 

Assessment of error of simulation output VERSUS a Calibration 
Reference (with uncertainty treatment).

 Generated  data appropriateness = completeness to 

perform Safety and Robustness  Analysis and CBA.

 System Usability and Productivity Level =  time and 

persons need to perform each type of scenario.

 Integrated Simulator Framework – Micro & Macro
 SRA Method with Risk Assessment Models
 Concept Definition Update (Standard Dev Method & 

Study Scenarios)

D4.1 SYSTEM RELEASE 1 (DEMO + REPORT)

 Micro System (WIAM) 
 Micro-SRA Iteration 1 (EP1  & SM-v1)
 (Macro) Integrated Simulator Integration (Partial)
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Task 5.1 consisted in four main sub-tasks, reported in this deliverable: 

i) Design of experiments: that is, planning the simulations in terms of the study 
parameters combinations for each research steps proposed in the methodology. This 
design was a key knowledge-driven task oriented to produce the most valuable 
simulation set, while keeping the combinatorial (number of simulations) manageable 
under the project scope. 

ii) Simulations execution: realization of the different experiments with the appropriate 
configuration and use of the simulations tool; 

iii) Analysis of the resulting simulation data and preparation of the data and charts in an 
appropriate format usable as input for the Task 5.2 Safety and Robustness Analysis and 
5.3 Results Assessment; 

iv) R-WAKE Concept Development proposal, that is, the elaboration of a Separation 
Schemes improvements proposal on the basis of the previous outputs, presented as 
main subject of work in Task 5.2 and Task 5.3. 

Achievements to project Objectives:  

The R-WAKE project has set 5 specific project objectives, each one linked to an expected tangible 
outcome, as summarised in Figure 1-2. Deliverable D5.1, which includes this report and a package of 
database files that contain the simulation results, constitutes the third (O3) tangible outcome of the 
project. The chapter about the Concept Development included in this report also constitutes an 
important part of the fourth outcome (O4), i.e., the new separation scheme improvements 
proposed, together with the safety and results assessment provided by D5.2 and D5.3 deliverable 
reports. 

 

Figure 1-2. The five tangible outcomes of the R-WAKE project 

V1 in WP4 prototype (D4.1)
V2 in WP5´s Micro-S&A.

The 5 tangible Project Expected Outcomes
(formulation following WP2/MS2 Review with SJU D2.1 assessment)

Database of Simulation Results that will provide 
enough evidences to propose new Separation 
Schemes for future further R&I activities;

Assessment of the feasibility and impact of 
the concept on ATM with an initial Validation 
Strategy and outline Implementation Plan.

Evidence-based proposal for either 
maintaining current Separation Schemes 
or adopting new ones;

WVE hazard Severity Baseline and 
Tolerability Matrix;

Simulator for testing different 
Separation Schemes;

O1

O2

O3

O4

O5

WP4 Integrated Simulator
+ WP5 use represents a validation 
exercise of the full framework.

T5.1: Simulations execution 
implementing the DoE and 
Study Scenarios

T5.2: Safety & Robustness 
Analysis

T5.3 Results Assessement

Key contributing task



D5.1: SIMULATION RESULTS DATABASE 

 

  

 

 

 

© – 2016  – R-WAKE Consortium  
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions. 

9 
 

 

 

1.2 Scope and Structure 

Chapter 1 (this one) introduces the deliverable in the project context.  

Chapter 2 presents an overview of the system and research approach applied to analyse the risk of 
wake vortex encounter (WVE) in en-route, and to propose new separation scheme improvements. 

The core contents of this report follow structured in two main parts: 

 Part-1 (chapter 3) presents the detailed description of the simulation database, including 
the database structure description, and the first level of data analysis for each of the 
research steps as summarised in chapter 2.  This part represents the basis for the WVE 
Hazard Study that supports the following Part-2. 

 Part-2 (chapter 4) provides the description of the Concept Development performed, in 
terms of a new Separation Scheme Improvement Proposal, together with an illustrative set 
of application-oriented use cases of the concept. This part represents the basis for the 
targeted R-WAKE Concept Safety and Robustness Analysis, further elaborated in deliverable 
D5.2, and it also represents an important input for the overall concept results assessment 
and cost benefit analysis reported in deliverable D5.3. 

1.3 Intended Readership 

The report addresses several aspects of the project, involving two main reader profiles.  

 ATM expert: involved in concept definition, research approach, study scenarios, results 
assessment; 

 Simulation expert: involved in development and operation of the simulation models and the 
integrated simulator; 

The sections of main interest for each profile are:  

 For the WV Simulation expert: Part-I (chapter 3) 

 For the ATM expert: Part II (chapter 4); 

1.4 Glossary of Terms and Acronyms in use 
This section recalls the main terms and acronyms in use in the document.  More extended glossary in 
use in the project are in baseline reports (D2.1, D3.1). In general, the use of terminology in the 
project tries to be consistent with the SESAR Integrated Dictionary available at: 
http://www.eurocontrol.int/lexicon/lexicon/en/index.php/SESAR  

1.4.1 Acronyms table 

 Acronym Description Group 

 CIR  Conditional Individual Risk Safety  

 D-PWS Dynamic Pair Wise Separation ATM 

 DRM Dynamic Risk Model Safety 

 EN Enabler (European ATM Master Plan data element) ATM 

http://www.eurocontrol.int/lexicon/lexicon/en/index.php/SESAR
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 E-OCVM European Operational Concept Validation Methodology ATM 

 EP Expert Panel Research Method 

 ESARR European Safety Regulatory Requirements Safety  

 ESARR2 Reporting and Assessment of Safety Occurrences in ATM Safety  

 ESARR4 Risk Assessment and Mitigation in ATM Safety 

 EVAIR Eurocontrol Voluntary ATM Incident Reporting Safety 

 FIR Flight Information Region ATM 

 FL Flight Levels ATM 

 FLAS Flight Level Allocation Scheme ATM 

 HMI Human Machine Interface Simulator  

 MTF Maximum Tolerable Frequency Safety 

+ MWS Minimum Wake Separation  

 OIS Operational Improvement Step (European ATM Master Plan 
data element) 

ATM 

 PSC Project Safety Case Safety 

 PWS Pair Wise Separation ATM  

 RQ Research Question Research Method 

 RSM Radar Separation Minima ATM 

 RVSM Reduced Vertical Separation Minima ATM 

 RWC Reasonable Worst Case Safety 

 SAC Safety Criteria Safety  

 SAM Safety Assessment Methodology (Eurocontrol´s) Safety  

 SAME SAM Easy (Eurocontrol´s) Safety 

 SAR Segregated Airspace Risk Safety  

 SCN Scenario Research Method 

 SDF Scenario Configuration Definition File  Simulator 

 SER System ECAC-wide Risk Safety  

 SM Severity Matrix Safety 

 SMI Separation Minima Infringement ATM 

 SMR Separation Minima Reduction ATM 

 SMUP Severity Matrix with Upset Parameters Safety 

 SO Safety Objective Safety  

 SR Structured Routing ATM  

 SR System Release Simulator 

 SRA Safety and Robustness Analysis Safety 

 SRM Safety Reference Material (from SESAR´s P16.1.6) Safety 

 STEP Research Step Research Method 

 TC Test case Research Method 

 TLS Target Level of Safety Safety 

 TM Tolerability Matrix Safety 

 TRS Traffic simulator Simulator 

 TTP Traffic Planner & Simulation  Simulator 

 USC Unit Safety Case Safety 

 VTC System Validation Test Case Simulator 

 WEPS Wake Encounter Prediction & Severity (part of TRS) Simulator 
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 WERF Wake Encounter Region Finder (part of TRS) Simulator 

 WIAM Wake vortex encounter Interaction Aircraft Model Simulator 

 WVE  Wake Vortex Encounter Simulator 

 WVS Wake Vortex simulator  Simulator 

 WXS Weather simulator  Simulator 

Table 1-1 Table of acronyms in use 
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2 Overview 

This chapter is an executive summary that outlines the following main aspects of the project: 

a) The high-level research question of the project; 
b) The R-WAKE System developed as research enabler; 
c) The research approach, in terms of research steps to build and structure the claims 

supporting evidences; 
d) The design of experiments (DoE), that is, the plan of simulations and use of the system to 

generate the research data base, taking into account the research steps requirements; 
e) The description of the simulation database structure delivered together with this document, 

publicly available. Detail database contents description is provided in chapter 3; 

2.1 High-level research question of the project 

Due to the improvements in the navigation and surveillance systems the current separation 
standards used to separate air traffic in en-route operations, i.e., 5 NM in the horizontal plane and 
1000 ft in the vertical, could be over-conservative in some cases. The identification of those cases 
and the consequent reduction of separation minima could lead to significant increments in the 
airspace capacity while the safety levels would be as high as today with the old navigation and 
surveillance systems. 

On the other hand, due to the denser traffic levels in Europe and to the presence of bigger aircraft 
sharing the sky with smaller aircraft, the risk of severe wake vortex hazards has increased 
significantly over the recent years. In this sense the current en-route separation standards could in 
some cases be protecting insufficiently the traffic against the wake vortex hazards (e.g., wakes can be 
sometimes encountered 25NM or more behind a generating airplane). 

Upon this situation, this project has set the following application-oriented research question:  

'What Separation Minima reductions can be applied in specific and clearly defined operational 
conditions to increase airspace capacity while keeping or enhancing the current safety levels 
and taking into account the risk of severe en-route WVE hazards?' 

2.2 The R-WAKE System  

As research enabler the project proposed and developed the R-WAKE System, conceived as a 
framework of methods and tools to generate qualitative and quantitative evidence of the WVE 
hazard risks supported by air traffic in en-route operations. Such framework is used to generate the 
early evidence of a safety case and a business case in support of new en-route separation 
enhancement proposals. The framework is structured in three layers as presented in Figure 2-1: 
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 LAYER-1 refers to the R-WAKE Concept Definition process, in terms of research approach, 
study scenarios identification and scoping of ATM needs and opportunities addressed. This 
layer can be understood as the researcher end-to-end 'user process' on top of the R-WAKE 
System.  

 LAYER-2 refers to the methods for the analysis of safety and robustness, including the 
development of risk models to assess the WVE hazards, in support of the validation 
processes related to the proposals of new separation standards; and 

 LAYER-3 refers to the set of simulation and assessment tools to generate the quantitative 
and qualitative evidence in support of the above process layers. Such tools include the micro- 
and macro-model simulators, historical traffic and incident/accident datasets, literature 
reviews, and expert judgement panels. 

The R-WAKE System comprises the layer 2 (SRA) and layer 3 (simulation tools). The simulation 
databases supplied with this deliverable are the outputs of the simulators (green arrows in layer L3) 
that represent quantitative evidence for the safety and robustness analysis (SRA in layer L2), and the 
project results assessment (layer L1). The design of experiments (DoE) has been steered from layer 
L1 taking into account the final purpose of the project and the needs of the SRA. 

 

Figure 2-1. The three-level hierarchy of the project: concept development, assessment methods and tools 

The kernel of layer 3 is the model-based fast time integrated simulation framework, consisting of 
the following components, as depicted in Figure 2-2: 

 WIAM: WVE Interaction Assessment Model  

 TRS: Traffic Simulator, which consists of: 
o TRS.TP: Traffic and Trajectory Planner & Simulation  

Scoping & Requirements Definition Flow

Simulation Data & Validation Evidences Flow

ATM CONOPS
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o TRS.WERF: Wake Encounter Region Finder  
o TRS.WEPS: Wake Encounter Prediction & Severity Assessment  

 WXS: Weather Simulator  

 WVS: Wake Vortex Simulator  

 

Figure 2-2. R-WAKE System - integrated simulation framework – high level architecture 

 

2.3 Research approach: micro-analysis and macro-analysis steps 

Table 2-1 recaps the list of the study parameters identified in D2.1 System Specification, which may 
affect the severity and risk of the WVE hazard.  

Generator aircraft Encountering aircraft 

 Aircraft type 
 Gross weight 
 Speed 
 Track and Heading 
 Altitude 
 Wing loading 
 Flight path angle 

 Aircraft type 
 Gross weight 
 Speed 
 Track and Heading 
 Altitude 
 Wing span 
 Flight path angle 

Atmospheric/Weather situation Encounter contextual situation 

 Wind 
 Temperature 
 Air density 
 Atmospheric Turbulence (Eddy 

Dissipation Rate) 

 Surrounding traffic 
 WV age and sink rates 
 WVE geometry 
 Encountering aircraft excess thrust (to 

counteract WVE upset) 

Table 2-1. Parameters identified that may affect the severity of a WVE (from D2.1) 
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To tackle the high dimensionality of the addressed research question, the generation of evidence in 
R-WAKE is approached in two main research steps, as illustrated in Figure 2-3:  

 Research Step 1, or micro analysis, in which micro-models of wake vortex and aircraft have 
been used to simulate the interaction of aircraft encountering wake vortices and to assess, 
together with qualitative expert judgement, the severity of upsets, thus establishing the 
severity baseline in form of a severity matrix.  
 

 Research Step 2, or macro analysis, in which macro-models of wake vortex and macro- or 
micro- models of aircraft include different sources and levels of uncertainty, and the level of 
risk supported by traffic is quantified. This is done for the individual risk supported by a 
single aircraft under given certain conditions, and for the airspace systemic risk at 
sector/region level, or at ATM system level. 

 

Figure 2-3. R-WAKE research steps: high-level workflow with the simulation tools (updated from D3.1) 

The macro-analysis (Research Step-2) is further split into two sub research steps, labelled Step 2.1 
(CIR assessment) and Step 2.2 (SAR/SER assessment), illustrated in Figure 2-4: 

Step 2.1 (CIR assessment): Taking as input the severity matrix resulting from Step1, the 
Conditioned Individual Risk (CIR) profiles are calculated through multiple experiments that 
address different conditions of aircraft-pair, weather, atmosphere, encounter geometry and 
separation distance between aircraft. For each case, the reasonable worst-case (RWC) has 
been identified, e.g., the maximum severity within a 95% confidence interval that an 
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encountering aircraft could experiment under the conditions of the encounter and under the 
consideration of uncertainties that may affect the wake vortex position and rotational 
energy. Plotting the severity class of the encounters simulated at different separation 
distances results in the Suspected Hazard Area (SHA) as depicted in Figure 2-5. The 
generated CIR database contains the SHA information for each aircraft-pair, geometry, 
weather and atmospherics condition, and this constitutes the Pairwise Risk Map of 
reasonable worst-case severity, which is included in this deliverable (database). For practical 
use it is presented as a matrix table in which a CIR is calculated for each cell, containing the 
RWC severity baseline for each type of encounter condition (elaborated in point 3.3.7).  
 

 Step 2.2 (SAR/SER assessment): Based on the CIR Risk Map of RWC, the Systemic Area Risk 
(SAR) and/or the Systemic ECAC-wide Risk (SER) profiles can be calculated for a given traffic 
demand in a given airspace area (SAR), or in the full ECAC area (SER). The SAR/SER represents 
the 'systemic risk', i.e., how often each of the individual conditioned cases identified in the 
risk map actually occur in a given airspace. The systemic risk will depend on the traffic 
demand (traffic patterns), traffic mix, and on the effectiveness of the ATM barrier model 
under analysis. Note that ESARR4 regulation sets the safety objectives on the systemic risk, 
which typically should be guaranteed by ANSPs at their airspace regions of responsibility.  

 

 

Figure 2-4. R-WAKE research step 2 (macro):  intermediate risk assessment steps for CIR and SAR/SER. 
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Figure 2-5. Risk Maps of Reasonable Worst Case (RWC) - Suspected Hazard Area (SHA) per Severity Class 

2.4 Design of experiments: Plan of simulations and simulators use  

With the overall R-WAKE purpose of generating the evidence body to answer whether the current 
separation standards for en-route can be maintained or not, and if there is margin to reduce them, a 
set of simulation exercises have been designed following the research steps, referred also as design 
of experiments, DoE. Some are oriented to characterise the WVE hazards, and some to quantify the 
level of systemic risk in the ATM, with the current standards (Unit Safety Case) and with the new 
proposed standards (Project Safety Case). Table 2-2 below summarise the simulation tasks and its 
purpose for the safety analysis task. Figure 2-6 depicts the 5 study areas in which the DoE is 
structured. Chapter 3 provide the detailed description of each performed study. 

Simulation Task  Purpose for Safety Analysis task  

[Step-1] Micro-Upset  

Micro simulations with WIAM for 
the analysis of the Upset and 
Severity Baseline development 

To assess the severity of different types of upsets that aircraft 
may potentially experiment during a WVE, and generate an 
absolute safety baseline (severity matrix) 

[Step-2.1] Macro-CIR  

Macro simulations with WEPS of 
conditioned individual pairwise 
encounters for the analysis of CIR. 

To assess the risk supported by a follower aircraft given that 
certain event conditions are true (i.e., the CIR for each aircraft 
pair, geometry at a given V and H separation distance applied). 

To find opportunities for separation reduction between aircraft 
pairs, while maintaining or improving current safety levels. 

[Step-2.2] Macro-SAR/SER  

Macro simulations with the full 
integrated simulator of regional 
traffic for the analysis of SAR  

To find the systemic risk at sector and ECAC level (i.e., the SAR 
and SER). 

To find opportunities to group the aircraft in different 
categories of a new separation standard that potentially 
increases the capacity and efficiency, while maintaining or 
improving current safety levels. 

Table 2-2 Overview of the proposed set of simulation and analysis tasks (scope of Task 5.1 and Task 5.2) 

SHA-YZ  (dHO, dV)  SHA-XY (dHL, dHO)SHA-XZ (dHL, dV)

X:dHL

Y:dHO

Y:dHO

Z:dV

Z:dV

X:dHL

Z:dV

Y:dHOX:dHL

Z:dV

X:dHLY:dHO

Y:dHL

X:dHOZ:dV
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Figure 2-6. Five different areas of study to analyse with the R-WAKE System 

 

Overall tools workflow 

The R-WAKE System simulation tools related for each simulation task is: 

1. Micro-Upset tools: WIAM module (with the new 'WV generator' feature). 
2. Macro-CIR tools: WEPS within the Integrated Simulation Framework, that integrates the 

WIAM module, the WVS tools, and the Severity Matrix of Upset Parameters resulting from 
micro-analysis task. 

3. Macro-SAR tools: the Full RWAKE software framework, together with synthetic traffic data 
generated from historical records 

Figure 2-7 illustrates the mapping of the research steps against the components and tools of the R-
WAKE System (defined in D4.2). 
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Figure 2-7. R-WAKE research approach and tools workflow  
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2.5 Achieved scope of the simulation plan (DoE) 

The scope of the plan of simulation and database generation achieved currently includes the three 
steps of the Hazard Study: i) Upset study, ii) Wake Vortex study (Characterization for CIR), and iii) CIR 
study. The study variables and number of simulation scenarios performed is shown in Figure 2-6 and 
Figure 2-7, and further described in Part-1 of the document (section 3). 

The study of Systemic Risk of sectors, FIRs and/or ECAC wide airspaces, referred as Macro SAR and 
SER, have not been achieved within the current project timeframe, and therefore are not included in 
this document as a research database outcome. A reduced scenario of SAR have been conducted as 
part the system validation exercises, and reported in deliverable D4.3 System Validation Report. 

The Project Safety Case will be supported by the SHAs contained in the pairwise risk map generated in 
the CIR study, while the integrity risks will be assessed qualitatively with interviews to ATC officers 
and other ATM experts.    

2.6 Database folder structure 

The R-WAKE database is structured in the following folders, as depicted in Figure 2-8: 

 Micro-Sim. It contains all the simulations performed during the step 1 or microanalysis. 
These simulation were used in order to create the severity matrix used in the R-WAKE 
project 

 CIR-WVS. It contains the wake vortex data used during the CIR-WEPS phase. In addition, this 
folder also contain additional WV information of other WV not used in the CIR-WEPS. 

 CIR-WEPS. This folder stores all the data related with all the encounters simulated during the 
CIR phase 

 

Figure 2-8. Database folder structure 

Note that while the SER and SAR simulations have not been performed, they are part of the targeted 
simulation and research plan, and therefore they are depicted in the figure for completeness.  
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3 Simulation results database used in the 
WVE hazard study 

3.1 Step-1: WIAM Upset database for the Severity baseline study 
(ref. Micro-sim) 

3.1.1 Purpose and tools 

The purpose of research Step-1 is to assess the severity of different types of upsets that an aircraft 
could potentially experiment during a WV Encounter, in support of the development of an absolute 
safety baseline (severity matrix with upset parameters and thresholds).  

The simulation tool used for this research step has been the WIAM module (which has a 'WV 
generator' feature embed). 

3.1.2 Design of Experiments 

 

Figure 3-1. Design of experiments for micro-analysis 
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V
e

rt
ic

al

 Follower Relative Track (deg)
Range: [0,90], step=45; 2 target points when 0º
Values (4): {0.a, 0.b, 45, 90}

H
o

ri
zo

n
ta

l

WIAM
UPSET
Calcu-
lator

Upset
5 vars:
 Max Delta Altitude
 Max Delta Roll (BankAngle)
 Max Delta Altitute/dt
 Max Delta Roll/dt
 Max Load Factor

Micro 
Data 

Analysis

Expert Judgement 
Purpose: 

Upset identification 
and severity 
assessment

Context Vars:

 A/C Thrust Excess 
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Figure 3-1 summarises the design of experiments used to develop the micro-analysis. The total 
number of scenarios that results from the design of experiments can be expressed by: 

𝑀𝑖𝑐𝑟𝑜𝐷𝑜𝐸 =  𝐶𝐺𝑀𝐷𝑜𝐸 · 𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸 

, where: 

 𝐶𝐺𝑀𝐷𝑜𝐸 is the number of scenarios resulting from the DoE for the Circulation Generator 
Module (internal to WIAM) that is used to obtain the maximum circulation that will be used 
at every altitude for each generator, and 

 𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸 is the number of scenarios resulting from the DoE that explores different 
follower aircraft characteristics and trajectory geometries.    

The number of combinations required from the vortex point of view is: 

𝐶𝐺𝑀𝐷𝑜𝐸 = 4(𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟) · 3(%𝛤𝑚𝑎𝑥) · 3(𝑒𝑙𝑒𝑣) = 36 

As for the 𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸, the combinatorial explored can be found as: 

𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸 = 2(𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝑠) · 3(𝑚𝑎𝑠𝑠) · 3(𝑎𝑖𝑟𝑠𝑝𝑒𝑒𝑑) · 3 (𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒) · 4(𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦) ·
3(𝑅𝑜𝐶) = 648  

 

Four horizontal geometries and three vertical have been explored as shown in Figure 3-1:  

 Horizontal 
o Along track encounter 
o Coaxial encounter 
o Cross-track encounter 
o Combined encounter (i.e., 45º relative heading encounter) 

 Vertical 
o Climbing with rate of climb +3,000 ft/min (below FL300) or +1,000 ft/min (above 

FL300) 
o Levelled 
o Descending with rate of climb -3,000 ft/min (below FL300) or -1,000 ft/min (above 

FL300) 

The total number of scenarios resulting from such combinatorial is: 

𝑀𝑖𝑐𝑟𝑜𝐷𝑜𝐸 =  𝐶𝐺𝑀𝐷𝑜𝐸 · 𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸 = 36 · 648 = 23,328 

 

Some operational scenarios could be discarded because they were operationally unfeasible. Finally, 
20,304 scenarios were simulated, which are available in the database delivered. 

Table 3-1 details the variables studied, including the ranges and values used during the experiments. 
Note that variations in the flight altitude were also taken into account in the simulations, but these 
are accounted in the 𝐹𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝐷𝑜𝐸 part.   
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STUDY 
ASPECT 

STUDY 
PARAMETER 

UNITS VALUES / RANGE 
NUM.OF 
VALUES 

RATIONALE or 
CLARIFICATIONS 

WV Object 
Exploration 
(36 combi-

nations) 

Generator 
aircraft 

n/a 

A320-212, 
A330-300, 
B772RR92, 
A380-841 

4 

Several examples of large 
aircraft were used, since 
most likely these 
generate the highest 
values of circulation. 

𝐂𝐢𝐫𝐜𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝚪 
𝑚2

𝑠
 

100%, 66%, 33% of 
 Γmax(0.5𝑁𝑀) 

3 

The vortex has to be 
simulated from the 
maximum circulation 
obtained at 0.5 NM from 
the generator to 0 

WV sink angle Deg -5, 0, 5 3 

The inclination of the 
vortex emulates the 
behavior of an aircraft, 
which is climbing, leveled 
or descending. 

Follower 
aircraft 

(648 combi-
nations) 

Follower 
aircraft 

n/a A320-212, F100 2 
Two examples of follower 
are analyzed 

m n/a 
65% to 95% 

MTOW 
3 Aircraft mass 

𝑼∞ m/s 

From MRC 
(maximum range 

cruise) to 
0.97MMO 

3 Airspeed 

FL FL 
FL200 to generator 

aircraft ceiling 
3 Altitude 

Geometry n/a 4 options 4 
Combination of Heading 
and Target Point 

RoC ft/min 

-3000, 0, 3000 
(below FL300) 
-1000, 0, 1000 
(above FL300) 

3 Rate of Climb 

XCG m 
Fixed value 

depending on 
aircraft type 

1 
Position of the center of 
gravity 

TOTAL number of combinations 23.328  

Table 3-1. Wake vortex generation and Follower parameters explored during the simulations 

Next Table 3-2 shows some values assumed in the Circulation Generation Module (CGM) in order to 
find the Circulation worst case at a given FL altitude. 
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Variable Units Value/Range Comments 

WV core radius n/a 3.5% of wingspan  

WV spacing n/a 
0.785 times 

wingspan 
 

Eddy dissipation 
rate (EDR) 

𝑚2

𝑠3
 10-6 

The EDR, which determines the circulation 
decay rate, is set at a very low possible value 
since this is a conservative approach, leading 
to the worst-case scenario. 

Generator 
aircraft mass 

n/a X% MTOW 
The X% was analytically found at each 
simulation for each generator aircraft and FL 

Generator 
aircraft velocity 

n/a 
Y% MMO 

 

The Y% was analytically found at each 
simulation for each generator aircraft and FL 

Table 3-2. Values assumed for some relevant wake vortex static parameters  

 

3.1.3 Simulation results database description 

Table 3-3 shows the format of the micro-analysis simulations database.  

Nº Field Description Unit  

1 scenario Unique identifier for the scenario N/A  

2 WV_rc Wake vortex core radius m Wake Vortex 

3 WV_spacing_b0_sb WV spacing m 

4 circulation_1 Circulation m^2/s 

5 P1_x Point contained in the left wake vortex tube m 

6 P1_y m 

7 P1_z m 

8 x_offset Offset between the left wake vortex tube and 
the right tube 

m 

9 y_offset m 

10 z_offset m 

11 elevation_angle Wake vortex elevation angle deg 

12 Aircraft_type ICAO aircraft type code N/a Follower 

13 heading Follower heading deg 

14 ROCD Rate of Climb or Descent ft/min 

15 mass Mass Kg 

16 Mach Mach (speed) N/A 

17 FL Altitude FL 

18 target_point_x Point where the follower aicraft is pointing m 

19 target_point_y m 

20 target_point_z m 
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21 delta_h_max Maximum altitude change (compared with the 
nominal trajectory) 

m Upsets 

22 delta_fi_max Maximum bank angle change (compared with 
the nominal trajectory) 

rad 

23 vz_max Maximum rate of Climb or Descent change 
(compared with the nominal trajectory) 

m/s 

24 p_max Maximum roll rate rad/s 

25 U_inf_max Maximum airspeed change (compared with the 
nominal trajectory) 

m/s 

Table 3-3. Description of the simulation results database of the micro-analysis 

To illustrate the data, next Table 3-4 shows the first 8 records of the database  

1 scenario 1 2 3 4 5 6 7 8 

2 WV_rc 1,19 1,19 1,19 1,19 1,19 1,19 1,19 1,19 

3 WV_spacing_b0_sb 26,78 26,78 26,78 26,78 26,78 26,78 26,78 26,78 

4 circulation_1 220,02 220,02 220,02 220,02 220,02 220,02 220,02 220,02 

5 P1_x 0 0 0 0 0 0 0 0 

6 P1_y -13,39 -13,39 -13,39 -13,39 -13,39 -13,39 -13,39 -13,39 

7 P1_z -6096 -6096 -6096 -6096 -6096 -6096 -6096 -6096 

8 x_offset 0 0 0 0 0 0 0 0 

9 y_offset 26,78 26,78 26,78 26,78 26,78 26,78 26,78 26,78 

10 z_offset 0 0 0 0 0 0 0 0 

11 elevation_angle -5 0 5 -5 0 5 -5 0 

12 Aircraft_type A320 A320 A320 A320 A320 A320 A320 A320 

13 heading 0 0 0 0 0 0 0 0 

14 ROCD -3000 -3000 -3000 0 0 0 3000 3000 

15 mass 50050 50050 50050 50050 50050 50050 50050 50050 

16 U_inf 0,5001 0,5001 0,5001 0,5001 0,5001 0,5001 0,5001 0,5001 

17 FL 200 200 200 200 200 200 200 200 

18 target_point_x 0 0 0 0 0 0 0 0 

19 target_point_y 0 0 0 0 0 0 0 0 

20 target_point_z -6096 -6096 -6096 -6096 -6096 -6096 -6096 -6096 

21 delta_h_max 4,6 0,96 3,82 5,5 17,1 6,6 2,6 0,9 

22 delta_fi_max 0 0 0 0 0 0 0 0 

23 delta_vz_max -0,55 -1,34 -1,67 -1,49 -2,75 -1,64 -1,49 -1,27 

24 p_max 0 0 0 0 0 0 0 0 

25 delta_U_inf_max -0,31 -0,31 -0,16 -0,44 -1,13 -0,34 -0,24 -0,34 

Table 3-4 Illustrative first records in the micro-analysis simulation results database 
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3.1.4 Simulator model considerations 

The data in the database were simulated with a WIAM version featuring the following characteristics, 
some of them requested by the expert pilots and controllers that performed the expert judgements: 

 Improved fidelity of upsets due to: 

o Aircraft types modelled: B744, B764, A320, F100 

o Realistic plant shape of the wing model  

o Wing dihedral and sweep back angle modelled 

o Wing twist angle modelled 

o Wake deflection of the wing modelled  

o The position of the centre of pressure is not assumed as coincident with the 
aerodynamic centre 

 Design of the experiments refined in order to include the suggestions of the first Expert 
Panel: 

o Pilots suggested that flying at MMO (Maximum Mach in Operations) was not realistic 
form the operational point of view. During the second set of experiments, the 
maximum Mach will be considered as the 97% of the MMO, as a realistic cruise at 
“high speed” (97% MMO is for most aircraft the highest selectable speed in 
autoflight mode). 

o The experts expressed that the selected RoC maximum (1000 ft/min) may have not 
great influence for the severity of an encounter. Instead of 1000ft/min the experts 
recommended to use 3000ft/min, as more realistic rate of climb. Thus, 3000ft/min is 
adopted now, when the altitude is below FL300, and 1000ft/min is used above 
FL300.  

o The altitude is rounded to a real FL (e.g. FL300 rather than FL299) 

 Data considered to assess the severity improved, according to experts’ suggestions: 

o Parameter Roll rate suggested to be removed 

o Experts requested for the inclusion of Speed change (ΔV) as a new upset parameter 

 Combinations of non-feasible input parameters are discarded. 

 The presentation of the upset parameters diagrams is excluded because pilots didn’t 
recognise this information as useful data. They suggested to display only the PFD video with 
the following characteristics: 

o The scale of speed and altitude tapes are similar to the ones used by pilots 

o Speed limits (MMO and stall speed) are shown in the speed tape 

o Vertical speed and heading indicators are realistic.  

o Target altitude and speed are shown in altitude and speed tapes, respectively.  

o Mach number is displayed (below speed tape) 

o Flight Mode Annunciator (FMA) incorporated 
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3.1.5 Data analysis: scenarios selection for the Expert Panel and SMUP 
development 

The following subsections illustrate the process followed analyse the simulation results of the micro-
analysis and to identify and select the scenarios used for the development of the severity matrix with 
upset parameters and thresholds (SMUP).  

3.1.5.1 Selection of scenarios 

The maximum upsets can be grouped by the variables of study as observed in Figure 3-2. It can be 
noticed that there are some scenarios with values of bank angles higher than 100°, which has been 
considered as extreme unacceptable upset; thus, it is assumed that the severity of scenarios with 
more than 100° of bank angle are not increasing the severity, and consequently these scenarios were 
not considered. The resulting scenarios are shown in Figure 3-3. 

 

Figure 3-2 All scenarios parameters simulated 
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Figure 3-3 Scenarios considered for the micro-analysis and severity assessment (simulated scenarios with extreme 
upset (banking > 100º) are discarded) 

Due to time limitations, only 12 representative scenarios were selected and presented to the expert 
panel for the development of the absolute severity baseline. To identify and select the 
representative heterogeneous set of scenarios, the 23,328 scenarios simulated were grouped in 
clusters with similar upset characteristics, taking into consideration the four parameters of study. 
The algorithm K-means was used for the grouping process (clustering). The clustering process was 
applied three times, one for each vertical speed operation condition of the follower: 

1. Clustering for levelled follower with 4 clusters 

2. Clustering for climbing follower with 4 clusters 

3. Clustering for descending follower with 4 clusters 

The results of these three clustering processes are presented in the following figures: 
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Clustering for levelled 
follower 

 

Figure 3-4. Levelled scenarios grouped by similar upsets 

Clustering for climbing 
follower 

 

 

Figure 3-5. Climbing scenarios grouped by similar upsets 
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Clustering for 
descending follower 

 

 

Figure 3-6. Descending scenarios centroids 

3.1.5.2 Final clusters selected 

The final 12 scenarios presented in the second expert panel as a representative set of the different 
levels of upset severity are obtained by joining the three previous clustering processes, and taking 
the closest scenario to the clusters centroid (see Figure 3-7).  

 

Figure 3-7. All scenarios and all operation conditions centroid 
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3.1.6 Outcome: Severity Matrix with Upset Parameters and thresholds 
(SMUP) 

3.1.6.1 Severity Assessment Expert Panel 

The 12 scenarios selected were presented in the expert panel and two pilots and two air traffic 
controllers judged the severity of every one of them. To facilitate the assessment of the experts, the 
scenarios were presented showing a Primary Flight Display, so pilots could easily recognise the 
dynamic response of the aircraft under the influence of a wake vortex encounter. See Figure 3-8. 

As a result and output of such expert panel, the Severity Matrix with Upset Parameters and 
thresholds (SMUP) was developed as show in Figure 3-10.  

Deliverable report D5.2 describes in more detail the Expert Panel process and SMUP development. 

 

 

Figure 3-8. Flight Primary Display emulator used during the expert assessments –Scenario 17404 example 

   

Figure 3-9. Altitude loss and Bank angle change along the 10 seconds of WIAM simulation –Scenario 17404 example 
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3.1.6.2 SMUP version resulting from Expert Panel 

 

Figure 3-10. SMUP obtained in R-WAKE micro-analysis 
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3.1.6.3 SMUP version updated with the load factor new parameter 

Upset 
parameters 

No safety 
effect 

1 

Minor 
2 

Major 
3 

Hazardous 

4 

Catastrophic 

5 

ΔΦ [deg] < 25º 25 º to 30 º 30 º to 45 º 45 º  to 60 º > 60 º 

ΔH [feet] < 100 feet 100 to 500 
feet 

500 to 1000 
feet 

> 1000 feet > 1000 feet 

V
zmax

 [feet/min] < 500 
ft/min 

500 to 1000 
ft/min 

1000 to 3000 
ft/min 

3000 to 6000 
ft/min 

> 6000       
ft/min 

ΔV [kn] < 10 kn 10 to 15 kn 15 to 25 kn > 25 kn > 25 kn 

ΔLFmax 
[in G] 

< 1.1 1.1 to 1.25 1.25 to 1.5 1.5 to 3 > 3 

Figure 3-11. SMUP obtained in R-WAKE micro-analysis, updated with Load Factor parameter 

Note: ΔLFmax = Load Factor max 
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3.2 Step-2.1A: Wake Vortex characterization database for CIR study 
(ref. CIR-WVS) 

3.2.1 Purpose and tools 

The purpose of Step-2.1A is to study the wake vortex behaviour of each generator aircraft in 
different operational and environmental conditions, and including an uncertainty envelope for 
position and strength within a 95% confidence interval. Such area often referred as the Suspected 
Hazard Area (SHA).  

The tools used are the WVS-CIR (Wake Vortex Simulator version for CIR study), and the TP-CIR 
(Trajectory Planer version for CIR study). 

 

3.2.2 Design of Experiments 

The CIR-WVS database is based on the following input values for the study parameters:  

STUDY 
ASPECT 

STUDY 
PARAMETER 

NUM.OF 
VALUES 

VALUES & RATIONALE  

Wake 
Vortex 
Generation  

Generator 
Aircraft type list 

5 A380, B747, B767, A320, F100 

It is a representative aircraft corresponding to 4 of 
the 6 RECAT categorisations (and “commonly seen” in 
the ECAC).  

 

Generator Mass 
and Speed 
combinations 

2 Nominal and worst case. 

Nominal case: 

 Mass fixed to OEW+2/3(MTOW-OEW) 

 Long-range cruise is selected as nominal 
speed, which is a more than reasonable 
assumption nowadays given the price of fuel. 
Given a FL and a gross weight this speed is 
computed for each type of aircraft.  

In Worst case:  
 a combination of Mass and Speed is selected 

so that the maximum vortex circulation is 
maximum 

 

Generator 
Altitude (FL) 

6 From FL 150 to the ceiling calculated with the nominal 
case (with 6 points). 
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Wake 
Vortex 
Decay 

Atmos. 
Stratification 
(Temperature 
profile) 

3 Tabulated discretization of normalised Buoyancy 
frequency (N*) parameter 

Stratificatio
n Value 
Index 

Correspondin
g Parameter 
Value 

Meaning Coded 

1 N* = 0 No influence N=0,0 

2 N* = 0.6 Shorter living 
and less 
descending 
vortex 

N=0,6 

3 N* = 1.2 Shorter living 
and lesser 
descending 
vortex 

N=1,2 

  

Atmos. 
Turbulence 
(EDR) 

5 Tabulated discretization of "Turbulence Strength" 
(eps*) parameter 

Turbulence 
Value Index 

Correspondin
g Parameter 
Value 

Meaning Coded 

1 e* < 0.001 Very 
long 
living 
vortex 

EDR=0,0009 

2 0.001 < e* < 
0.0121 

Longer 
living 
vortex 

EDR=0,0065 

3 0.0121 < e* < 
0.0235 

Long 
living 
vortex 

EDR=0,0178 

4 0.0235 < e* < 
0.2535 

Shorter 
living 
vortex 

EDR=0,1385 

5 0.2535 < e*  Short 
living 
vortex 

EDR=0,2600 

  

TOTAL COMBINATIONS 900  

Table 3-5. WV characterization Simulation Plan (CIR-WVS DoE)  
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Note that some of the scenarios resulting from the combinatorial above are discarded due to out of 
operational conditions logic. Under fixed mass, speed and altitude, the generator must be above to 
ascend to at least 500 ft/min. This means that the scenario represents a feasible generator condition. 

The simulation input batch file is defined as a table in .CSV file format with the columns as shown in 
Table 3-6. 

PARAM Nº Field Units 

1 Num encounter WV N/A 

2 Aircraft type generator N/A 

3 Mass generator  kg 

4 Speed generator (TAS) m/s 

5 FL generator FL 

6 Stratification N/A 

7 Turbulence N/A 

8 Description N/A 

Table 3-6. CIR-WVS DoE – simulation configuration batch file  

 

3.2.3 Simulation results database description 

For the CIR tests performed the WVS is providing a wake vortex transport and decay forecast based 
on the input of the Aircraft Encounter Report (AER) traffic file. For each position of each generator 
trajectory of the traffic file, a deterministic and probabilistic forecast is stored to the WVS result file 
(Wake Vortex Trajectory (WVTR) file). A detail of this file is shown in Figure 3-12 for the port and 
starboard vortex. The results can be linked to the traffic file via the 'Encounter ID' number, which 
represents a certain generator/follower combination of the traffic input file. The 'LocationId' links the 
results to a certain calculation gate of the WVS, i.e. it links the results to a certain position and time 
of the generators position (position and time of corresponding wake vortex generation). The 
'DateTime' field links the predicted deterministic wake vortex WGS-84 position (Latitude, Longitude 
and ellipsoidal Height) to the corresponding time of the wake vortex prediction. Time reference is 
UTC and the format is POSIX. Nevertheless, for the MACRO-CIR simulations, the timing information is 
provided via the traffic file in a generic time format (seconds since wake vortex generation) for the 
only purpose of correlating the WVS results to the traffic input. 

The deterministic prediction of the wake vortex strength is stored in the 'Circulation' field, while the 
raw probabilistic circulation values are stored as uncertainty values in the 
'CirculationUncertaintyUpper' and 'CirculationUncertaintyLower' fields. Those uncertainties 
represent the uncertainty of the predicted wake vortex strength due to uncertainties in ambient 
temperature stratification and eddy dissipation rate. 
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Figure 3-12. Detail of Wake Vortex Simulator xml output file 

The probabilistic forecast of the wake vortex positions are stored as four characteristic points for 
each calculation gate and each forecasted time in such a way, that a 4D-tube can be constructed by 
those values. An example for one calculation gate of one encounter is shown in Figure 3-13. 

 

Figure 3-13. Values for 4D-tube construction of the Wake Vortex Simulator xml output file 
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3.2.4 Simulation tools workflow 

The workflow which describes the CIR-WVS process is presented in Figure 3-14. The workflow starts 
with the configuration file that contains the feasible operational conditions and meteorological 
environments. The CIR-WVS actives only two modules: 

 TP-CIR (Trajectory Planer) 

 WVS (Wake Vortex Simulator) 

 

Figure 3-14. CIR-WVS framework 

3.2.5 Simulator model considerations  

The TP-CIR provides a straight and levelled trajectory of the generator aircraft using the format (AER) 
that the WVS can use as an input. This module can be seen as an input generator for the Wake 
Vortex Simulator.  

The Wake Vortex Simulator provides the resulting wake vortex of all the scenarios taking into 
account the uncertainty. Based on the chosen model within the WVS, the uncertainties are typically 
derived by varying the main driving meteorological parameters. While older models like the ones 
described in [8][9] do not have a dedicated description to calculate the uncertainties, newer models 
like e.g. the one described in [7] are able to provide uncertainty bounds. The models typically assume 
that the wake vortex decay after some time enters a rapid decay phase that is mainly driven by the 
ambient atmospheres temperature stratification and Eddy Dissipation Rate (EDR). Within the model 
described in [7] the onset of the rapid decay (see equation (3-1)) is modelled by a time constant T2

* 

and the strength of the decay by a constant 2
*. 

 

(3-1) 

 

Both parameters are a function of EDR and Buoyance frequency. Latter one describes the difference 
between the change of potential temperature with height compared to the dry adiabatic lapse rate. 

For the probabilistic output, the parameters T2
* and 2

* are varied by ±20% to derive a raw upper and 
lower bound of the circulation decay. To take into account the uncertainties in the initial wake vortex 
circulation (caused e.g. by uncertainties in generator weight or circulation changes due to 
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instationary flight states or gust), the raw uncertainty is spread additively by 20% of initial circulation 

(1- bound) or 40% of initial circulation (2- bound). The raw uncertainty of the lateral and vertical 

position is additively spread by one or two initial lateral vortex spacing for the 1-or2- bounds, 
respectively. 

3.2.6 Data analysis: Exploring representative cases  

3.2.6.1 Case of WV worst condition (very rare) 

An example of the WVS raw output is given in Figure 3-15. The red and green lines show the 
deterministic predictions. In the given case the wake vortex evolution is Out of Ground Effect (OGE), 
thus the behaviour of the port and starboard for the wake vortex decay and vertical transport is the 
same. The cyan dotted lines are the raw uncertainty calculations of the WVS by varying the 
parameters representing the uncertainties in the meteorological parameters. Based on the different 
wake vortex decay of the raw upper and lower bound, the vertical transport is prolonged (vortex 
sinks more) or shortened (vortex sinks less). The lateral transport is only influenced by the wind 
component lateral to the flight path of the generator. For the MACRO-CIR simulations the lateral 
transport is varied –in the presence of crossed winds– within the CIR-WEPS, thus the raw lateral 
output of the WVS does not include a lateral transport in this case. The magenta and blue lines in 

Figure 3-15 show the 1- and 2- bounds. 

 

Figure 3-15. WVS raw output of encounter #1026 gate #1 (A320) –Worst Case Condition and very rare 
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3.2.6.2 Case of fast decaying vortex (best case) 

The case shown in Figure 3-15 was simulated for a Buoyancy frequency of 0 Hz and a very small EDR, 
thus representing a worst case on the one hand but also a very rare case on the other hand. 
Compared to this, a maximum for Buoyancy and EDR is shown in Figure 3-16 which leads to the best 
case of a fast decaying vortex which sinks only quite below the originally flight path due to the short 
living vortex and the upward induced motion of Buoyancy. 

 

Figure 3-16. WVS raw output of encounter #1065 gate #1 (A320) – Best case of fast decaying vortex 
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3.2.6.3 Case of heavy aircraft yielding longer living wortex 

For heavy aircraft the simulations yield as expected longer living vortices and thus a stronger decent 
as it can be seen in Figure 3-17 for the worst case of very low turbulence and a theoretical Buoyancy 
of 0 Hz (neutral stratification).  

 

 

Figure 3-17. WVS raw output of encounter #726 gate #1 (A388) 
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3.2.6.4 Case of very stratified atmosphere and strong turbulence 

For the best case (strong turbulence a very stratified atmosphere, the deterministic prediction of 
wake vortex decay results in a comparable fast decay and the maximum deterministic wake vortex 
decent stays within the bounds of Reduced Vertical Separation Minima (see Figure 3-18).  

 

 

Figure 3-18. WVS raw output of encounter #740 gate #1 (A388) 
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3.2.6.5 Case of moderate stratification and very low turbulence 

For moderate stratification values and very low turbulence it can be seen in Figure 3-19 that the 
deterministic prediction of the vertical descent also stays within the bounds of Reduced Vertical 
Separation Minima. 

 

 

Figure 3-19. WVS raw output of encounter #731 gate #1 (A388) 
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3.3 Step-2.1B: Wake Vortex Encounters database for CIR Study (ref. 
CIR-WEPS) 

3.3.1 Purpose and tools 

The purpose of the Step-2.1B simulations is to get the conditioned individual risk supported by a 
follower due to a wake vortex encounter under different geometries and separation distances with 
respect the generator.  

The simulation tools used are the WEPS-CIR, i.e., a WEPS version adapted for CIR-study. The WEPS-
for-CIR integrates the WV characterization database resulted from previous step 2.1A, a Reasonable 
Worst Case model of vortex position and strength used to calculate the inputs for the upset 
calculator (explained in point 3.3.5), the upset calculator (WIAM), and the Severity Matrix baseline 
(SMUP) resulted from step 1 to finally assign the severity class of the scenario case. 

3.3.2 Design of Experiments 

Study parameters combinatory: The design of the experiment consists in the exploration of the 
following parameters. 

STUDY ASPECT STUDY PARAMETERS 
Number of 

Values 
Study Values approach 

WVE 
GEOMETRY 
  
  

9 
  
  

Geometry H of follower 3 
LONGITUDINAL, CROSSING, 
DIAGONALS 

Geometry V of Generator 1 Generator flying level 

Geometry V of Follower 3 
Follower climbing, flying level, 
descending 

SEPARATION 
to TEST 
  
  

270 
  
  

Longitudinal separation 6 

WVE point + sigma (dHL is 
calculated from WV trajectory 
and dV) 

Cross-track separation  1 Target points  

Vertical separation*  15* 

Scan From - to – by: 0 to Max-
WV-decay by 100 (depending 
on WV geometry). 

AIRCRAFT 
PAIR 
  

60 
  

Generator Aircraft type 5 A380, B747, B767, A320, F100. 

Follower Aircraft type 4 B747, B767, A320, F100 

AIRCRAFT 
CONDITION 
  
  
  
  

18 
  
  
  
  

Generator Altitude (FL) 3 
 

Generator Mass (% MTOW) 2 
NC & RWC (nominal case & 
reasonable worst case) 

Generator Speed 1 
NC & RWC as function of Mass 
and Altitude 
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Follower Mass (% MTOW) 1 NC 

Follower Speed 1 
NC as function of Mass and 
Altitude 

METEO 
CONDITIONS 
  
  
  

27 
  
  
  

Atmos. Stratification 
(Temperature profile) 

3 Enumerated list (tabulated) 

Atmos.Turbulence (EDR) 3 Enumerated list (tabulated) 

Wind-Horizontal 1 A-posteriori analytic 

Wind-Vertical 1 A-posteriori analytic 

ESTIMATED EXPECTED  TOTAL WEPS runs 874.800  

RESULTED FINAL NUMBER of WV Encounter 
scenarios computed (WEPS runs records) 

583.632  

Table 3-7. CIR-WEPS SIMULATION PLAN (DoE) : parameters explored during the simulations 

The following table describes the values and clarifications of the study parameters. 
 

STUDY 
ASPECT 

STUDY 
PARAMETER 

Number of 
Values 

CLARIFICATIONS 

WVE 
GEOMETRY 

Geometry H of 
follower 3 

LONGITUDINAL, CROSSING, DIAGONALS 

Geometry V of 
Generator 

1 Generator flying level 

Geometry V of 
Follower 

3 Follower climbing, flying level, descending 

SEPARATIONS 
to TEST 

Longitudinal 
Separation 
(Distance 
option) 

6 Distance option between 0 (farthest point) and 1 
(nearest point) 

 

The distance point is a variable which allows to 
take into account the uncertainty in the position of 
the vortex. If a vertical separation is fixed, the 
vortex that a follower can find can be in different 
positions.  
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Cross-track 
separation 
(Target point) 

2 Target point between the vortex tubes (0) or at 
the right tube (1)  

 

 

Rationale: Point where the follower is pointed at 
the beginning of the simulation.  

Vertical 
separation 

15 From 0 to the maximum decay altitude of the 
vortex with steps of 100 ft. 

It is the vertical distance between the generator 
aircraft and the encounter position. The WV 
database is used to determine the maximum 
altitude decay. Range will be dynamic according to 
the actual size of the WV. 

AIRCRAFT 
PAIRS VALUES 

Generator 
Aircraft type list 

5 A380, B747, B767, A320, F100. 

Same list as in WV-characterization study (Step-
2.1A). 

Follower 
Aircraft type list 

4 B747, B767, A320, F100 

Same list as in WV-characterization study (Step-
2.1A). 

It is important to analyse how the upset obtained 
due to the encounter with the same wake vortex is 
different depending on the follower aircraft type 

AIRCRAFT 
CONDITION 
VALUES 

Generator 
Altitude (FL) 

3 The 3 highest FL used in the WV-characterization 
(Step-2.1A).  The highest and most commonly used 
FL in cruise. 

Generator Mass 
and Speed 
combinations 

2 Nominal case (NC) and reasonable worst case 
(RWC). Same list as in WV-characterization study 
(Step-2.1A). 
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Follower Mass  1 Nominal mass = OEW+2/3(MTOW-OEW) 

Rationale: The nominal mass is fixed for the 
follower 

Follower Speed  1 1 value: LRC Mach 

Rationale: Given a FL and a weight this speed is 
computed for every type of aircraft 

ENCOUNTER 
GEOMETRY 
CONDITIONS 
VALUES 

Heading 
(geometry H of 
follower) 

3 Longitudinal (0), crossing (90) and diagonal (45) 

Azimuth angle between the wake vortex and the 
follower 

Rate of Climb or 
Descent 
(geometry V of 
follower) 

3 The follower can be climbing, descending or 
levelled. The ROCD is fixed to: 

 If FL < 300 -> ROCD = [-1000, 0, 1000] 

 If FL > 300 -> ROCD = [-3000, 0, 3000] 

If the previous ROCD are not possible fixing the 
other parameters, the ROCD is fixed at the 
maximum or minimum feasible 

METEO 
CONDITIONS 
VALUES 

Atmospheric 
Stratification 
(Temperature 
profile) 

3 Stratification Value Index 1,2,3 

See the meaning of such values in CIR-WVS (Step-
2.1A) 

Atmospheric 
Turbulence 
(EDR) 

3 
Turbulence Value Index: 1,2,3 

See the meaning of such values in CIR-WVS (Step-
2.1A) 

Table 3-8. CIR-DoE study parameter values and rationale 

In addition to the combinatorial described in Table 3-8, scenarios were considered only if they were 
feasible from the operational point of view.  
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All the feasible scenarios are written in the CIR input simulation batch file defined as follows in Table 
3-9: 

Nº Field Units 
 1 Scenario N/A 
 2 Aircraft type generator N/A 

Generator 

3 Mass generator  Kg 

4 Speed generator M 

5 FL generator FL 

6 Stratification N/A 

7 Turbulence N/A 

8 Aircraft type follower N/A 

Follower 

9 Mass follower Kg 

10 Speed follower M 

11 Heading follower deg 

12 Target point option N/A 

13 Distance option N/A 

14 Vertical separation ft 

15 ROCD ft/min 

16 Scenario description N/A CIR 

Table 3-9. Description of the CIR-WEPS configuration file 

3.3.3 Simulation results database description 

The results will be stored into the database that combines the inputs and outputs. This database 
consists in a file with the following format (see Table 3-10): 

Nº Field Description Units Role 

1 Scenario_Id Unique identifier for the 
scenario 

Integer code 
Identifier CIR scenario 

2 Scenario_description Scenario description Text label Identifier CIR scenario 
group 

3 Generator_AcType ICAO generator model Text label 

Generator condition 

4 Generator_Mass Generator mass Kg 

5 Generator_Mach Generator Mach M 

6 Generator_TAS Generator TAS m/s 

7 FL_Generator Generator altitude FL 

8 Stratification Temperature profile condition Integer code 

Meteo condition 9 Turbulence Atmospheric turbulence 
condition 

Integer code 

10 WV_Id Unique identifier for WV 
associated to this scenario 

Integer code 
Wake vortex 
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11 WV_rc WV core radius m 

12 WV_spacing_b0_sb WV spacing m 

13 WV_Age Wake vortex age s 

14 WV_circulation Circulation strength m^2/s 

15 WV_Azimut_angle WV azimuth angle rad 

16 WV_elevation_angle WV elevation angle rad 

17 Follower_AcType Follower aircraft type Text label 

Follower condition 

18 Follower_Mass Follower mass Kg 

19 Follower_Mach Follower Mach M 

20 Follower_Rel_Heading Azimuth angle between the 
wake vortex and the follower 

deg 

21 ROCD Vertical speed. It refers to the 
follower vertical geometry 

ft/min 

22 Target_point_option Point where the follower is 
pointed at the beginning of the 
simulation 

Integer code 

Follower Separation 

23 Distance_option Longitudinal separation option Double code 

24 Vertical_separation Vertical distance between the 
generator and the encounter 
point 

ft 

25 Longitudinal_separation Longitudinal separation 
distance between the 
generator and the encounter 
point 

m 

26 Delta_h Maximum altitude change 
(compared with the nominal 
trajectory) 

m 

Upsets and severity 

27 Delta_roll Maximum bank angle change 
(compared with the nominal 
trajectory) 

rad 

28 Delta_vz Maximum rate of Climb or 
Descent change (compared 
with the nominal trajectory) 

m/s 

29 Delta_u_inf Maximum airspeed change 
(compared with the nominal 
trajectory) 

m/s 

30 p Maximum roll rate rad/s 

31 n_min Minimum load factor NA 

32 n_max Maximum load factor NA 

33 Severity_class Severity level associated Integer code 

Table 3-10. Description of CIR-WEPS database 
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3.3.4 Simulation tools workflow  

The workflow that represents the CIR-WEPS phase is presented in Figure 3-20. Note that the CIR-
WVS database is done in a previous step (2.1A), consisting in the WVTR file that contains the pre-
calculated WV 4D tubes. Also note that the when the CIR-WEPS simulation configuration file is 
created the WV database is consulted to get the maximum vertical separation to be tested. 

The workflow starts with configuration batch file, which contains the operational conditions for the 
generator and the follower as well as the meteorological conditions of every scenario. The CIR-WEPS 
activates the following modules: 

1. CIR-WEPS (Wake Encounter Prediction System) 
2. WIAM (Wake vortex encounter Interaction Aircraft Model) 

 

 

Figure 3-20. CIR-WEPS configuration batch file and tools workflow 

 

3.3.5 Simulator model considerations 

3.3.5.1 WEPS-CIR module: use of WV-trajectories (4D-Tubes) pre-computed by 
WVS (Step-2.1A database) 

The CIR-WEPS module aims at combining the wake vortex information (providing from the WV 
database) and the follower information in order to create the input file for the WIAM module. The 
CIR-WEPS takes into account the uncertainty in the position of the vortex as well as the uncertainty 
in the circulation strength. 
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For any scenario, the first action that the CIR-WEPS module perform is to find in the WV database 
which WV corresponds with the one created by the generator aircraft. The fields from 2 to 7 of the 
CIR-WEPS configuration file are generator’s data and these fields are the same used in the 
configuration file of the CIR-WVS. Thus, these 6 fields are used for the identification of the 
corresponding vortex. 

The WV information is organized in computation 
gates. There is a gate for every simulation time 
step of the generator trajectory. Each gate 
contains the wake vortex generated at a specific 
time and its predicted evolution in the vertical 
plane as a function of time. Figure 3-21 shows an 
example of gate generated at t = x. Since weather, 
mass and heading are considered constant in the 
CIR scenarios, the risk analysis can be done with 
one gate only (elimination of symmetric results).  

Figure 3-21. Example of gate generated at t = x 

The potential position of the wake vortex at any predicted time is presented using an ellipse. The real 
position of the vortex could be at any location inside the ellipse. Every ellipse contains information 
about the following items: 

 Port: nominal position of the right vortex 

 Starboard: nominal position of the left vortex 

 UncertaintyHight: Highest potential position of the vortex  

 UncertaintyLow: Lowest potential position of the vortex 

 UncertaintyLeft: furthest left potential position of the vortex 

 UncertaintyRight: furthest right potential position of the vortex 

 Circulation: nominal circulation strength 

 CirculationUncertaintyUpper: circulation to be added to find the maximum potential 
circulation 

 CirculationUncertaintyLower: circulation to be subtracted to find the minimum potential 
circulation 

An example of an uncertainty ellipse position can be observed in Figure 3-22. 

 

Figure 3-22. Example of uncertainty ellipse position 
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3.3.5.2 WEPS Reasonable Worst Case model 

As a reasonable worst case (RWC) has to be considered in the CIR-WEPS, the considered circulation 
of every ellipse is: 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 =  𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦𝑈𝑝𝑝𝑒𝑟 + 0.1 · 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛0 

Where 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛0 is the circulation of the first ellipse of the gate. 

This offset of 0.1 · 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛0 is used to cover non-stationary flight states (e.g. gust or +g 
manoeuvres). 

To generate the RWC of the WV position, the volume of airspace in which the WV is suspected to be 
with a certain confidence interval must be calculated. Such region of risk is known in the literature as 
the suspected hazard areas (SHA), which in this case is indeed a volume rather than an area. As 
explained in section 3.2, the uncertainty of the WV is modelled with up to 2-sigmas in both the 
vertical and horizontal domain. Longitudinally, the uncertainty is also modelled through the 
application of uncertainty to the circulation, which will determine the duration of the WV and in turn 
the number of ellipses that form the turbulence trail of a flying aircraft. Figure 3-23 shows the RWC 
that has been considered in R-WAKE with respect the dimensions of the ellipses. Note that if 1-sigma 
is considered in each of the horizontal and vertical dimensions, then the probability of finding the 
WV at the boundary of the uncertainty tube is about p=0.06 or p=0.1, approximately. These are 
similar probabilities as in the case in which 2-sigma is considered in one unique dimension, e.g., 
uncertainty only in the horizontal or only in the vertical planes (p=0.06). Note that such uncertainty 
envelope is still conservative, since at the boundaries the worst-case circulation explained above is 
assumed (the probability of finding a WV in the boundary with a worst-case circulation is much lower 
than p=0.06).  

 

Figure 3-23. Reasonable Worst Case for the uncertainty ellipses dimension 
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3.3.5.3 Determining the WV Input Circulation for WIAM  

Two input parameters determined the selection of the ellipse used for finding the circulation from 
the ones present in the gate: 

1. Vertical Separation 
2. Distance Option 

The Vertical Separation is an input parameter that defines the vertical distance between the altitude 
of the generator and the encounter point altitude. If the Vertical Separation is fixed, then there is 
more than one ellipse that contains the target point altitude due to the vertical position uncertainty 
of the vortex. For example, Figure 3-24 shows an example where two ellipses can contain the 
encounter altitude. In this specific gate, the ellipse with time from the wake vortex generation 2 and 
3 are candidates to be used. The ellipse candidates represent the time window where the vortex can 
be at a certain altitude. 

 

Figure 3-24. Feasible time window fixing the Vertical Separation 

Once the ellipse candidates are identified, the Distance Option becomes important to select one of 
them. Note that the time from the wake vortex generation can be easily converted to horizontal 
separation from the generator using the true airspeed of the generator (𝑈∞𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟): 

∆𝐻 = (𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑊𝑉 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛) · 𝑈∞𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 

The Distance Option is a value between 0 and 1 which allows to select one of the ellipse candidates 
taking into consideration the horizontal distance between the generator and the encounter point. 
The farthest ellipse and closest ellipse are selected when the Distance Option is 0 and 1, respectively. 
Values between 0 and 1 will select intermediate ellipses. Figure 3-25 shows a graphical example of 
how to obtain the Horizontal Separation from the inputs Vertical Separation (∆𝑉) and Distance 
option. 
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Figure 3-25. Relationship between Horizontal separation with Vertical separation and distance option 

At this point, the corresponding ellipse is selected. The wake vortex information used as input for the 
WIAM module will be the available for the selected ellipse. However, the model used in WIAM is the 
Burnham-Hallock one. It implies a simplification between the complex vortex model obtained from 
the WVS to two infinite and straight vortex tubes with the characteristics of the selected ellipse. 

With the previous vortex data and the follower information available in the configuration file the 
WIAM input file can be written, where every line represents one scenario. 

3.3.5.4 WIAM module 

The WIAM module is a 6 DOF (degrees of freedom) simulator that can obtain the upsets of a follower 
aircraft under the effect of a wake vortex encounter. It is the same module used for the micro-model. 
However, in the CIR phase, the severity matrix is available and the upsets can be converted into 
severity levels. Thus, the main outputs of the WIAM module in the CIR phase are: 

 Maximum altitude change (compared with the nominal trajectory) 

 Maximum bank angle change (compared with the nominal trajectory) 

 Maximum Rate of Climb or Descent change (compared with the nominal trajectory) 

 Maximum airspeed change (compared with the nominal trajectory) 

 Maximum roll rate 

 Minimum load factor 

 Maximum load factor 

 Severity level  
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3.3.6 The SHA Visualizer tool to explore the CIR database 

The CIR-WEPS database is delivered as a Comma Separated Values (.CSV) file that contains all the 
generated scenario records (583.632). The database is complemented with a Matlab tool referred as 
CIR-SHA Visualizer, specifically developed to support the analysis of CIR data, and in particular the 
exploration of the SHA-boundaries-per-Severity-Class, which are used as a basis to suggest a 
potential separation minimum reduction (i.e., the Concept Development elaborated in Part-II of this 
document).  The SHA Visualizer is a single window application organized in the following panel 
sections, numbered as shown in the screenshots in Figure 3-26 and Figure 3-27. 

 

Panel-1: Loaded database information. Shows the name of the file loaded and the number of 
scenarios (records) available. 

Panel-2: Scenarios selection filters. A number of combo boxes enable to filter the number of 
scenarios shown in the plot according to the simulation study parameters (i.e., the 
encounter conditions). The filter options are: 

Filter by Options Selection type 

Generator types: A388(SH), B744(UH), B764(LH), A320(UM), 
F100(LM) 

Multiple 

Follower types: B744(UH), B764(LH), A320(UM), F100(LM)  Multiple 

Severity class Severity Class, 1 to 5.  Multiple 

Generator Altitude (FL) FL280, 320,330, 360,370, or ALL (no filter); Single value 

Generator Mass & 
Speed 

Nominal, Worst-Case, or ALL (no filter). Single value 

Follower Heading Behind, Diagonal, Crossing, or ALL (no 
filter). This represents horizontal geometry. 

Single value 

Follower Rate of Climb Levelled, climbing or descending, or ALL (no 
filter). This represents vertical geometry. 

Single value 

Stratification Atmospheric stratification case, options:  
- 1: no influence,  
- 2: shorter living and less descending,  
- 3: shorter living and lesser descending 

vortex (worst case).  

Single value 

Turbulence Atmospheric turbulence case, 3 options: 
- 1: very long living vortex 
- 2: longer living vortex 
- 3: long living vortex 
 

Single value 
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Panel-3: Plot of SHA. Scatter plot of severity class in the Longitudinal- Vertical separation plane.  
Each scenario is represented by a dot with the following colour code:  

- Severity Class 1 (no safety effect):  light blue 
- Severity Class 2 (minor safety effect):  green  
- Severity Class 3 (major effect safety):  yellow 
- Severity Class 4 (hazardous safety effect):  orange 
- Severity Class 5 (catastrophic safety effect):  red 

As a visual reference the plot also shows in blue the area of the current separation 
standard (5NM, 1000feet). 

Panel-4: Table of SHA boundary points. Shows the maximum longitudinal separation (in NM and 
seconds) having the selected severity class (by default class 3, hazardous) for a set of 
vertical separations (0, 100, 200, 300, 500, 1000, and the maximum vertical). These 
points are also highlighted with a red cross in the SHA plot. This table is used to populate 
the category-wise matrixes shown in section 3.3.7, which are used as the basis to assess 
separation adjustments needs. 

Panel-5: Plot of Parameter Value vs Longitudinal Separation. Shows the selected parameter 
along the longitudinal distance. This complementary view helps to understand the SHA 
and the specific upset-parameters responsible for the severity class. The viewable 
parameters are:  

- Severity class 
- WV-Circulation (gamma) 
- Upset – Max Delta h (maximum altitude change) 
- Upset – Max Delta roll (maximum change of bank angle)  
- Upset – Max Delta Vz (maximum change of rate of climb or decline)  
- Upset – Max Load Factor 

Panel-6: Severity Matrix of Upset Parameter (SMUP) table. Shows the configuration of the SMUP 
being used to determine the severity class in the SHA plot. The table format and units 
correspond to the SMUP table as shown in point 3.1.6. The SMUP is subject of further 
maturity assessment and discussion, therefore a selector of SMUP version allows to 
choose among several configurations and facilitate the SHA change analysis (severity 
class is re-calculated at any SMUP version change). Currently three SMUP versions are 
configured:  

- SMUP v1: version resulted from Expert Panel 2; 
- SMUP v2: version extended with the load factor parameter, to improve severity 

classification in crossing & diagonal heading scenarios; 
- SMUP v3: version with modified thresholds on Vertical Speed (Vz) and Airspeed 

(TAS), related to discussions on RMWS-4 schema (see point 4.3.5.1). 

Panel-7: Table of selected scenario complete data record. The table shows all the available data 
of the selected scenario. The scenario shown is selected by clicking with the mouse at 
any scenario point, either at the SHA or at the parameters plot (selected points are 
highlighted with a black-square consistently in both plots). Note that it is also possible to 
enter a scenario number directly a in the text box. 
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Figure 3-26. SHA Visualizer screenshot 

 

Figure 3-27. Different sections in the SHA Visualizer front-end 

1

2 4 6

3 5 7
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The figure below shows the encounter conditions filter options. Note that list boxes (Generator type, 
Follower type, and Severity Class, allow to apply multi-value selections, in order to explore SHA of 
sub-sets of those parameter values. 

 

Figure 3-28. SHA Visualizer screenshot 

Detail of the SHA boundary points panel, 
showing the minimum wake separation 
found for a given severity class, per different 
FL altitude separation. 

 

Figure 3-29. SHA boundary points per severity class table 

Detail of an individual scenario information 
panel, showing most of the parameters 
available in the database for the selected 
scenario number. 

 

 

Figure 3-30. Selected Scenario info panel 
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Clicking the ‘Plot options’ button opens a small window (Figure 3-31) with additional binary controls 
(checkboxes) on how the data is presented: 

 Plot SHA boundary: activates or hides the SHA boundary points (red-cross) on the SHA plot; 

 Plot in NM or Seconds: sets the longitudinal distance in NM or seconds in the plots 
longitudinal axis; 

 Plot GRID: shows or hide the grid aid in the plot; 

 Auto scale axes: auto scale the axes according to the data, or fixes the scale to facilitate the 
comparison of SHA areas (e.g. when displaying SHA of different generators or with different 
atmospheric conditions); 

 Auto update chart: by default the plots are refreshed at any filter or display setting change in 
fraction of second, but re-plotting can be switch to manual by clicking on the ‘Update Chart’ 
button. 

 

 

Figure 3-31. Plot options – additional controls 
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3.3.7 Data analysis: SHA tables to support Concept Development 

This section reports some of the CIR simulation results available in the database. These results are 
presented below in form of category-wise matrix tables that contain the most relevant information 
(i.e., boundaries of interest) of the Suspected Hazard Areas (SHAs).  

Such tables are presented as preliminary quantitative, simulation-based, supporting evidence to the 
concept-development elaborated in Part-II (Section 4). Note that ‘preliminary’ as used here refers to 
the limitations and further research needs identified regarding the model-based data evidence used 
in support of the concept development, which are summarised in section 4.5 of this report. 

Many combinations of SHAs can be generated for different parameterisations using the SHA 
visualizer tool, however only the ones summarised in Table 3-11 are reported in this section 
(corresponding to Table 3-12 to Table 3-15), in support of the minimum separation proposed in 
chapter 4.  

REF.   Atmosphere   Generator   Follower  

 Severity Stratification Turbulence Altitude Mass&Speed RoCD Heading 

SHA-1 3 2 (nominal) 2 (nominal) FL280 Nominal Levelled Behind 

SHA-2 3 2 (nominal) 2 (nominal) ALL Nom & RWC ALL Behind 

SHA-3 4 2 (nominal) 2 (nominal) ALL Nom & RWC ALL Behind 

SHA-4 3 1 (RWC) 2 (nominal) ALL Nom & RWC ALL Behind 

SHA-5 4 2 (nominal) 2 (nominal) ALL Nom & RWC ALL Diagonal 

SHA-6 4 2 (nominal) 2 (nominal) ALL Nom & RWC ALL Crossing 

Table 3-11. CIR-SHA summary tables reported 

Each SHA table (see e.g. Table 3-12) presents: 

 the Aircraft Category-wise Longitudinal Minimum Wake Separation (MWS) matrix of the five 
aircrafts types selected to represent each of the RECAT categories:  

o Cat A (Super Heavy, SH): represented by aircraft A380 
o Cat B (Upper Heavy, UH): represented by aircraft B744 
o Cat C (Lower Heavy, LH): represented by aircraft B764 
o Cat D (Upper Medium, UM): represented by aircraft A320 
o Cat E (Lower Medium, LM): represented by aircraft F100 

 the Longitudinal MWS is presented in distance (NM) and time (WVS age), for a subset of the 
vertical separations (in feet): 

o  [0, 100, 200, 300, 500, 1000, and ‘FL of Maximum Vortex Vertical Descent value’],  
 
The first SHA-1 is extended with the SHA charts captured with the viewer tool to illustrate how the 
figures are obtained for each Category-wise combination. 

 Cat A to Cat E (Figure 3-32);   

 Cat B to Cat E (Figure 3-33);  

 Cat C to Cat E (Figure 3-34);  

 Cat D to Cat E (Figure 3-35); and  

 Cat E to Cat E (Figure 3-36). 
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3.3.7.1 SHA-1: Longitudinal MWS per Severity-3, Stratification-2 (nominal), 
Follower RoCD [levelled], Generator Altitude [FL280] Mass & Speed 
[Nom&RWC] 

R-WAKE MWS  
Category-wise Minimum 
Wake Separation per 
Altitude   
  

  
  

  
  

  
  

Severity Class 3 Generators conditions Follower conditions 

Stratification 2 Altitude FL280 Heading Behind 

Turbulence 2 Mass&Speed Nominal RoCD levelled 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat B 
(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 69 7,2 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,3 300 69 7,2 

500 151 20,1 500 162 21,8 500 101 13,0 400 94 11,0 300 69 7,2 

1000 214 28,4 900 180 24,3 600 113 14,6 
      

1200 226 30,0 
            

Cat C 
(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 69 7,2 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,3 300 79 8,2 

500 151 20,1 500 162 21,8 500 101 13,0 400 94 11,0 300 79 8,2 

1000 214 28,4 900 180 24,3 600 113 14,6 
      

1200 226 30,0 
            

Cat D 
(UM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 86 9,0 

300 105 14,0 300 94 12,7 300 122 15,7 300 106 12,4 300 89 9,3 

500 151 20,1 500 193 26,0 500 115 14,8 400 105 12,3 300 89 9,3 

1000 239 31,8 1000 192 25,9 600 123 15,8 
      

1200 241 32,0 
            

Cat E 
(LM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 86 9,0 

300 105 14,0 300 94 12,7 300 122 15,7 300 106 12,4 300 89 9,3 

500 151 20,1 500 193 26,0 500 115 14,8 400 105 12,3 300 89 9,3 

1000 239 31,8 1000 200 27,0 667 127 16,4 
      

1296 253 33,6 
            

Table 3-12 SHA-1: Longitudinal MWS per Severity-3, Stratification-2 (nominal), Follower RoCD [levelled], Generator 
Altitude [FL280] Mass & Speed [Nom & RWC]  
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Figure 3-32. SHA of CAT A generator VS CAT B follower 

 

Figure 3-33. SHA of CAT B generator VS CAT B follower 
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Figure 3-34. SHA of CAT C generator VS CAT B follower 

 

Figure 3-35. SHA of CAT D generator VS CAT B follower 
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Figure 3-36. SHA of CAT E generator VS CAT B follower 

WV Circulation strength variations per different Generator types and conditions 

Figures below show the evolution of the WV Circulation strength (gamma) along the longitudinal 
distance for different Generators conditions. 

WV circulation of 
For ALL Generators types 

At FL280 altitude,  
with Mass & Speed Nominal 

 

WV circulation of 
Cat A (SH, A380) generator 

For ALL Altitudes 
with Mass & Speed Nominal 

WV circulation of 
Cat A (SH) A380 generator 

At FL280 Altitudes 
For Mass & Speed Nominal & RWC 

   

Figure 3-37. WV circulation variation versus longitudinal separation per different Generator types and conditions 
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Example of Upset parameter variations generated by Cat A (SH) (A380) on the different Follower 
types 

In all charts the curves corresponds to the followers categories, from lowest curve to highest Cat B 
(UH B744), Cat C (LH B764), Cat D (UH A320), and Cat-E (LM F100). This shows the logical higher 
upset suffered by the ligher aircraft types. 

Max Altitude change 
 

Max Bank angle change 
 

Max Vertical Speed change 
 

 
 

  

Max Airspeed change  
 

Max Roll Rate change  
 

Max Load factor 
 

   
 

Figure 3-38. WVE Upset Parameters variation versus longitudinal separation produce by a Generator Cat A (SH A380) 
on the four different follower types Cat B/C/D/ E. 
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3.3.7.2 SHA-2: Longitudinal MWS per Severity 3 for Followers heading [BEHIND] 
with RoCD [ALL], of Generator flying at Altitude [ALL] with Mass & Speed 
[Nominal & RWC], and Atmosphere Stratification-2 (nominal) 

R-WAKE MWS   Severity Class 3 Generators conditions Follower conditions 

Category-wise Minimum 
Wake Separation per Altitude  

Stratification 2 Altitude ALL Heading Behind 

Turbulence 2 Mass&Speed Nom & RWC RoCD ALL 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat 
B 

(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 69 7,2 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,3 300 69 7,6 

500 151 20,1 500 162 21,8 500 101 13,0 400 94 11,0       

1000 214 28,4 1000 160 21,6 600 113 14,6             

1200 226 30,0                         

Cat 
C 

(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 69 7,2 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,4 300 79 8,2 

500 151 20,1 500 162 21,8 500 101 13,0 400 94 11,0       

1000 214 28,4 1000 162 22,3 600 113 14,6             

1200 226 30,0                         

Cat 
D 

(UM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 86 9,0 

300 105 14,0 300 94 12,7 300 122 15,7 300 106 12,4 300 89 9,3 

500 151 20,1 500 193 26,0 500 115 14,8 400 105 12,3       

1000 239 31,8 1000 192 25,9 667 109 14,2             

1295 222 30,0 1013 171 23,1                   

Cat E 
(LM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 107 13,2 200 86 9,0 

300 105 14,0 300 94 12,7 300 122 15,7 300 106 12,4 300 89 9,3 

500 151 20,1 500 193 26,0 500 115 14,8 452 97 11,9       

1000 239 31,8 1000 200 27,0 667 127 16,4             

1296 253 33,6 1013 198 26,7                   

Table 3-13  SHA-2: Longitudinal MWS per Severity 3,  Atmosphere Stratification-2 (nominal), Follower [levelled],  
Generator Altitude [ALL], Generator Mass & Speed [Nominal & RWC] 
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3.3.7.3 SHA-3: Longitudinal MWS per Severity 4 for Followers heading [BEHIND] 
with RoCD [ALL], of Generators flying at Altitude [ALL] with Mass & Speed 
[Nominal & RWC], and Atmosphere Stratification-2 (nominal) 

R-WAKE MWS   Severity Class 4 Generators conditions Follower conditions 

Category-wise Minimum 
Wake Separation per Altitude  

Stratification 2 Altitude ALL Heading Behind 

Turbulence 2 Mass&Speed Nom & RWC RoCD ALL 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat 
B 

(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 9 1,1       

100 63 8,4 100 53 7,1 100 39 5,0 100 9 1,1       

200 84 11,2 200 73 9,8 200 59 7,6 100 9 1,1       

300 105 14,0 300 94 12,7 300 78 10,0             

500 151 20,1 500 130 17,5 500 86 11,1             

1000 167 22,5 900 113 15,3 600 70 8,9             

1100 188 25,0                         

Cat 
C 

(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 14 1,5 

100 63 8,4 100 53 7,1 100 39 5,0 100 42 5,2 100 18 1,9 

200 84 11,2 200 73 9,8 200 59 7,6 200 59 7,2       

300 105 14,0 300 94 12,7 300 78 10,0 300 58 7,1       

500 151 20,1 500 130 17,5 500 86 11,1 400 67 8,2       

1000 190 25,3 900 150 20,2 600 92 11,8             

1200 160 21,4                         

Cat 
D 

(UM)  

feet sec NM                         

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 87 10,7 200 69 7,2 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,3 300 69 7,6 

500 151 20,1 500 162 21,8 500 101 13,0 400 86 10,6       

1000 214 28,4 900 165 22,2 600 102 13,1             

1200 226 30,0                         

Cat E 
(LM)  

feet sec NM                         

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 49 5,1 

200 84 11,2 200 73 9,8 200 59 7,6 200 95 11,1 200 69 7,7 

300 105 14,0 300 94 12,7 300 100 12,9 300 88 10,3 300 79 8,2 

500 151 20,1 500 162 21,8 500 101 13,0 400 94 11,0       

1000 214 28,4 1000 162 22,3 600 113 14,6             

1200 226 30,0                         

Table 3-14  SHA-3: Longitudinal MWS per Severity 4,  Atmosphere Stratification-2 (nominal), Follower [levelled],  
Generator Altitude [FL280], Generator Mass & Speed [Nominal & RWC] 

 



D5.1: SIMULATION RESULTS DATABASE 

 

  

 

 

 

© – 2016  – R-WAKE Consortium  
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions. 

69 
 

 

 

3.3.7.4 SHA-4: Longitudinal MWS per Severity 3 for Followers heading [BEHIND] 
with RoCD [ALL], of Generators flying at Altitude [ALL] with Mass & Speed 
[Nominal & RWC], and Atmosphere Stratification-1 (RWC) 

R-WAKE MWS   Severity Class 3 Generators conditions Follower conditions 

Category-wise Minimum 
Wake Separation per Altitude  

Stratification 1 Altitude ALL Heading Behind 

Turbulence 2 Mass&Speed Nom & RWC RoCD ALL 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat 
B 

(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 48 5,0 

200 84 11,2 200 73 9,8 200 58 7,5 200 73 8,5 200 86 9,0 

300 105 14,0 300 93 12,5 300 77 9,9 300 111 13,0 300 132 14,5 

500 146 19,4 500 133 17,9 500 228 29,4 500 197 23,0 500 141 15,5 

1000 465 61,8 1000 379 51,1 1000 238 30,7 700 191 22,1       

2600 534 71,0 2000 364 50,1 1200 255 32,8             

Cat 
C 

(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 48 5,0 

200 84 11,2 200 73 9,8 200 58 7,5 200 73 8,5 200 86 9,0 

300 105 14,0 300 93 12,5 300 77 9,9 300 111 13,0 300 152 15,8 

500 146 19,4 500 133 17,9 500 228 29,4 500 197 23,0 500 161 16,8 

1000 465 61,8 1000 379 51,1 1000 238 30,7 700 216 25,2       

2600 534 71,0 2000 414 55,8 1200 255 32,8             

Cat 
D 

(UM)  

feet sec NM                         

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 48 5,0 

200 84 11,2 200 73 9,8 200 58 7,5 200 73 8,5 200 86 9,0 

300 105 14,0 300 93 12,5 300 77 9,9 300 111 13,0 300 193 20,1 

500 146 19,4 500 133 17,9 500 281 36,2 500 240 28,0 500 184 19,9 

1000 564 75,0 1000 449 60,5 1000 269 34,6 700 243 28,4       

2663 421 55,9 2042 330 44,1 1262 205 25,5             

Cat E 
(LM)  

feet sec NM                         

0 42 5,6 0 33 4,4 0 21 2,7 0 21 2,5 0 18 1,9 

100 63 8,4 100 53 7,1 100 39 5,0 100 46 5,4 100 48 5,0 

200 84 11,2 200 73 9,8 200 58 7,5 200 73 8,5 200 86 9,0 

300 105 14,0 300 93 12,5 300 77 9,9 300 111 13,0 300 193 20,1 

500 146 19,4 500 133 17,9 500 281 36,2 500 240 28,0 500 207 21,6 

1000 564 75,0 1000 449 60,5 1000 269 34,6 700 243 28,4       

2663 421 55,9 2042 330 44,1 1262 211 26,2             

Table 3-15   SHA-4: Longitudinal MWS per Severity 3,  Atmosphere Stratification-1 (RWC), Follower [levelled],  
Generator Altitude [FL280], Generator Mass & Speed [Nominal & RWC] 
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3.3.7.5 SHA-5: Longitudinal MWS per Severity 3 for Followers heading [DIAGONAL] 
with RoCD [ALL], of Generators flying at Altitude [ALL] with Mass & Speed 
[Nominal & RWC], and Atmosphere Stratification-2 (nominal) 

R-WAKE MWS   Severity Class 3 Generators conditions Follower conditions 

Category-wise Minimum Wake 
Separation per Altitude  

Stratification 2 Altitude ALL Heading Diagonal 

Turbulence 2 Mass&Speed Nom & RWC RoCD ALL 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat B 
(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 18 2,3             

100 63 8,4 100 53 7,1 100 20 2,5             

200 84 11,2 200 73 9,8 200 21 2,7             

300 105 14,0 300 94 12,7 200 21 2,7             

500 151 20,1 500 130 17,5                   

1000 190 25,3 800 129 17,4                   

1100 188 25,0                         

Cat C 
(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4                   

100 63 8,4 100 53 7,1                   

200 84 11,2 200 73 9,8                   

300 105 14,0 300 94 12,7                   

500 151 20,1 500 130 17,5                   

1000 190 25,3 900 150 20,2                   

1100 188 25,0                         

Cat D 
(UM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 100 3 0,4       

100 63 8,4 100 53 7,1 100 39 5,0 100 3 0,4       

200 84 11,2 200 73 9,8 200 59 7,6             

300 105 14,0 300 94 12,7 300 78 10,0             

500 151 20,1 500 141 19,0 500 86 11,1             

1000 190 25,3 900 150 20,2 600 80 10,1             

1100 188 25,0                         

Cat E 
(LM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 4 0,5       

100 63 8,4 100 53 7,1 100 39 5,0 100 3 0,3       

200 84 11,2 200 73 9,8 200 59 7,6 100 3 0,3       

300 105 14,0 300 94 12,7 300 87 11,0             

500 151 20,1 500 162 21,8 500 88 11,1             

1000 214 28,4 900 150 20,2 600 92 11,8             

1200 211 28,0                         

Table 3-16   SHA-5: Longitudinal MWS per Severity 3 for Followers heading [DIAGONAL] with RoCD [ALL], of 
Generators flying at Altitude [ALL] with Mass & Speed [Nominal & RWC], and Atmosphere Stratification-2 (nominal) 
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3.3.7.6 SHA-6: Longitudinal MWS per Severity 3 for Followers heading [CROSSING] 
with RoCD [ALL], of Generators flying at Altitude [ALL] with Mass & Speed 
[Nominal & RWC], and Atmosphere Stratification-2 (nominal) 

R-WAKE MWS   Severity Class 3 Generators conditions Follower conditions 

Category-wise Minimum 
Wake Separation per Altitude  

Stratification 1 Altitude ALL Heading Crossing 

Turbulence 2 Mass&Speed Nom & RWC RoCD ALL 
   GENERATORS 
   Cat A (SH) Cat B (UH) Cat C (LH) Cat D (UM) Cat E (LM) 
   VERT LONG VERT LONG VERT LONG VERT LONG VERT LONG 

FO
LL

O
W

ER
S 

Cat 
B 

(UH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 37 4,9 0 33 4,4 0 21 2,7             

100 44 5,8 100 46 6,2 100 39 5,0             

200 44 5,8 200 64 8,6 200 59 7,6             

300 47 6,2 300 81 10,9 300 78 10,0             

500 54 7,1 500 86 11,6 500 86 11,1             

      700 94 12,7 600 80 10,1             

                              

Cat 
C 

(LH)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6       0 21 2,7             

100 63 8,4       100 39 5,0             

200 84 11,2       200 59 7,6             

300 105 14,0       300 68 8,6             

500 151 20,1       500 72 9,3             

1000 166 22,1                         

                              

Cat 
D 

(UM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 21 2,7 0 14 1,7       

100 63 8,4 100 53 7,1 100 34 4,3 100 10 1,2       

200 84 11,2 200 73 9,8 200 51 6,5             

300 105 14,0 300 94 12,7 300 49 6,2             

500 151 20,1 500 130 17,5 400 62 7,8             

1000 190 25,3 900 130 17,5                   

1100 188 25,0                         

Cat E 
(LM)  

feet sec NM feet sec NM feet sec NM feet sec NM feet sec NM 

0 42 5,6 0 33 4,4 0 18 2,3 0 16 2,0 0 18 1,9 

100 63 8,4 100 53 7,1 100 34 4,3 100 36 4,5 100 49 5,1 

200 84 11,2 200 73 9,8 200 36 4,6 200 57 7,1 200 69 7,2 

300 105 14,0 300 94 12,7 300 30 3,8 300 56 7,0 300 69 7,2 

500 151 20,1 500 141 19,0                   

1000 190 25,3 900 150 20,2                   

1200 211 28,0                         

Table 3-17   SHA-5: Longitudinal MWS per Severity 3 for Followers heading [CROSSING] with RoCD [ALL], of 
Generators flying at Altitude [ALL] with Mass & Speed [Nominal & RWC], and Atmosphere Stratification-2 (nominal) 
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4 Concept Development: an evidence-based 
Separation Scheme Improvement proposal  

4.1 Introduction to the R-WAKE-1 OCD and separation schemes 

The R-WAKE-1 concept includes the development of a new separation scheme. In particular, the R-
WAKE-1 Operational Concept Description (OCD) has been defined as "Aircraft Category and 
Geometry-Wise Wake Separation Minima to improve En-Route Separation Provision Advanced 
Traffic Services". 

Figure 1 shows the scheme of R-WAKE-1 Separation Scheme Concept anticipated and discussed in 
previous deliverables of this project. The underlying idea is that ATC should take into consideration, 
during the separation provision, the application of different separations as a function of the 
geometry of the traffic and the different categories of aircraft. Note that in today’s ICAO separation 
standard for en-route operations there is only one category of aircraft, and the separation scheme (5 
NM horizontally and/or 1000 ft vertically) is applied to each pair of flights with no regard of their 
relative heading (geometry).  

 

Figure 4-1 R-WAKE-1 Concept – the new separation scheme 
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It is worthy to mention that, as in other SESAR projects, e.g., RECAT, the concept proposed should be 
considered as a first step towards a more advanced future concept of separations (this is the 
meaning of 'R-WAKE-1' label). R-WAKE-1 separation scheme aims at maximising the value of the 
underlying ideas of enhancing the separation schemes, while minimising the change with respect the 
current technologies and procedures used today in ATM operations. Therefore, the new separation 
schemes proposed in R-WAKE-1 have some important limitations and areas of improvements, e.g., 
making some simplifications to increase the controllability and acceptability of the new separation 
schemes by ATCOs.  

The design criteria, as well as the limitations and assumptions of the R-WAKE-1 concept are further 
documented in this section. Future steps of the R-WAKE concept should include more advanced and 
dynamic separation minima schemes, in exchange of augmenting the need for more advanced 
technologies (communication, navigation, surveillance and weather info gathering) and increasing 
the levels of automation in the decision-support tools used by the ATC officers.  

4.2 Key assumptions and key design proposals 

4.2.1 Summary  

# Key assumption Additional comments 

A-1 Three Aircraft Categories for En-Route MWS 
schemes are acceptable by ATCOs. 

Three is the number of categories 
assumed as potentially acceptable for 
ATCOs in en-route sectors. The choice of 
three categories aims at minimising the 
complexity for ATCOs (Human Factors 
centred criteria). R-WAKE-1 categories 
are: RA, RB and RC 

A-2 Minimum Wake Separations (MWS) co-
existing with Minimum Radar Separations 
(MRS) 

The most conservative of both must be 
applied at any instant. 

A-3 Navigation accuracy of RNP-1 for en-route for 
horizontal and better than today for vertical 

+/- 1 NM error in horizontal & 

+/- 50 feet in vertical (in cruise) 

A-4 MRS can be set to 3NM (Horizontal) and 
500feet (Vertical)  (current ICAO MRS: 5NM / 
1000 feet) 

Should be robust for RNP-1 capabilities  

Table 4-1 Key assumptions considered during the R-WAKE-1 Separation Scheme development 

# Key design proposals Additional comments 

DP-1 Separations can be provided combining one or 
more of the three dimensions: vertical 
separation (dV), lateral/orthogonal separation 
(dO) or longitudinal separation (dL). 
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DP-2 Wind-dependent lateral separations and 
combined vertical-lateral separations are 
considered 

Lateral separations are sensitive to 
crossed-winds. Taking into considerations 
winds can enable more efficient and 
robust separations as well as the 
combined vertical-lateral separations in 
line with the ICAO and EASA recent 
recommendations 

DP-3 The 45 different relative geometries possible 
between the follower and the generator can 
be grouped in 4 basic groups 

Four basic separation schemes are 
needed. Two more will be proposed, 
which consist of wind-dependent and 
combined separations 

DP-4 Only the category of the generator will 
determine the separation to apply. Once 
determined, the same separation shall be 
applied to all the followers 

Another human-factors design decision to 
increase the acceptability of ATCOs: 
differently to RECAT, the follower will not 
be considered, to compensate for the 
extra complexity in en-route  

Table 4-2 Key design decisions considered during the R-WAKE-1 Separation Scheme development 

 

4.2.2 Key assumptions detailed explanation 

A-1.  Three Aircraft Categories for En-Route MWS schemes are acceptable by ATCOs. 

In R-WAKE-1 the objective is to propose a new separation scheme that can be used by ATCOs with 
minimal impact on their current working practices. Therefore, the design criteria for the separation 
scheme proposed tries to anticipate as much as possible the Human Factors aspects that could be 
impacted by the introduction of the new separation scheme. The new concepts have been presented 
and discussed to ATCOs and the outcomes of such discussions have been reported in deliverable 
D5.2. 

A first decision criterion to develop the standard is to decide how many aircraft categories should be 
taken into account. As an initial guess three Aircraft Categories are proposed in R-WAKE-1. They are 
identified with an alphabetic letter, as in RECAT, and preceded by a 'R' –meaning 'en-Route'– to 
differentiate from RECAT categories, i.e., Cat RA, Cat RB, etc. Table 4-3 shows the correspondence 
between the different R-WAKE, RECAT and ICAO categories, together with some aircraft models that 
are representatives of each category. R-WAKE-1 categories include the following aircraft models, 
among others:  

 CAT RA: should include ICAO Super Heavy aircraft only i.e. A380 and A 225  

 CAT RB: ICAO Heavies, such as B747, B777, B787, A340, A330, A350, B767, etc. 

 CAT RC: all others (ICAO Medium and Light...A320, B737, E195 and all others) 
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R-WAKE 
categories 

RECAT 
categories 

ICAO categories 
Category 

representatives 

CAT RA CAT A SUPER HEAVY A380 

CAT RB CAT B + CAT C HEAVY B744, B764 

CAT RC CAT D+ CAT E MEDIUM & LIGHT A320, F100 

Table 4-3 En-route vertical separations proposed for R-WAKE aircraft categories 

More opportunities to enhance the current separation standards could be exploited if more 
categories would be considered (ideally one category per aircraft model, i.e., pairwise). RECAT 
started considering six categories based on previous experiences of ATCOs using such number of 
categories in airport operations. However, in en-route operations the tasks of monitoring and 
providing separation to traffic are much more complex than in landing/taking-off operations. This is 
due to different aspects such as e.g., traffic moving faster, entering into the sector and flying from 
and to different sector positions, traffic at different altitudes in a 3D operating environment (nearby 
airports traffic is separated by procedures), among others. 

Up to the best of our knowledge, no previous experience was reported on introducing new 
categories for separation provision in en-route. Therefore, to simplify the understanding and 
applicability assessment of the new separation scheme by part of the ATC officers, the number of 
categories has been limited to three. Note that a large number of categories may complicate too 
much the task of ATC officers. It has been initially guessed that the number of categories that could 
possibly be managed by ATCOs in en-route is between 2 and 3. We propose 3 because some 
simplifications can be introduced in other aspects, reducing the complexity for the ATCOs, such as:  

a) only the category of the generator could be considered by the ATCO for determining the 
separation to apply (thus simplifying a lot the separation provision tasks), and  

b) the relative geometries between the generator and follower trajectories can be grouped and 
simplified in a few groups. 

A-2.  Minimum Wake Separations (MWS) co-existing with Minimum Radar Separations 

(MRS) 

Flights must be protected against any hazard and thus the most conservative separation should be 
applied at any instant. In practice the separation could be decided by the ATCO or implemented as a 
supra-system analogue to the LORD systems proposed in RECAT [18] that integrates all the types of 
separation-related hazards and finds which is the most efficient separation that protects against all 
(note: the supra-system could work either in the airspace design phase and/or during flights 
execution in real-time). See Figure 4-2. 
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Figure 4-2. Separation Management System concept in which R-WAKE standard is one of the feeders 

 

A-3.  Navigation accuracy of RNP-1 for en-route for horizontal and better than today for 
vertical 

Today the aircraft navigation capabilities required for ECAC en-route airspace typically is RPN-4 or 
RPN-5, while the vertical accuracy required in RVSM airspace is +/- 40 ft the 95% of the time on 
cruise phase with autopilot, which should be added to the altimetry errors (around +/-100/150 ft 
could be considered a reasonable altimeter error). In the R-WAKE-1 context a more accurate 
navigation performance may be required for both the horizontal and vertical domains.  

For the horizontal, RPN-1 capabilities are assumed in en-route operations. This is in line with the 
SESAR target concept assumptions.  

As for the vertical capabilities, an accuracy of about 50 ft in total for the 95% of the time is assumed 
for cruise operations (the sum of altimetry errors and height-keeping capabilities has been 
considered). This could be possible with technological improvements in altimetry systems (e.g., using 
geometric altitudes instead of barometric ones), and with improved control systems.  

 

A-4.  MRS can be set to 3NM for Horizontal and 500 feet for Vertical separations 

The en-route collision risk, and in consequence the minimum radar separation (MRS) required, are 
both influenced by a large number of variables and parameters, among which the principal factors 
are [20]:  

 exposure to risk given by traffic density and complexity of the route network within the 
airspace, 

 navigation accuracy of aircraft (lateral deviation and height-keeping), and 

 surveillance, communication and intervention capability of ATC. 

This assumption can be split in two components: horizontal and vertical. 

Supra-system
(choose the most-

constraining separations)

R-WAKE System
(separations to mitigate 

WVE hazards)
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(separations to mitigate 
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 A-4a: Assumption of 3 NM as horizontal navigation accuracy / lateral deviation 

In R-WAKE we assume that the minimum radar separation (MRS) could be reduced in the 
future up to 3NM for the horizontal.  

From the point of view of surveillance and monitoring, it is assumed that the radar systems 
will be capable of having enough resolution for distinguishing between aircraft as close as 3 
NM (today’s radar technologies already allow such a resolution), while the ATCO will be 
capable to clearly distinguish the aircraft in the radar screen. 

As higher accuracy is assumed by SESAR for the future navigation systems (e.g., RNP-1 for en-
route), the risk introduced by such factor can be considered equal or better than nowadays.   

Further research is needed to validate the above considerations as well to analyse the 
feasibility of 3NM for horizontal MRS in the future ATM context in which higher densities and 
complexity are expected. 

 A-4b: Assumption of 500 feet as vertical navigation accuracy / altitude keeping 

In R-WAKE we assume that the minimum radar separation (MRS) could be reduced in the 
future up to 500 ft for the vertical domain.  

Note that due to the closer proximity of aircraft in the vertical domain the navigation 
uncertainties can be considered as a major contributor factor to determine the vertical MRS. 
Based on current navigation system specifications [16][17], a vertical MRS of 500 ft would be 
quite protective even today, e.g., according to EUROCONTROL internal reports based on 
radar tracks, altimetry errors of more than 200 ft are rare today, while errors of more than 
300 ft are very rare.   

Therefore, assuming navigation systems with a higher accuracy than today, e.g., twice more 
accurate than today, would allow reducing the separation distance while the safety could 
remain at constant levels. 

Further research is needed to validate the above considerations as well to analyse the 
feasibility of 500 ft for vertical MRS in the future ATM context in which higher densities and 
complexity are expected. 

 

4.2.3 Key design proposals - detailed explanation 

DP-1.  Separations can be provided in one or more of the three dimensions (basic or 
combined separations) 

Three basic separation types considered are (see  Figure 4-3): vertical separation (dV), lateral (a.k.a., 
orthogonal) (dO) and longitudinal (dL). Note that dO and dL are both independent components of 
horizontal separations (dH), which are not always disaggregated in the literature. In R-WAKE they are 
considered as different separation types. Also the combined separation between the three basic 
separation types will be explored, with special attention to the vertical-lateral (dV+dO) due to its 
potential for enhancing safety and capacity.  
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 Figure 4-3 Basic types of separations: vertical (dV), lateral/orthogonal (dO), and longitudinal (dL) 

Longitudinal separations may be referred in time, i.e., Time-Based 
Separations. This is a new concept from the point of view of a 
separation scheme, but is not fully out of the ATC way of working. 
Note that the flights representation included in ATC radar views 
typically includes the following information: A dot representing 
the current position of the flight, an information label, a (rough) 
wake trail, and a velocity vector that indicates the direction of the 
aircraft and whose length represents is proportional to the speed 
(see Figure 4-4). Typically such vector can be configured by the 
ATC officer to show the foreseen position in one or more minutes, 
thus this tool –which is already incorporated in most of the ANSPs 
systems– could be useful in the context of the potential 
application of the RWAKE separation schemes (note that more 
sophisticated systems could facilitate even more the separation 
tasks of ATCOs).  

 

Figure 4-4 Typical flight 
representation model in ATC 

systems 

 

DP-2. Wind-dependent lateral separations and combined vertical-lateral separations are 
considered 

Winds can transport the wake trail and could bring them across the flight path of a follower aircraft. 
Since the presence of relatively strong winds at higher altitudes is common, the robustness of the 
separations proposed is studied. The study is limited to the lateral wind components and traffic 
separated laterally and flying in parallel, since in the presence of crossed winds the pilots will correct 
their true heading to compensate the drift, while the wave vortices will be transported and could 
come across.  

In addition, EASA and ICAO have recently recommended some special procedures to mitigate the risk 
of severe wake encounters [20].The recommendation consist of applying a lateral offset upwind, 
typically of 1 NM, to protect the traffic that is in 1000 ft below a Super Heavy. From a separation 
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scheme point of view such procedure can be considered a wind-dependent combined vertical-lateral 
separation. In R-WAKE-1 such combined vertical-lateral separations will be addressed as a way to 
complement the ICAO and EASA recommendations, and as an interesting innovative mechanism to 
reach a good balance between safety, capacity and flight efficiency. 

 

DP-3.  All the possible relative geometries between the follower and the generator are 
grouped in four basic geometries types 

Figure 4-5 shows the different geometries taken into account for designing the new separation 
scheme. Luckily, the total number of geometries (in total 45) can be drastically reduced to four, 
taking advantages of the symmetries and taking into account the risk sensitiveness to the geometry 
variability.  

The 4 groups identified during the design process are composed by the intersection of two basic 
geometrics in the horizontal plane and two in the vertical plane. 

 In the Horizontal Plane:  
o The geometry flying parallel refers to the relative heading of 000º and 180º (+/- 

30º), i.e., flights flying in the same or parallel tracks or converging with a relative 
heading of up to 30º. See Figure 4-6. The direction can be the same or opposite. Note 
that this geometry is typically considered in RECAT as the most likely and dangerous 
in landing operations due to the potential rolling effects and altitude losses in the 
event of a wake vortex encounter. 

o The geometry flying crossing or diagonal refers to relative headings in the ranges of 
[030º, 150º] and [150º, 330º].  

 In the Vertical Plane: 
o The geometry flying levelled means the vertical speed of both flights is zero (not 

climbing or descending).  
o The geometry flying climbing or descending implies that either the generator or the 

follower, or both, is changing its altitude, thus crossing one or more FLs.  
o  

In summary, the 4 geometries groups are:  

o GEOM1 Flying levelled in parallel tracks vFL-hPARALEL 

o GEOM2 Flying levelled in crossing or diagonal vFL-hCROSSDIAG 

o GEOM3 Flying climbing or descending in parallel tracks vCD-hPARALEL 

o GEOM4 Flying climbing or descending in crossing or diagonal vCD-hCROSSDIAG 

Each group has different separation schemes that may be more efficient and/or practical from the 
operational point of view. The following points discuss them. 
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 Figure 4-5 Encounter geometries considered during the design of the new separation scheme 

 

  

Figure 4-6 Example of parallel geometries (same direction) 

 

DP-4.  Only the generator category (and not the follower) could be considered by 
ATC to determine the separation to apply to all the followers. 

The management of several aircraft wake categories by airport controllers is possible due to the 
relatively simplified traffic complexity. The ATC officer in approach is in charge of organising a 
sequence of flights that are separated and delivered –sequentially– to the airport controller in charge 
of the landing/take-off operations. In such environment the controller is able to identify in a timely 
and safe manner the wake category of the generator and follower aircraft, and apply a longitudinal 
separation (time or distance) to the follower. In en-route operations the complexity for the 
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controllers is by far more complex. In Figure 4-7 a typical radar screen view is illustrated. It is 
expected that the incorporation of new categories for en-route may introduce considerable extra 
complexity for the ATCOs. Such complexity can be minimised if only the category of the generator is 
taken into account to determine the separation minima, thus the same separation being applied to 
all the followers. This is purely a human factor design criteria to increase the acceptability and 
controllability by ATCOs of the new separation schemes proposed. 

Note that with increased levels of automation in the decision support tools for ATCOs the separation 
to be applied, or the 'no-go' zones, could be shown to the controllers, thus simplifying drastically the 
application of the new separation schemes. However, it has been assumed in this research that 
considering the generator’s category only can be a good trade-off between the benefits that can be 
achieved in terms of safety and capacity and the need for change required in terms of new ATC 
training and systems is minimised. Therefore, such design criteria is explored as a first step. In more 
advanced R-WAKE concepts (i.e., beyond R-WAKE-1) more levels of detail will be considered at the 
time to apply the separation scheme, e.g., dynamic pairwise separations. 

 

Figure 4-7 Radar view example  
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4.2.4 Discussion of separation schemes for each type of encounter geometry 

Table 4-4 presents a structured discussion about the most efficient types of separation for traffic in 
conflict and depending on the encounter geometry. Note that these are just assumptions and/or 
recommendations based on typical operational needs. However, it must be pointed out that each 
ATCO will be able to identify at any moment the most efficient and safest separation method to be 
provisioned to each aircraft pair. Therefore the identification of the best separation type and method 
may vary from ATCO to ATCO (each ATCO has his/her own preferred working methods and 
understanding of the traffic situation).  

Geometry 
Separation Considerations for most efficient separation schemes 

GEOM1: 
Flying levelled 
in parallel 
tracks 

Lateral (dO) It should be the first option whenever possible because the risk 
of wake encounter is drastically reduced in the case of parallel 
tracks. The potential transport effect of crossed wind must be 
taken into account. 

Longitudinal 
(dL) 

Flights must often follow same tracks (e.g., traffic organized 
today in routes). Lateral separation is not typically an option in 
those cases in which parallel offset tracks are not allowed. If the 
flights are flying in the same direction and behind, then 
longitudinal separations are typically the most efficient means of 
separation. 

Vertical (dV) Traffic flying in opposite directions cannot be separated 
longitudinally. Vertical separation is then the best option if dO is 
not possible. In some cases, dV could be more efficient than dO, 
e.g., one of the flights is close to its destination airport and a 
lower flight level could be requested with minimal impact. 

Combined 
vertical-lateral 
(dV+dO) 

A very efficient way to reduce the risk of wake vortex encounter 
that has been recently proposed by ICAO and EASA is the 
application of a parallel offset (lateral separation) to flights flying 
one flight level below –typically flying in opposite directions. 
Crosswinds must be taken into account to ensure the 
effectiveness of the separation. Also note that since it is assumed 
that flights are already separated vertically (but not fully 
separated indeed), the dO applied can be smaller than in the 
case in which only dO is applied, e.g., dV = 0 in which MRS must 
be applied. In those cases, the consideration of crosswinds 
should be assessed carefully, since even weak winds could bring 
the wake turbulence across. 

GEOM2: 
Flying levelled 
in crossing or 
diagonal 

Longitudinal 
(dL) 

Since the wake turbulence generated by an aircraft crossing the 
path of a follower could remain in the area of crossing for a 
certain period of time, the follower should not cross such area 
before the wake vortex is dissipated and the risk disappeared. 
Longitudinal distance could be more appropriate for such cases. 
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See Figures in section o. Note that any vector instruction that the 
ATC officer may request to the pilot may be interpreted as a 
particular case of longitudinal distance (see Figures in section o). 
MRS lateral distance must be ensured at any time, while in the 
position in which the follower will be just over the track flown by 
the generator the lateral distance dO will be typically larger than 
the MRS due to the divergent trajectories. 

Vertical (dV) Horizontal resolutions are typically preferred over vertical 
resolutions in en-route operations, often due to the higher costs 
associated to the change of altitude and also due to the radar 
view that offers a 2D top view of the traffic situation to the ATC 
officers. However is also not uncommon that ATCOs may prefer 
in some cases to separate the crossing traffic with vertical 
separations. In such cases the trajectory amendment should be 
applied to the follower (assumed that the aircraft are not 
separated longitudinally), crossing above or below the wake 
vortex (the one with lesser impact, at discretion of the 
controller). 

GEOM-3: 
Flying 
climbing or 
descending in 
parallel tracks 

Lateral (dO) As in the case of parallel and levelled geometry, a lateral 
separation should be typically the first option because the risk of 
encounter is drastically reduced with relatively small impact to 
the amended flight. The potential transport effect of crossed 
wind must be taken into account. Note that in this case the 
combined separation dV+dO cannot be applied (assumed that dV 
= 0 at some instant). 

Longitudinal 
(dL) 

Assuming that dV = 0 at some instant and that the application of 
lateral separations is not possible or wished, then the application 
of longitudinal separations is another option. See figures in point 
o. Note that the separation applied must be such that the 
dissipation of the wake vortex is ensured at the time of the 
follower crossing over the track previously flown by the 
generator. 

Vertical (dV) Vertical separation might be rare for traffic in conflict that is 
climbing or descending, however, in some cases and with 
enough anticipation, traffic in conflict could be re-planned 
tactically such that the follower is separated vertically from the 
generator at any time. 

GEOM-4: 
Flying 
climbing or 
descending in 
crossing or 
diagonal 

Longitudinal 
(dL) 

Before applying any resolution amendment to the flight 
trajectories, the separation should be monitored through the 
analysis of the longitudinal separation. In some occasions, the 
controller could apply speed or vector amendments to ensure 
the due separations. 

Vertical (dV) It is assumed that in the presence of this fourth geometry 
(possibly the most complex for the ATCOs), and before any 
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trajectory amendment is applied, there will be an instant in 
which dO = 0 (the instant of horizontal crossing) and another in 
which dV = 0 (the instant of the vertical crossing). See Figure 4-8. 
Depending on the situation, assessed by the ATCO with respect 
these two points, a vertical separation could be provided with 
respect the wake suspected hazard area, yet by amending the 
trajectory horizontally (left or right) or yet vertically (up or 
down). The manoeuvre with the lesser impact shall be found at 
discretion of the ATCO.  

Table 4-4 Discussion of most efficient separation schemes per geometry type  

The following figures illustrate some of contents presented in Table 4-4. 

o Cases of Longitudinal separation reduction in follower flying levelled in crossing or diagonal 
(GEOM-2) 

 

 

Flight F should not be at the crossing point earlier than a certain time (TBS). Time 
can be converted to distance if an average speed is assumed for F. 

 Trajectory vectors to avoid separation loss at crosses can be understood as 
longitudinal separations: 

 

Flight F could be vectored to another point to avoid a potential conflict, but the 
required longitudinal distance at the crossing point to protect against a potential 
WVE will be always the same. 

TOP view

F

G

Note: F can be at same 
FL or below than G

Longitudinal distance

H

TOP view

F

G(t) G(t-1)

Longitudinal distance

H
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o Cases of Longitudinal Separation reduction in follower climbing or descending in crossing 
or diagonal (GEOM-4) and flying in-trail (dO = 0) 

 
 o Case A: Follower flying head-on descending crossing FL ahead 

 

 

Flight G in the same track as F wants to descend and cross the FL used by F. The 
ATCo should only clear the manoeuvre of G if longitudinal separation for F is 
guaranteed (if dO = 0). 

 o Case B: Follower flying  head-on  descending crossing FL behind 
 

 

Flight F in the same track as G wants to descend and cross the FL used by G, 
crossing behind. The ATCo should separate the traffic F longitudinally (if dO = 0). 

 o Case C: Follower flying head-on climbing crossing FL ahead 
 

 

Flight G in the same track as F wants to climb and cross the FL used by F. The ATCo 
should only clear the manoeuvre of G if longitudinal separation for F is guaranteed 
(if dO = 0). 

 o Case D: Follower flying head-on climbing crossing FL behind 

SIDE view

G

F

Longitudinal distance

V

F

G(t)

Longitudinal distance

SIDE view

V

F

G

Longitudinal distance

SIDE view

V
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Flight F in the same track as G wants to climb and cross the FL used by G. The ATCo 
should separate the traffic F longitudinally (if dO = 0). 

 

 

Figure 4-8 Crossing points could be used for conflict resolution  

 

  

F

G

Longitudinal distance

SIDE view

V
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4.3 R-WAKE-1 Separation Schemes proposal 

4.3.1 Summary 

Six types of separation schemes are proposed in R-WAKE-1 as a function of the relative geometry of 
the trajectories. Four schemes are static, while two are wind-dependent. See Table 4-5. 

RMWS-# Dynamic 
Type 

Separation dimensions Geometry-wise condition Aircraft Category 
wise 

RMWS-1 Static Lateral-Orthogonal (dO) Follower in Parallel tracks Same for ALL 

RMWS-2 Static Vertical (dV) Follower in all horizontal 
geometries 

Per Generators 
RA,RB,RC 

RMWS-3 Static Longitudinal (dL) Follower behind/in-trail 
flying levelled 

Per Generators 
RA,RB,RC 

RMWS-4 Static Longitudinal (dL) Follower behind generators 
climbing/descending  

Or Follower crossing below 
the generators trajectory 

Per Generators 
RA,RB,RC 

RMWS-5 Wind-
dependent 

Lateral-Orthogonal (dO) Follower in Parallel track Same for ALL 

RMWS-6 Wind-
dependent 

Combined Vertical and 
Lateral-Orthogonal 
(dV+dO) 

Follower in Parallel tracks Same for ALL 

Table 4-5 The six R-WAKE-1 Separation Schemes 

The following six sub-sections detail the different separation schemes proposed in R-WAKE-1, 
describing the operating conditions (the relative geometry conditions), the separation scheme 
proposed for such operating conditions, and the expected impact on safety, capacity and flight 
efficiency. A robustness analysis is also reported taking into account the sensitivity of the separations 
proposed to the navigation uncertainties and atmospheric conditions. 
 
The new separation schemes of the R-WAKE-1 Concept (OCD) can be interpreted as Operational 
Improvements (OIS) in the context of SESAR, since they present good potential for enhancing current 
separations in terms of safety, capacity and flight efficiency. From the baseline proposed each ANSP 
could adapt the separation schemes proposed to their different needs and capabilities. 
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4.3.2 RMWS-1: Static Lateral-Orthogonal (dO) for followers in parallel tracks 

REF.NAME RMWS-1: Static Lateral-Orthogonal (dO) for followers in parallel tracks 

Geometry 
conditions for 
applicability 

 Paralel tracks 

 

Separation 
adjustments 
proposal 

 

MWS required for the follower Change relative to the current standard 

3 NM (same for all the categories) -2 NM 

  

Performance 
impact 
expected 

 The reduction potential for all the categories shall increase airspace capacity 

Performance 
impact  
additional 
considerations 

 The capacity increments are not sensitive to the traffic mix (i.e., no matter 
the aircraft category, 3 NM of lateral separation shall protect well against 
hazardous wake encounters). 

 The capacity gains could be possible in both today’s ATM concept of 
operations or in future SESAR target concept, in which a free-route 
environment will facilitate the allocation of user-preferred trajectories at the 
maximum extent. As for today operations, the traffic is organised in routes of 
10-12 NM wide; thus, the reduction of lateral separation up to 3 NM could 
allow enabling several parallel lanes per route. In the future trajectory-based 
operations environment, the 3 NM could still facilitate the organisation of 4D 
trajectories with some of their trajectory segments being parallel. 
 

Sensitivity and 
robustness 
analysis  

 Navigation accuracy: the risk of severe wake encounter decreases drastically 
as soon as the track of the follower is separated laterally from the track of the 
generator, e.g., an offset of 100 m. However, navigation uncertainties in the 
horizontal domain obligate to add some separation buffers when the flights 
are in the same flight level. A minimum radar separation of MRS = 3 NM has 
been assumed as robust enough in an operating environment in which RPN-1 
navigation capabilities are assumed for all the aircraft. 

 Winds: Lateral separations are not sensitive to different atmospheric 
conditions, except for cross winds that could transport the wake into parallel 
tracks. Wind-dependent lateral separations are proposed in other R-WAKE-1 
separation schemes. 
 

TOP VIEW TOP VIEW

H
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4.3.3 RMWS-2: Static Vertical (dV) in all horizontal geometries 

REF. NAME RMWS-2: Static Vertical (dV) in all horizontal geometries 

Geometry 
conditions for 
applicability 

 

Separation 
adjustments 
proposal 

 

Generator 
Minimum Wake Separation 

required for the follower 
Change relative to the current 

standard 

CAT RA 1500 FT +500 FT 

CAT RB 1000 FT 0 FT 

CAT RC 500 FT -500 FT 

   

Performance 
impact 
expected 

 The extra separation distance required after Category RA shall increase safety 

 The reduction potential for flights below Category RC shall increase airspace 
capacity 

 The greater number of FLs available shall increase the likeliness for each flight 
to fly closer to its optimal altitude, thus enhancing the flight efficiency. 

Performance 
impact 
additional 
considerations 

 Capacity and efficiency increments will depend on the traffic mix and traffic 
organisation. 

Sensitivity and 
robustness 
analysis 

 Navigation accuracy: for the aircraft models analysed the separations 
proposed should be robust enough to the vertical navigation uncertainties 
assumed (+/- 50 ft). The tightest separations (less robust) are for the B744 
(category RB) against the rest of the followers of same or lighter weight. The 
separations proposed are indeed just over the threshold, however since the 
separation proposed for the followers is the same as today (dV = 1000 ft), and 
due to the absence of evidence of real risk in practice, it has been considered 
that the separation proposed shall be appropriately robust.  

 Atmospheric conditions: vertical separations are very sensitive to the 
temperature gradient (stratification) and the separations proposed are not 
robust for all the conditions that could appear at higher altitudes. Further 
research should be done in that direction, although the separation scheme 
proposed shall not be less protective than for today operations, while for the 
category RA the separations proposed are more robust and safer than today’s 
standard.  

 Winds: Vertical winds could transport vertically the vortices. This should be 
further studied.  

SIDE VIEW SIDE VIEW

V



D5.1: SIMULATION RESULTS DATABASE 

 

  

 

 

 

© – 2016  – R-WAKE Consortium  
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions. 

91 
 

 

 

4.3.4 RMWS-3: Static Longitudinal (dL) for followers levelled in-trail or 
crossing behind  

REF. NAME RMWS-3:  Static Longitudinal (dL) for levelled followers in-trail or crossing 
behind  

Geometry 
conditions for 
applicability 

 

  

Separation 
adjustments 
proposal 

 

Generator 
Separation required for the 

follower 
Change relative to the current 

standard 

CAT RA 
45 s / 6 NM 

(35 s/ 5 NM if Cat A) 
N/A / +1 NM 
(N/A / 0 NM) 

CAT RB 35 s / 5 NM N/A  / 0 NM 

CAT RC 25 s / 3 NM N/A / -2 NM 

  

Performance 
impact 
expected 

 The extra separation distance required after Category RA shall increase safety 

 The reduction potential for flights behind Category RC shall increase airspace 
capacity 

Performance 
impact 
additional 
considerations 

 For different altitudes the dL can vary significantly, e.g., about 1 NM. We took 
most conservative values at FL280. For instance, aircraft flying behind 
category RA should only require more than 5 NM for FL320 and below, 
whereas such distance should protect enough at higher altitudes.   

Sensitivity and 
robustness 
analysis 

 Navigation accuracy: the longitudinal separations required vary a lot 
depending on the vertical navigation uncertainty considered. A deviation of 
100 ft in the vertical domain relative to the altitude of the generator may 
increase considerably the risk of severe wake encounters. For instance, a 
vertical relative deviation of 100 ft should require 8.5 or 9 NM instead of 6 NM 
for the cases in which category RA is the generator. The level of safety for 
flights after categories RA and RB is the same or higher than today, however, 
the level of safety after category RC could be found not acceptable for vertical 
deviations of 100 ft or more. Further research should be needed in such case 
to validate the robustness of this separation scheme (specially for RC following 
RC). 

 Winds: Vertical winds could transport the vortices vertically, thus increasing 
the risk. This risk should be further explored in future research. 

SIDE VIEW

V

TOP VIEW TOP VIEW

H
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4.3.5 RMWS-4: Static Longitudinal (dL) for aircraft climbing/descending 
behind or crossing in FL below a generator’s trajectory (and not 
separated vertically) 

REF. NAME RMWS-4: Static Longitudinal (dL) for aircraft climbing/descending behind or 
crossing in FL below a generator’s trajectory (and not separated vertically) 

Geometry 
conditions for 
applicability 

Aircraft climbing/descending behind or crossing in FL below a generator’s 
trajectory (and not separated vertically). 

 

 

Separation 
adjustments 
proposal 

 

Generator Separation required for the 
follower 

Change relative to the 
current standard 

CAT RA 240 s / 32 NM N/A 

CAT RB 200 s / 27 NM N/A 

CAT RC 120 s / 13 NM N/A 

Exception: if the generator is Cat RC and the follower is in crossing/diagonal 
geometry, then the separation can be 70 s / 7 NM for F100 and MRS for all the 
others. 

Performance 
impact 
expected 

 There is no special separation standard today to protect against the traffic 
climbing or descending or crossing in a flight level below. Therefore, the 
consideration of the hazardous vortex trail and the protection with new safety 
distances shall increase safety 

Performance 
impact 
additional 
considerations 

 The separation by time could be more efficient since it does not depend on 
the follower’s speed. The illustration of 'no-go' regions for some period after 
the generator could be an efficient way to show the information to the ATCOs. 

 To optimise airspace capacity, ANPS might sometimes rather prefer to define 
special procedures instead of applying longitudinal separations to protect 
traffic from aircraft climbing or descending nearby, or crossing above. For 
instance, they may apply parallel offsets. In such cases, the application of 
other separations schemes defined in this document may be required (e.g., in 
the case of parallel offsets, lateral separation provision should be guaranteed 
by ATCOs, sometimes in combination with vertical separation).  

 For different altitudes the dL can vary a lot, i.e., up to 5 NM in some cases 
comparing the wake behaviour at FL280 and FL360. The most conservative 
value is chosen (i.e., at FL280). 

TOP VIEW TOP VIEW

H
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Sensitivity and 
robustness 
analysis 

 Atmospheric conditions: vertical separations are very sensitive to the 
temperature gradient (stratification) and the separations proposed are not 
robust for all the conditions that could appear at higher altitudes. Further 
research should be done in that direction, although the separation scheme 
proposed shall not be less protective than for today operations, while for the 
category RA the separations proposed are more robust and safer than today’s 
standard. 

4.3.5.1 Further discussions about the RMWS-4 

The geometries considered in RWWS-4 are particularly sensitive to the aircraft/category variation 
and geometry variation. As a consequence, the design criterion that has been used to develop the 
schemes (i.e., considering just the generator to determine the separation to be provisioned) might 
require a revisit. Perhaps a 3x3 matrix category wise scheme with more precise separations should 
be introduced instead, in order to avoid excessive loose of capacity due to grouping the aircraft with 
too much simplification. The major problem could be an increase of complexity/difficulty for the 
ATCO to apply the separations, but such aspect could be supported with support tools. The following 
tables are the separations proposed as needed to per category and different geometries: 

HEADING BEHIND 
Generator 

CAT RA CAT RB CAT RC 

 
Followers 

CAT RA ¿? ¿? ¿? 

CAT RB 30 22 11 

CAT RC 32 27 13 

HEADING DIAGONAL 
Generator 

CAT RA CAT RB CAT RC 

 
Followers 

CAT RA ¿? ¿? ¿? 

CAT RB 25 20 MRS 

CAT RC 29 22 MRS 

HEADING CROSSING 
Generator 

CAT RA CAT RB CAT RC 

 
Followers 

CAT RA ¿? ¿? ¿? 

CAT RB 22 13 MRS 

CAT RC 28 20 MRS  
(5-7NM if follower 

is F100) 

Further research is needed with regards the definition of the proper separation scheme for the type 
of geometries under consideration.  
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4.3.6 RMWS-5: Wind-Dependent Lateral-Orthogonal (dO) for parallel tracks  

REF. NAME RMWS-5: Wind-Dependent Lateral-Orthogonal (dO) for parallel tracks 

Geometry 
conditions for 
applicability 

Aircraft in parallel tracks. 

  

Separation 
adjustments 
proposal 

 

Minimum lateral 
separation (upwind) 

Max crossed wind 
component 
tolerated 

Change relative to the 
current standard 

3 NM 45 Kts -2 NM 

4 NM 60 Kts -1 NM 

5 NM 75 Kts 0 NM 

X NM 15X Kts + (X-5) NM 

  
Exception to nominal wind-dependent offsets (dO): If the generator is CAT RC, 
then the distances could be reduced to the half (due to the lower duration of their 
WV generated). 

Performance 
impact 
expected 

 For winds faster than 75 kts the new scheme shall increase safety 

 For winds slower than 60 kts the new scheme shall increase capacity 

Performance 
impact 
additional 
considerations 

 To apply wind-dependent separations the ATCOs should have precise and 
reliable real-time wind information available. 

 Exceptions to CAT RC cases could be applied discretionally by ATCOs, 
depending on the possibilities of the circumstances and if the ATCO can 
always have a clear picture of the traffic situations. 

Sensitivity and 
robustness 
analysis 

 With the dynamicity of the separations, which are dependent on the wind 
information, the lateral separations are much more robust.  

 ATCOs must take care of applying the separations amendments upwind for 
the generator and/or downwind for the follower. 

 

  

TOP VIEW TOP VIEW
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4.3.7 RMWS-6: Wind-Dependent Combined Vertical and Lateral/Orthogonal 
(dV & dO) in parallel tracks  

REF. NAME RMWS-6:  Wind-Dependent Combined Vertical and Lateral/Orthogonal (dV & 
dO) in parallel tracks  

Geometry 
conditions for 
applicability 

In parallel tracks with cross-winds. 

 

 

Separation 
adjustments 
proposal 

 

  

Minimum lateral 
separation (upwind) 

Max crossed wind 
component 
tolerated 

Change relative to the 
current standard 

1 NM 
(only if dV >= 500ft)* 15 Kts N/A 

2 NM 
(only if dV >= 500ft)* 30 Kts N/A 

Performance 
impact 
expected 

 Combined vertical-lateral separations have been recently recommended by 
ICAO and EASA to increase safety; the consideration of crossed winds can 
contribute to introduce additional safety. 

 The introduction of new procedures with combined separations to protect 
aircraft flying 500 ft or 1000 ft below a Cat RA or 500 ft below a Cat B shall 
increase airspace capacity and fuel efficiency (in contrast with the extra 
vertical separation required for such categories). 

Performance 
impact 
additional 
considerations 

 

Sensitivity and 
robustness 
analysis 

 With the dynamicity of the separations, which are dependent on the wind 
information, the lateral separations are much more robust.  

 ATCOs must take care of applying the separations amendments upwind for 
the generator and/or downwind for the follower. 

TOP VIEW TOP VIEW

H

FRONT VIEW FRONT/REAR VIEW
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4.4 Potential Applications of the proposed separation schemes  

4.4.1 Summary 

This section proposes a set of potential applications of the R-WAKE-1 proposed separation schemes 
improvements. They are operational strategies intended to materialize the expected performance 
benefits of airspace capacity and flight efficiency.  

DISCLAIMER NOTE. It should be noted that all the potential applications proposed here require 
further research, development and validation, and due to their current low level of maturity 
sometimes are presented together with strong assumptions and simplifications. Therefore, these 
potential applications should be seen as exploratory ideas and illustrative examples that aim at 
fostering discussion and deeper understanding among experts around the R-WAKE-1 separation 
schemes potential application to improve the safety, capacity and efficiency performances in the en-
route separation provision. 

The applications are: 

 APP-1: Lateral Separation Reduction for parallel tracks  

 APP-2: Vertical separation reductions to increase vertical physical airspace capacity  

 APP-3: Longitudinal separation reduction for in-trail traffic at the same flight level as the 
generator aircraft  

 APP-4: Combination of vertical separation reduction and lateral separation to compress the 
traffic vertically  

 APP-5: Increase safety during climbing/descending operations with traffic crossing below 

 APP-6: Cooperative subliminal  offsets based on ADS-B  

 APP-7: Increased wake encounter risk advisory service  

The following sections elaborate further each proposed application. 
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4.4.2 APP-1: Lateral Separation Reduction for parallel tracks 

According to the ICAO Annex 11 [12], two route segments are considered parallel when: a) they have 
about the same orientation, i.e., the angular difference does not exceed 10 degrees; b) they are not 
intersecting, i.e., another form of separation must exist at a defined distance from the intersection; 
and c) traffic on each route is independent of traffic on the other route, i.e., it does not lead to 
restrictions on the other route. Such definition could be extended to refer to 'parallel tracks', 
therefore including the cases in which free-route is implemented, since SESAR is moving the ATM 
towards free-route trajectory-based operations. 

Improvements in the Performance Based Navigation (PBN) capabilities (see assumption A-3) may 
allow an increase of horizontal capacity: traffic flying in parallel tracks could be separated by 3 NM 
(see assumption A-4), which represents a robust separation against collision risk of 6 sigma with 
respect to the navigational standard error, and it might be still acceptable for ATC controllability 
(e.g., traffic not scattered, i.e., not too close, in the radar screen).  

In the R-WAKE project it has been explored if such 3 NM separation can be also considered safe from 
the point of view of WVE hazards, and some wind-dependent separation minima schemes have 
been proposed to increase the robustness of the separations to crosswind components.   

Figure 4 shows that even if the current route structures are preserved (i.e., not a free-route 
environment), the capacity could be still increased, for instance by adding some extra lanes within a 
same route corridor (e.g., three or four). A configuration with three lanes in the route would leave a 
conservative distance of 6 NM with respect to the limits of the air route. This might be convenient in 
the presence of protected areas in the vicinity of the upper air route borders or in case that extra 
separation is preferred with respect to other routes (e.g., if the neighbour route is set for traffic with 
opposite direction). A potential practical application today could be in long route segments (e.g., 
300 NM) with dense traffic. 

The use of parallel lanes, since they allow overcomes between flights, may also facilitate the traffic 
delivery (sequencing and merging) at the coordination points of the sectors that feed TMAs and 
airports, thus opening the door to a more advanced flight sequencing of the AMAN systems, and 
potentially optimising in turn the use of available airport capacities.  

 

Figure 4-9 R-WAKE Horizontal Separation Minima concept. 3 NM of separation in parallel tracks 
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4.4.3 APP-2: Vertical separation reductions to increase vertical physical 
airspace capacity  

Today the traffic is strategically de-conflicted by the design of airspace and procedures that 
organise the traffic into virtual airspace discrete layers, a.k.a., flight levels (FLs). Controllers usually 
allocate aircraft to flight levels in accordance with a flight level allocation rule. For example, a semi-
circular rule might require that aircraft whose track is between 000º to 179º should cruise at odd 
flight levels, while aircraft proceeding with course between 180º and 359º should cruise at even 
flight levels. Such rule prevents aircraft moving in roughly opposite directions from occupying the 
same level, and therefore such design of ATM contributes to reduce considerably the complexity and 
workload of ATC, thus reaching a fairly good trade-off between safety, capacity and flight efficiency. 

Figure 4-10(left and right) shows how the en-route capacity could be increased in the last decades by 
reducing the conventional vertical separation minima (CVSM) among flights and introducing the 
concept of Reduced Vertical Separation Minima (VRSM), fully adopted in the ECAC since 2005. With 
RVSM the flight level allocation scheme (FLAS) changed between FL290 and FL410 and the flight 
levels usable for the RVSM-capable flights were distanced from 2000 ft (CVSM) to 1000 ft (VRSM).  

It must be noted that, while the introduction of RSVM doubled the physical capacity available, from 6 
to 12 flight levels; however, the actual net capacity increase, was estimated by EUROCONTROL in 
about a 20% with the same number of ATC resources, which can be considered an important 
positive achievement [13]. The operational capacity was not doubled because most flights want to 
use the upper flight levels, and therefore the traffic complexity and volume in some upper layers still 
represent an important bottleneck of the en-route airspace. Extra capacity can be obtained in some 
cases where due to a greater number of flight levels more sectors can be opened in the vertical 
domain. In terms of safety, risks have been preserved under tolerable levels, since no increase in 
the number of mid-air collisions has been evidenced after the implementation of RVSM.  

 

Figure 4-10 Conventional (left) and reduced (right) vertical separation minima concepts 

In R-WAKE, the possibility of reducing the vertical separation up to 500 ft for some flights, or 
enabled with the introduction of combined vertical and lateral separation, has been proposed 
aiming at increasing the physical capacity in the vertical domain, with similar logic than the RVSM 
concept.  
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Risk of collision is expected to remain under controlled levels, since it is assumed in the project that 
vertical navigation precision will be enhanced in the future (as well as the horizontal). Note that even 
for today cruise operations the risk of collision in the case of introducing a minimum vertical 
separation of 500 ft might be considered acceptable for en-route cruise phase of flights, taking into 
consideration the minimum required performance standardised for navigational vertical deviations 
of RVSM-capable aircraft. 

In particular, EASA standardised the following for Airborne Navigation Specifications [16] that are 
relevant to the R-WAKE-1 concept: 

 RVSM system performance: the automatic altitude control system controls the altitude 
within ±20 m (65 ft) about the selected altitude, when the aircraft is operated in straight and 
level flight under non- turbulent non-gust conditions.   

 Altimetry system accuracy: 
o At the point of the flight envelope where the mean ASE (ASEmean) reaches its 

largest absolute value that value does not exceed 25 m (80 ft);  
o At the point of the flight envelope where the absolute mean ASE plus three standard 

deviations of ASE (ASE3SD) reaches its largest absolute value, the absolute value 
does not exceed 60 m (200 ft).  

On the other hand, ICAO doc 9574 (RVSM Implementation Manual) [17], states that in studies 
conducted previous to the RVSM implementation, most common vertical errors were found within 
an envelope of +/- 50 ft, and only from time to time (relatively infrequently) some errors were found 
up to 300 ft. These numbers have been confirmed by EUROCONTROL experts in navigation systems 
based on analysis of historical correlated radar trajectories of ECAC traffic. Same ICAO document 
states that certified automated height-keeping systems should be capable of maintaining the 
aircraft in +/- 40 ft the 95% of the time (2 sigma) when flying level-off. 

The R-WAKE-1 vertical separation proposals can also contribute to enhance the flight efficiency of 
the operations, since the availability of a greater number of flight levels generates more 
opportunities for the airspace users to operate their flights closer to their optimal altitudes.  

Note that in practice the vertical separation scheme proposed in R-WAKE might suppose limited 
change for ATC compared to their current way of operating, possibly just adding constraints to the 
cleared flight levels (CFLs) that the controller can issue. In some airspaces and for some procedures, 
the phraseology of ATC already includes the usage of FLs referred with multiples of 5. Therefore, the 
use of 500 ft between flight levels may introduce little impact on the phraseology of current ATC 
and pilot procedures, since the FLs are today referred with 3 digits, representing the highest weight 
digits of the total barometric altitude in hundreds of feet, e.g., FL210 = 21,000 ft. Therefore, in the 
new R-WAKE concept of operations references to flight levels such as for instance FL215 (21,500 ft) 
or FL215 (21,500 ft) could be cleared by the ATC and followed by the pilot as a navigation reference. 
The coordination between sectors or airways that may have different FLAS has to further discussed, 
but it is expected that the procedures can be similar to the ones used in the cases in which traffic is 
transferred from non-RVSM to RVSM airspace.  

Of particular interest is the case in which two flights move in opposite directions, the follower being 
one FL below the generator (this is typically a worst case of WVE). Clearly, for some cases 
(generator belongs to Cat A or Cat B) the separation of 500 ft is not enough and two options are 
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available depending on the application environment and/or on the preferences of the ATCo in 
charge. One option is to increase vertical distance up to 1000 ft (Cat B generator) or 1500 ft (Cat A 
generator), and the other option is to apply a combined separation by adding a lateral separation 
(e.g., 1 NM) in addition to the vertical separation. In the presence of wind the upset should be 
applied upwind or large enough to provide a robust separation. 

 

 

4.4.4 APP-3: Longitudinal separation reduction for in-trail traffic at the same 
flight level as the generator aircraft 

Reducing the longitudinal separation might be interesting also in some practical cases, specially for 
flights flying one behind the other (see Figure 4-11), since it may contribute to increase notably the 
throughput at sectors. This could have an especial positive impact in the traffic sequences delivered 
from one sector to a TMA to feed one or more airports.  

 

Figure 4-11  R-WAKE Longitudinal Separation reduction for in-trail traffic at the same FL 
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4.4.5 APP-4: Combination of vertical separation reduction and lateral 
separation to compress the traffic vertically 

The EASA Bulletin recently proposed to apply combined separations to protect traffic flying on the 
same track and below an A380 or similar, typically going in opposite directions, in order to mitigate 
the risk of severe WVE. Such mitigation mechanism can also be used if the traffic is separated 500 ft 
instead of 1000 ft. Therefore, in some particular traffic environments, for instance in high-density 
flows of parallel traffics (unidirectional or bidirectional), the flights could be separated 500 ft (same 
for every flight, irrespective to the categories of the generator or the follower) while their tracks 
could be offset by e.g. 1-3 NM depending on the flight level allocated. See Figure 4-12. Wind strength 
and direction must be taken into account to ensure the effectiveness of the protection. 

Note that the compression of traffic vertically could increase notably the capacity and flight 
efficiency performances. On the other hand, the offset techniques can only be applied to parallel 
traffic, which limits its utilisation to some controlled environments.  

A good environment to introduce these ideas could be on one of the major traffic flows in Europe in 
which the traffic demand is highly dense at some periods, and where generating additional capacity 
and flight efficiency shall bring more noticeable benefits. A particularly interesting high-density flow 
is the one existing between South of France / North Italy and London. 

 

  

Figure 4-12 Combined separations for vertical traffic compression 
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4.4.6 APP-5: Increase safety during climbing/descending operations with 
traffic crossing below  

One of the contributions of R-WAKE has been bringing an increased awareness of the WVE hazards 
that today are not sufficiently mitigated with the current separation standards applied. Hazardous or 
even catastrophic accidents can be drastically mitigated if a better separation provision is 
developed by ATC: first, by identifying the 4D no-go regions corresponding to the pre-specified 
boundaries of the suspected hazards areas of the wake vortices; and second, deciding how to amend 
the trajectories to avoid the hazards.  The important of such awareness would be much more 
significant if traffics were separated by 500 ft vertically instead of 1000 ft.  In any case, while the 
WV is not dissipated after a generator has generated, the controllers should avoid the rest of the 
traffic entering such region, yet by providing vertical, lateral of longitudinal separations, as 
proposed in R-WAKE-1 concept, depending on the specific needs of the traffic and sector situations. 
See Figure 4-8. 

 

 

4.4.7 APP-6: Cooperative subliminal  offsets based on ADS-B  

Traffic awareness in cockpit has been drastically enhanced in the last decade with the introduction of 
ADS-B (OUT and IN) technologies on board. Advanced safety net and self-separation systems based 
on ADS-B are envisioned for the future SESAR 2020 ATM. Taking advantage of such technological 
roadmap, a new operational improvement could be introduced in which:  

 Aircraft could be equipped with on-board WVE preventing systems (with ADS-B 
technological basis); 

 Aircraft over a same track could apply subliminal off-sets (e.g., 100 m or less) in the 
direction of the wind for the generator and upwind for the follower;  

These offsets would possibly be not perceived by ATCOs (subliminal) but would reduce significantly 
the risk of WVE (also valid with today’s separation standard). 

This potential application can be understood as the continental equivalent of the oceanic SLOP that 
is operational today, where no ATCO clearance is required for the offset, but instead of offsetting by 
1 or 2 miles aircraft would offset by 100m (enough to reduce the hazard risks, and not too much to 
require ATCO’s attention).  

Note that the concept of lateral offset is not used here as a strictly limited to a fixed route reference, 
but it is understood as a lateral shift with regards a certain track followed by the aircraft; thus the 
lateral/parallel shift could be applied with regards to a free-route or a 4D trajectory assigned to a 
flight and not necessarily to a fixed route. Further research is needed to determine whether some 
kind of offset-like concept may be useful when either the leader or the follower are not following a 
route.  

 



D5.1: SIMULATION RESULTS DATABASE 

 

  

 

 

 

© – 2016  – R-WAKE Consortium  
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions. 

103 
 

 

 

4.4.8 APP-7: Increased wake encounter risk advisory service 

The APP-7 idea would be a ground tool that would advise ATCOs when there is increased risk of wake 
encounters (pairwise or in a whole area), similarly –and indeed complementary– to a Short Term 
Conflict Alert system (STCA).  

If pairwise, ATCOs would inform the follower, or in case datalink is enabled, a warning could be 
uplinked automatically without direct ATCO involvement. For increased risk in one area, maybe 
ATCOs could be advised to increase separation minima whenever possible. 

Note that the target R-WAKE concept is to implement a whole new separation scheme, but the 
project team estimates that development and implementation of this interim concept to address the 
increased safety concerns about potential wake encounters in en-route would require a shorter 
lifecycle and already provide safety benefits, and that the work in the development of the interim 
concept would also support the development of the target concept.  
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4.5 Identification of limitations and further research needs 

FRN# Description Limitation 
addressed 

FRN #1 

 

Aircraft models complete coverage in the micro-simulator 

Only one a/c model per RECAT category has been simulated, i.e., 
generators: A388, B744, B764, A320, F100, and followers: B744, 
B764, A320, F100. More aircraft types must be modelled and 
simulated to adjust their categorisation and possibly the separation 
schemes proposed. No huge differences are expected, however.  

Models 
completeness and 
accuracy 

FRN #2 

 

Weather conditions statistical study (climatology view) and model 
results sensitivity analysis e.g. specially temperature gradients 
(stratification) phenomena 

Weather-dependent separations would be highly advisable to reach 
a good trade-off between safety and capacity. This is due to the fact 
that wake vortex behaviour and duration are very sensitive to the 
changing temperature gradients (stratification). Note that except for 
the cross-winds, the weather-dependent separations would only 
affect to vertical and longitudinal separations, not lateral. 

Models maturity 
(uncertainty in 
weather 
phenomena 
statistics) 

FRN #3 

 

Robustness Analysis of separation schemes proposals especially for 
all weather conditions. 

From the atmospheric-dependency point of view, the RWAKE 
separation scheme can be considered as safe as today’s standards, 
even safer, but not 'fully' safe under all the atmospheric conditions. 
This is a major limitation of the scope of the analysis that should be 
further addressed in future research. For instance, the atmospheric 
cases of Stratification=1 (i.e., Buoyancy frequency N* = 0) have 
been not considered to establish the new separation schemes, since 
the area of uncertainty is too large while the probability of such 
atmospheric conditions is very low. It must be pointed out that the 
unfeasibility of applying a static separation scheme that protects 
against all the weather conditions (also the rate ones) is well-known 
by the experts in the field and accepted due to the large capacity 
losses that the static/non-weather-dependent separation schemes 
would require in contrast with the unlikeliness of such atmospheric 
conditions.  

Models 
uncertainty 
(uncertainty in 
weather 
phenomena 
statistics) 

FRN #4 

 

Vertical navigational errors statistical study and results sensitivity 
analysis 

The vertical and longitudinal separation schemes proposed for 
levelled aircraft are very sensitive to vertical navigational errors. In 

Key Assumption#3 
validation 
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addition, such separation schemes are applied to the most risky 
geometries, e.g., traffic flying in-trail (like in RECAT) or below, in the 
same or opposite direction and not separated vertically. In en-route, 
it is much more likely than in airports (RECAT) that a follower can 
be below the generator (even when two flights try to navigate in the 
same FL). Therefore a robust protection should be applied. In R-
WAKE-1, advanced navigational aircraft capabilities have been 
considered (total vertical error contained in +/- 50 ft), however 
further research could be done with today’s navigation system 
performances. Considering vertical navigational errors for both 
generator and follower flights, a reasonable total error between 
100 and 200 ft should be considered for today’s RVSM-certified 
navigation systems. In most cases, the consideration of vertical 
navigation uncertainties requires considerable separation buffers 
(from 1 NM up to 7 NM, added to the best case, i.e., the separation 
of the dV=0).  

FRN #5 

 

Severity Matrix of Upset Parameter Threshold further validation 
and refinement, e.g., Load Factor impact in Crossing/Diagonal 
scenarios. 

The severity matrix with upset parameters and thresholds was 
developed as an absolute safety reference with the help of two 
expert panels. The upset parameters that were found relevant to 
determine the severity of an encounter were: a) the rolling angle; b) 
the altitude change; c) the maximum altitude change speed; and d) 
the airspeed change. However, after analysing the simulation results 
for the crossing/diagonal scenarios, it has been concluded that the 
maximum Load Factor must be also a parameter considered to 
determine the separation needed. Further validation with experts 
must be conducted to refine the severity scale associated to the 
load factor variability.  

Absolute Severity 
Baseline validation 
maturity 

FRN #6 Robustness and Integrity assessment by ATCOs. 

Acceptability of the separation schemes by ATCOs has been 
addressed only partially, and with the main purpose of receiving an 
early feedback of the potential acceptability and to identify areas of 
improvement for the concept development (this is a common E-
OCVM validation exercised to be conducted for   concept that still 
are at low level of maturity). 

Robustness and 
Integrity 
Assessment 
maturity 

FRN #7 Refinement of Separation Schemes and Applications through 
macro-simulations to assess impact on risk. 

The separation schemes developed in R-WAKE-1 might be over-
conservative in some cases, since to determine the separations such 
as a given target of level is fulfilled, the risk of severe WVE in terms 

Lack of Systemic 
simulations 
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of frequency of occurrence should be also assessed (out of the scope 
of R-WAKE-1). It is worthy to mention that such limitation is also 
shared with RECAT-1, where the initial separation schemes proposed 
were also not taking into account the traffic mix and therefore the 
actual probabilities of finding severe WVE between each pair of 
aircraft.  

In future research the R-WAKE simulation framework can be used to 
update the proposed schemes and their application(s) based on: 

- a current baseline measurement of WVE risk using current traffic 
volumes and mix, current ATC procedures and standards (i.e. the 
Unit Safety Case) 

- the effect on WVE risk through application of the proposed R-
WAKE-1 separation schemes based on current and future traffic 
volumes and mix (i.e. the Project Safety Case) 

 

Table 4-6 Table of Further Research Needs  
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