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Abstract 

 

Air transport is currently undergoing one of the biggest transformations in its history due to the 

development of the macro-programs SESAR and NextGen. To manage this growth, SESAR and 

NextGen are developing novel procedures that contribute to pollutant reduction in the vicinity of 

airports. These eco-friendly procedures are based on continuous operations throughout the flight. 

However, it is increasingly difficult to use flight-optimal trajectories due to the on-going growth in air 

traffic. 

This dissertation aims to assess the impact of Continuous Climb Operations (CCOs) in a high traffic 

density Terminal Control Area (TMA). CCOs are new optimal departing trajectories that minimise 

fuel consumption, emissions and noise-levels within the vicinity of airports. In contrast to previous 

research, this dissertation does not focus on the optimisation techniques of these procedures but the 

impact in terms of safety and capacity. The reason is that the introduction of CCOs in low-density 

airports does not mean any impediment. However, these procedures can be prevented from their 

use during rush hours in high-density TMAs.  

The ultimate goal of the CCO integration is to permit the operation of optimised trajectories by 

airlines. Nonetheless, the variability associated with optimised trajectories that can be operated is 

very large. Airspace and procedure design, as well as Air Traffic Control (ATC), must provide an air 

transport system that favour the integration of CCOs. A CCO is not removed by the ATC interaction, 

but the aircraft worsen their performances. Then, ATC should focus on facilitating the operation of 

optimised trajectories free of their interactions. This cannot be achieved without the modification of 

current ATC techniques and airspace design. Therefore, new runway separation minima are 

calculated for consecutive CCOs. These CCO separation minima ensure a conflict-free departure 

from the runway to the cruise level with other CCOs. Compatibilities between CCO and arriving flows 

are assessed by the development of a new conflict-risk model. This conflict-risk model statistically 

assesses the probability of conflict in the crossing points of the airspace. This assessment permits 

to know if the current airspace design validates the integration of CCOs or, conversely, a redesign 

of the flight procedures is required. In doing so, it can be inferred whether or not the integration of 

these new optimal trajectories will require a high-level of ATC interventions. 
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Finally, this dissertation concludes with a capacity assessment. The capacity assessment needs the 

development of a scheduling algorithm and a conflict-detection and resolution algorithm to obtain 

conflict-free scheduling. Moreover, Monte Carlo methods are applied to vary the percentage of CCOs 

and air traffic flows considered in scheduling. Therefore, the most significant contributions of this 

dissertation are the quantification of new CCO runway separation minima, the development of a new 

conflict-risk model that could underlie a making-decision process for airspace design, and the 

quantification of the capacity impact by the integration of CCOs. The capacity reduction in Palma 

TMA for the integration of 100% CCO trajectories is over 30% of the maximum theoretical capacity. 

However, the worst capacity result for 100% CCO integration is major than current operational 

capacity. This implies that 100% CCO integration can be achieved without reducing current 

operational capacity during rush periods. 
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Resumen 
 

El transporte aéreo actual está sufriendo una de las mayores transformaciones en su historia debido 

al desarrollo de los macro programas SESAR y NextGen. Para gestionar este impresionante 

crecimiento, SESAR y NextGen están desarrollando nuevos procedimientos que contribuyen a la 

reducción del impacto medioambiental en los alrededores aeroportuarios. Estos procedimientos 

amigables con el medioambiente se basan en la operación de trayectorias continuas a lo largo del 

vuelo. Sin embargo, cada vez es más difícil usar trayectorias de vuelo óptimas debido al aumento 

del tráfico aéreo. 

Esta tesis tiene como objetivo analizar el impacto de las Operaciones de Ascenso Continuo (CCOs) 

en un Area de Control Terminal (TMA) de alta densidad de tráfico. Las CCOs son nuevas 

trayectorias optimizadas de despegue que minimizan el consumo de combustible, las emisiones y 

los niveles de ruido en los alrededores de los aeropuertos. Complementaria a la investigación 

realizada hasta ahora, esta tesis no se centra en las técnicas de optimización de estos 

procedimientos si no en su impacto en términos de seguridad y capacidad. La razón es que la 

introducción de CCOs en aeropuertos con poco tráfico aéreo no supone ningún impedimento, sin 

embargo, en TMAs con un elevado número de operaciones estos procedimientos pueden estar 

prohibidos durante las horas de mayor afluencia de tráfico. 

La finalidad última de la integración de CCOs es permitir el vuelo de trayectorias optimizadas por 

las aerolíneas. No obstante, la variabilidad asociada a los perfiles óptimos que pueden ser operados 

es muy grande. El diseño del espacio aéreo y de los procedimientos, así como el Control del Tráfico 

Aéreo (ATC) deben proporcionar un sistema del tráfico aéreo que favorezca la integración de CCOs. 

Una CCO no desaparece por la intervención del ATC, pero la aeronave empeora sus actuaciones. 

Por lo tanto, el ATC debería tener como objetivo facilitar la operación de trayectorias optimizadas 

libres de su interacción. Este objetivo no puede alcanzarse si n la modificación de las actuales 

técnicas de trabajo del ATC y del diseño del espacio aéreo.  
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Por lo tanto, se han calculado nuevas mínimas de separación en pista para consecutivas CCOs. 

Estas mínimas de separación para CCOs permiten una salida libre de conflictos desde la pista hasta 

el nivel de vuelo. Las compatibilidades entre los flujos aéreos de CCOs y de llegadas se han 

evaluado mediante el desarrollo de un nuevo modelo de riesgo de conflicto. Este modelo analiza 

estadísticamente la probabilidad de conflicto en los cruces del espacio aéreo. Esta valoración 

permite conocer si el actual diseño del espacio aéreo valida la integración de trayectorias CCOs o, 

por el contrario, se necesita un rediseño de los procedimientos de vuelo. De este modo, se puede 

inferir si la integración de estas nuevas trayectorias va a requerir un elevado número de 

intervenciones ATC. 

Finalmente, esta tesis concluye con un análisis de capacidad. Este análisis necesita el desarrollo de 

un algoritmo de programación de aeronaves y de un algoritmo de detección y resolución de 

conflictos para obtener programaciones de aeronaves libres de conflictos. Además, se aplican los 

métodos de Monte Carlo para variar el porcentaje de CCOs considerado en una programación. Las 

mayores contribuciones de esta tesis son la cuantificación de nuevas mínimas de separación para 

CCOs, el desarrollo de un nuevo modelo de riesgo de conflicto que puede sustentar un proceso de 

toma de decisiones para el diseño del espacio aéreo y la cuantificación del impacto en la capacidad 

por la integración de CCOs. La reducción de capacidad en el TMA de palma para la integración de 

un 100% de trayectorias CCO supera el 30% de la capacidad teórica máxima. Sin embargo, el peor 

resultado de capacidad para la integración de un 100% de trayectorias CCO es mayor que la 

capacidad declarada actual. Esto significa que se puede alcanzar un 100% de integración de 

trayectorias CCO sin una reducción en la capacidad operacional declarada durante periodos pico. 
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Chapter 1  General introduction 

1.1. Motivation 

The current Air Transportation System is expected to increase seamless the number of movements 

throughout the following years [1]. This increase cannot be assumed without research, development 

and implementation of new technologies and procedures for the future Air Transportation System 

[2], [3]. Moreover, the aviation and air transport sector share their concern about the environmental 

impact of emissions from fuel consumption and noise in the airport vicinities. According to the 

European Environment Agency (EEA), aviation emissions roughly produce 3.5% of the total CO2 

emissions in Europe [4]. 

Although the primary contribution of aviation to CO2 reduction is expected to be by fleet renovation, 

technological progress and fuel with low-carbon proportion, Air Traffic Management (ATM) will carry 

out a significant role in addressing this goal. ATM role especially refers to design and easiness of 

optimal trajectories to aircraft in complex airspace. These trajectories should be able to achieve an 

environmental impact reduction without forgetting operational costs, capacity, efficiency, delays and 

safety.  

In the past few years, the aviation industry has been severely working to reduce their impact on the 

environment. Departure and arrival flight operations in an airport are key areas where a trajectory 

improvement, ATM procedures and regulation, can considerably diminish CO2 and noise emissions 

[5]. One of these aims was to design continuous operations [6]–[8] and Navigation Area (RNAV) [9], 

[10], but trajectory optimisation in the take-off and climbing has been scarcely tackled by the 

aeronautical community so far. Nonetheless, first experiments indicate a fuel-burn and emissions 

savings during the departure phase by the implementation of Continuous Climb Operations (CCOs). 

Efforts such as CCO and Continuous Descent Approach (CDA) provide fuel, environmental and 

economic benefits in specific phases of the flight [5], [11], [12]. Nonetheless, these optimised 

procedures usually suppose a negative impact on air traffic capacity due to the high uncertainty 

associated with vertical and speed profiles and overfly times at waypoints [13]–[16]. Initial analysis 

of CDAs started on the 1980s. That analysis pointed to a notable advantage by the execution of 

these trajectories; however, aircraft technology of those years was far from the operational ability 

required. In 2000, further research was performed for the systematical integration of CDA in the vast 
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majority of airports. Results highlighted a clear benefit by performing these descents from the cruise 

level to the runway. Economic benefits were obtained from the reduction of fuel consumption, noise 

and pollutants in the airport vicinities. Nonetheless, path uncertainties throughout the descent 

prevented CDAs from their integration at high traffic density traffic airports in rush hours. In this way, 

the separation between aircraft must be enlarged to ensure safety, and capacity drastically drops off 

being the runway converted into a bottleneck.  

Once economic savings of CDAs and operational limitations were calculated, the following step is to 

assess whether CCO provide the same results or not. Nowadays, there exists a lack of knowledge 

about the impact of CCO integration in high traffic density airports. Apparently, the operational issue 

of CCOs is similar to CDA because Air Traffic Control (ATC) handles air traffic issuing clearance 

(level-off, headings, delays and so on) to avoid conflicts, and, as a consequence, aircraft are 

prevented from operating optimal climbing paths. 20% of departures in high traffic density airports 

suffers level-offs [11]. However, in this case, runway could not act as a bottleneck because it 

disseminates departures conversely to arrivals.  

Therefore, the integration of CCOs in a high traffic density airport is a key area for the future of 

aviation. Their integration could provide significant improvements in flight efficiency and reductions 

in the environmental impact.  
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1.2. Objectives 

The primary goal of this dissertation is to assess the viability of the CCO integration in a high traffic 

density Terminal Control Area (TMA) regarding safety and capacity issues. To achieve this aim, the 

following sub-objectives are tackled: 

 Procedure design and modelling of CCOs to obtain fuel-burn optimised trajectories. 

 Modelling and characterisation of operational and environmental influence factors for 

departure trajectories. 

 Quantification of new separation minima between CCOs that ensure conflict-free departures. 

 Development of a conflict-risk methodology to assess the CCO impact jointly integrated with 

current landing flows in a TMA. 

 Development of a methodology to assess the integration of CCOs regarding capacity. This 

methodology must consider the air traffic variability, i.e., how the capacity is affected by the 

air traffic flows and conflict resolution. 

 To quantify the impact on capacity by the integration of CCOs in a high traffic density TMA. 
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1.3. Scope & assumptions 

To achieve the above goals, it is necessary to assume several operational concepts and to assume 

some hypothesis. The main operational concepts considered and assumptions are described below: 

1) The integration of CCOs is performed in the current ATM system. This implies among 

several aspects that departures must follow Standard Instrumental Routes (SID). 

Transformation of conventional procedures to area navigation procedures can be applied 

without bare modifications. However, the introduction of free-route airspace or 4D 

trajectories is beyond this scope. 

2) CCO trajectories are based on fuel-optimal trajectories from manufacturer/airline point of 

view. The minimisation of pollutants, noise or other climbing optimisation procedures is not 

considered. Moreover, the CCO model is based on BADA model but developed for a two-

degrees-of-freedom model. Both conditions imply that vertical profiles could be affected. 

3) Arriving trajectories are modelled based on current trajectories. The integration of CDAs or 

other optimised landing procedures is not evaluated. 

4) This work evaluates theoretical capacity in a TMA instead of current operational capacity. 

The theoretical capacity is the maximum number of standard departures that can depart in 

one hour. It only depends on runway separation minima and produces a bigger number of 

departures and arrivals that operationally can be permitted. ATC issues that restrict the 

capacity of the TMA is not considered. 

5) Conflicts between CCOs and arrivals are solved by ATC by delaying CCO on the ground. 

Different tactical solutions can be applied by ATC – such as direct routes, levelling-off or 

headings. However, the goal is to assess the worst scenario in terms of capacity that it is 

obtained by delaying CCOs on the ground. Moreover, this solution implies to maintain safety 

levels, and it does not increase ATC workload. 

Throughout the dissertation, several assumptions are described mathematically or operationally in 

detail. However, they only apply to specific models and, thereby, they are explained in specific 

sections.  
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1.4. Methodology 

This dissertation is constituted by six different modules, which tackle the whole process of CCO 

integration. Each module permits to deepen in a different aspect to finally be in a position to assess 

the integration of CCO. This process follows the process proposed by the International Civil Aviation 

Organization (ICAO) [17] and EUROCONTROL [18] for flight procedure design. Then, this 

dissertation is divided into three levels (see Figure 1): Description, Development and Implementation. 

1. Level 1 focuses on the description of primary elements: CCOs and scenario. Stage 1 starts 

with the description, definition of CCO procedures. Herein, a CCO is considered as a flight 

technique that allows aircraft performing optimal trajectories from the runway to the cruise 

level released of ATC clearances. CCO modelling is based on dynamic equations of Base 

of Aircraft Data (BADA) model developed by EUROCONTROL. The criterion to optimise 

trajectories considered is fuel consumption because it is the primary concern of airlines and 

minimises CO2 emissions. Palma TMA is the scenario selected for the integration of CCOs. 

The main airport is Palma de Mallorca (LEPA), and its primary operational features are: third 

Spanish airport in terms of air traffic; complex airspace design with a large number of 

intersections between flight procedures; and an elevated number of level-offs.  

2. Level 2 focuses on the development of the required processes to implement CCO in Palma 

TMA. New runway separation minima are estimated for CCOs to ensure a conflict-free 

departure against other CCOs. These new CCO separation minima are calculated based on 

the concept that once a CCO takes off, ATC does not have to act to avoid a conflict with 

previous or consecutive CCOs. This objective is achieved by enlarging modifying current 

runway separation minima. Moreover, new CCO separation minima consider trajectory 

uncertainties by adding mass, speed, positioning errors, wind and temperature errors. Safety 

analysis is also performed to assess the viability of the integration of CCOs regarding conflict 

risk with arriving flows. In doing so, a new conflict-risk model is developed based on altitude 

distributions of CCO and arriving flows at conflict points between SIDs and Standard 

Terminal Arrival Route (STAR) routes. Moreover, safety and operational assessment 

conclude the necessity to develop conflict-detection and resolution algorithms to help ATC 

manage a safe integration of CCOs. These algorithms are based on the blocking-area 

concept that specifies if an aircraft is inside the blocking-area, other aircraft suffer a 

modification to its normal operation due to safety issues. 
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3. Level 3 is the last step of the methodology and aims to determine the capacity impact by the 

integration of CCOs. This capacity assessment requires the simulation of every element that 

affects a TMA: departing and landing schedules, conflict-detection and resolution algorithm 

and capacity assessment with Monte Carlo simulations of different schedules and 

trajectories. To assess the simulations, safety operational and capacity indicators were 

selected. 

Apart from that, every computational code has been implemented using MatLab® software, and 

operational data (air traffic flows, trajectories, airborne mix, …) was extracted from NEST® software 

[19]. 
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Figure 1. Diagram of the dissertation structure. 
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1.5. State of the art of CCOs 

The integration of CCOs is of great interest to the aviation community since more efficient and eco-

friendly procedures are required for the future of aviation.  

1.5.1.  Overview of eco-friendly and CCO procedures  

Currently, commercial air traffic operates following fixed air routes in airspace [20]. This predefined 

air routes limit the horizontal path of aircraft while the vertical profile is subject to some restrictions 

imposed by ATM and ATC services. Particularly, the climbing and descent phases produce the 

bigger operational inefficiencies in airspace [21], [22], which increments fuel consumption and 

emissions (pollutants and noise).  

According to EUROCONTROL [1], European traffic increased by 4.0% in 2017 and is expected to 

continue this trend in the years ahead. To manage this impressive growth, SESAR [2] and NextGen 

[3] are developing novel procedures that will contribute to pollutant reduction in the vicinity of airports. 

These eco-friendly procedures are based on continuous operations throughout the flight. According 

to SESAR [2], among 163 – 325 kg fuel-burn reduction per flight is expected to achieve by TMA 

climb/descent operations while the fuel burn reduction per flight only reaches 50 – 100 kg in en-route 

cruise operations. 

CCO model is based on previous CDA models which were studied since the 80s [23], [24]. In this 

way, different authors estimated that the theoretical integration of both CDAs and CCOs would lead 

to significant financial savings, with 90% of expected savings coming from CDAs and just over 10% 

coming from CCOs [7], [25]. The environmental benefits of CCOs were evaluated to be a reduction 

of 850,000 metric tons of CO2 and 216 metric tons of SOx. Statistics in the US concluded that more 

than 20% of departures performed a level-off of 1.7 minutes on average [26]. 

ICAO [27] defines a CCO as “an aircraft operating technique enabled by airspace design, procedure 

design and facilitation by ATC, allowing for the execution of a flight profile optimised to the 

performance of the aircraft…”. The potential environmental benefits (fuel consumption and 

emissions) are the CCO major goals, focusing on fuel consumption, emissions and noise levels 

reductions in the vicinity of airports. The primary issue is to reduce fuel consumption or Direct 

Operation Costs (DOC) throughout the departure. Manufacturers propose climbing techniques for 

every aircraft model to optimise the fuel consumption or DOC [28]. Apart from that, several studies 

have focused on optimising fuel-burn and DOC trajectories [8], [29]–[31]. Regarding noise-levels, a 
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remarkable number of studies investigated different optimisation techniques for departure 

trajectories [32]–[35]. ICAO proposes standardized noise-abatement departure procedures [36], [37]. 

Moreover, the focal point is not only focused on optimising one factor but on the trade-off of diverse 

environmental factors [38]–[40]. NOx and CO2 are primary concerns about pollutants in airport 

vicinities due to the health impact. However, CO2 minimisation techniques do not correspond to NOx 

because they do not follow the same relations with fuel consumption [41], [42]. 

Therefore, one aircraft flying a CCO can fly different trajectories depending on the factor to optimise. 

Pollutant or noise requirements in high traffic density airports can prevent airlines from operating 

fuel-burn optimised departures. Moreover, the applicability of these flight-optimal trajectories 

becomes harder to accomplish due to the on-going growth in air traffic demand and operational costs 

[43], [44]. In this way, new trajectories require new assessment methodologies [45], [46] to find the 

most beneficial impact on the environment, society and operators. 

1.5.2.  Overview of eco-friendly and CCO integration 

Over the last decade, major stakeholders – such as NASA [47], FAA [48] and CAA [49] – carried out 

significant research that corroborated the benefits of systematic integration of CCOs. IFATCA [6] 

conducted a literature review and studied the requirements for CCO integration based on ICAO 

procedure design. They agree with Marais et al. [5] that, by appraising the potential of near-term 

operational changes to mitigate the environmental impact of aviation, CCO was one of the 

operational changes that would benefit more ATM system. 

Nowadays, dealing with CCO is not only a problem of optimisation but mostly a problem of 

integration. The main issues to tackle are:  

a) Airspace design must favour CCO integration by ensuring safe cross with arriving flows.  

b) Monitor compliance should tackle uncertainties and variations of vertical profiles associated 

with each optimal departure;  

c) Automation will have to facilitate the integration of CCOs by adapting or developing new 

ATC-tools; and  

d) CCO implementation during rush hours could affect airport and TMA capacity due to issues 

like safety, separation assurance and ATC workload.  

Clarke [50] already highlighted some of these issues as the main complex obstacles to deal with the 

systematical integration of optimal procedures. 
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Since 1960, several authors assessed and proposed different ways to study aircraft collision risk. 

Reich [51], [52] pioneered the collision-risk model (CRM) for aircraft in oceanic airspace. His work is 

paramount because it settled the basics of collision risk based on random flight errors (positioning 

and velocity). Later on,  ICAO developed a manual to estimate the shape of separation minima with 

different models [53], [54]. Netjasov and Janic [55] performed a thorough review of different CRM 

developed as well as the main characteristics that constitute each CRM. In addition, they reviewed 

very clearly the evolution of different CRM since its beginning.  

Although most of the authors focused on CRM [56]–[58], collisions are considered a very rare event 

that must be preceded by a separation minima infringement (or conflict). ICAO [59] defines a conflict 

as “any situation involving an aircraft and a hazard in which the applicable separation minima may 

be compromised”. In this way, a conflict does not imply separation minima infringement. However, 

several authors [60]–[62] consider a separation minima infringement as a conflict and introduce the 

term potential conflict to encompass the situation defined by ICAO. Thus, there exists a difference 

between conflict and potential conflict albeit sometimes these terms are misused.  

Regarding conflict risk, Netjasov developed a model to assess the probability of a conflict in an en-

route sector. The model focused on different time-frame levels: strategic [61], tactical [63] and 

current-day planning [64]. Ren and Clarke [65] developed a theoretical framework based on an 

analysis separation methodology to introduce RNAV procedures in airports. They concluded that 

distance-based separation was not efficient and the issues related to probability assessment of 

separation were crucial for the introduction of new procedures.  

CDA research in this aspect concluded that separation minima should be increased for safe aircraft 

landings [14], [24], [26], [66], [67]. The reason is constituted by the lack of awareness about the 

evolution of descent paths, and the concern is similar to departures. The way uncertainty affects the 

climbing/descent profiles have been previously tackled by the modelling and characterisation of 

different uncertainty factors [68]. Primary efforts are focused on:  

1) The development of optimised algorithms for the predictability of mass, environmental 

performances and speed-profile [69], [70]. Mass and wind are the most complex variables, 

but other factors substantially affect trajectories (positioning-errors, temperature variability 

or climbing gradient); and  
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2) The variability associated with climbing profiles can imply the appearance/disappearance of 

a high number of conflicts between CCO and arrival flows [62], [71], [72]. Thus, the impact 

of path uncertainties is crucial to assess the safety problem. 

Furthermore, the integration of new optimised procedures cannot be aside from automation. CCO 

integration requires the adaptation of current ATC labour, and automation can help to reduce the 

CCO impact on ATC workload. Different authors confirmed that the introduction of new procedures 

means a substantial impact on ATC, and automation can help to deal with it [15], [72]–[74]. Thus, 

automation must address:  

a) Compatibility with new operational concepts;  

b) Management of the ATC-workload increase, and  

c) Balance or improvement of safety levels.  

In this way, CCO trajectories can suppose a modification of the current vertical profiles due to the 

avoidance of segregation requirements, which may arise new conflicts between CCOs and arrivals. 

Therefore, new conflict-detection and resolution algorithms or the adaptation of current ones should 

ensure the accurate detection of conflicts [72] and provide the mechanics to solve them [14], [68].  

Currently, airports as Adolfo Suarez Madrid-Barajas or Amsterdam-Schiphol have developed several 

ATC-tools to reduce ATC workload and improve safety. One of these ATC-tools is based on the 

blocking-area concept [75], [76]. The blocking-area allows ATC to know if an aircraft influences the 

trajectory of other aircraft and may prevent other aircraft from normal operations (with delays, 

vectoring or level-offs). When we state ‘influence’, we are focusing on aircraft safety, i.e., whether an 

infringement of the separation minima can happen or not. 

Nonetheless, the most challenging issue is about the capacity problem due to the CDA precedent. 

Previous studies showed that the integration of CDAs in a TMA leads to a significant reduction in 

capacity [24], [26], [77]. The main reasons are that to perform a free trajectory from ATC actions - 

such as levelling - means that the separation minima could be increased to ensure aircraft safety 

[66]. In addition, the uncertainties of the optimal-descending trajectories are so variable that the 

separation minima must be enlarged to encompass every feasible path. Therefore, ATC must inhibit 

their application in high-density scenarios at peak hours [7], [23], [47], [67]. However, recent studies 

[78], [79] have shown that efficient management of 4D optimised descent profiles coupled with time-

based separation have reduced path uncertainty and improved the accuracy with which aircraft arrive 

at waypoints as per the schedule. 
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The integration of CCO in a TMA requires structured analysis of their impact on capacity. However, 

there is no in-depth analysis of how the integration of CCO affects the capacity of a TMA so far. 

Roach and Robinson III [47] evaluated the causes why aircraft perform a level-off throughout their 

climbing. They concluded that the most significant factors were a combination of flow direction, arrival 

streams and route geometry. Hebly and Visser [80] investigated how the introduction of noise-

abatement departure procedures affect runway capacity. They confirmed that there is a huge 

influence on route distribution on capacity. Moreover, the high level of ATC intervention required to 

manage interactions between arrivals and departures limits the potential benefits of CCO [80]–[83]. 

However, they did not consider these noise-abatement procedures as CCO and, as such, did not 

investigate the implications of changes to separation minima. 

EUROCONTROL is working on two major projects to increase runway throughput by reducing 

separation minima. First, recat-EU [84] project carries out an updated of runway separation minima 

for departures and arrivals considering new aircraft types. Secondly, Time-Based Separation project 

[85] focuses on the reduction of landing separation minima under strong wind conditions. Although 

these projects will increase airport throughput by the reduction of runway separation minima, there 

is no research about quantifying the size of separation minima among CCO.  
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1.6. Document Structure 

The structure of this dissertation is as follows: 

Chapter 2 describes a typical departure procedure and the operational concept of CCOs. The goal 

is to describe the stretches that constitute a departure procedure and the primary characteristic of 

each stretch. Particularly, detailing the main differences between standard departures and CCO 

procedure. 

Chapter 3 presents the modelling of CCO based on BADA model of EUROCONTROL. CCO 

trajectories are simulated to find the fuel-optimised path for each aircraft model considered. 

Moreover, the characterisation of operational and environmental uncertainties allows obtaining a 

holistic set of CCO paths. 

Chapter 4 presents the estimation of new separation minima for consecutive CCO. The focus is first 

on the current runway and TMA separation minima. Then, the development of a conflict resolution 

algorithm calculates the separation minima required to achieve consecutive CCO departures without 

any separation minima infringement until the cruise level. Finally, the result is the characterisation of 

new time-dependent separation minima for CCOs. 

Chapter 5 presents the conflict risk that implies the introduction of CCOs with arrivals. A new model 

is developed to assess the integration of CCOs. This methodology bears in mind the probability of 

horizontal and vertical minima infringement between CCO and arrival flows.  

Chapter 6 presents the capacity assessment in Palma TMA by the integration of CCOs. The 

methodology developed is described and underpins on three blocks: scheduler; conflict-detection 

algorithm and capacity assessment. The objective of this Chapter is to assess how the integration of 

CCOs affects the capacity of LEPA.  

Chapter 7 describes conclusions and further work. 

Annex A presents the description of Palma TMA. Main operational factors are detailed: airspace and 

airport configuration, ensembles of SIDs and STARs and air traffic flows. 
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Chapter 2  Description of 

Continuous Climb Operations 

2.1. Introduction 

In the last years, different techniques have been developed to optimise trajectories for departures. 

The main need for the implementation of these optimal trajectories is due to the environmental impact 

of aviation in the vicinities of airports. With this aim, SESAR aims to diminish the environmental 

impact of aviation around 10% [2].  

Generally speaking, the operation of departure encompasses from the aircraft speeding on the 

runway up until the cruise level is reached. Ideally, an aircraft reaches the cruise level according to 

a trajectory that optimises its performances. However, the management of air traffic within high traffic 

density airports or TMAs inhibit the operation of optimal trajectories due to safety and capacity issues. 

Then, aircraft must perform manoeuvers indicated by ATC (levelling, vectoring or speed changes) to 

ensure safety and to achieve the fluency on air traffic.  

The operational concept goal of CCOs is to fly optimised trajectories according to one or several 

performances. ICAO [27] defines CCOs as “an aircraft operating technique enabled by airspace 

design, procedure design and facilitation by ATC, allowing for the execution of a flight profile 

optimised to the performance of the aircraft…”. These trajectories permit flight crew to choose the 

most optimal path according to airline’s policy and environmental restrictions of each airport. Path-

optimisation of departures is a field where there is already done large research as explained in 

Chapter 1. Therefore, these issues do not solely underlie on the optimisation techniques, but in a 

safe integration of CCOs in high traffic density airports or TMAs. 

This Chapter aims to describe a typical departure procedure and to compare it with the operational 

concept of CCOs. Firstly, the different phases and sub-phases that constitute a departure are 

described and characterised, detailing operational performances involved. Secondly, the operational 

concept of CCOs is described and detailed how the phases and sub-phases changes versus a 

standard departure.   
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2.2. Description of the departure procedure  

The departure procedure aims to carry the aircraft from the runway up to the cruise level. This 

procedure is divided into two phases: take-off and climbing. The goal of the take-off phase is to 

achieve that wings generate enough lift to uplift the aircraft and to successfully clean the take-off 

configuration (flaps/slat cruise configuration). On the other hand, the goal of the climbing phase is to 

carry the aircraft from the latter situation until the cruise level. In addition, these phases are in turn 

divided into more sub-phases: 

1. Take-off phase: 

a. On-ground take-off sub-phase. 

b. On-air take-off sub-phase. 

2. Climbing phase: 

a. Climbing sub-phase until 10,000 ft. 

b. Climbing sub-phase until cross-over altitude. 

c. Climbing sub-phase until cruise level. 

Therefore, aircraft departure is constituted by several stretches, which each one is different due to 

speed adjustment, aircraft configuration or thrust. Then, each sub-phase is modelled based on 

aircraft characteristics and performances. 

The most complex phase is the take-off because aircraft dynamics are affected by external factors 

as runway coefficient of friction, ground-effect or aircraft rotation. This phase begins with the aircraft 

located at the runway head. Then, the aircraft speeds on the ground up and the pilot rotates the 

aircraft to start climbing. During this phase, the aircraft is accelerating, and the attack angle is raising 

to increase the lift. Then, the aircraft begins flying and, depending on the altitude and aircraft 

performances; different sub-phases are operated. Although the operational concept of each phase 

is different, the trajectory varies with the operational characteristics of each stretch, e.g., the aircraft 

operates with take-off configuration (flaps/slats extended) until 1,500 ft and later with cruise 

configuration. 

The departure procedures presented below are defined by ICAO [36] and reviewed by operational 

manuals of B-737 [86] and A320 [28]. This structure of phases and sub-phases is the most extended, 

although it is not unique. Torres and Chaptal [45] presented the optimisation of a departure procedure 

releasing the aircraft from 35 ft, without the levelling stretch throughout the process of flaps retraction. 

ICAO [37] proposed two types of departure procedures to reduce the noise impact from the take-off 
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up to the climbing phase. These procedures are characterised because flaps and slats are being 

retracted since the on-air take-off sub-phase begins. Mithchell et al. [39] presented a comparison of 

the different types of optimisation for a departure in Gothenburg Landvetter. Several control points 

and speed limitations determined the optimisation techniques until FL 100, and, after that, the 

trajectory was freely optimised.  

2.2.1. Take-off phase 

The take-off phase begins when the aircraft is located at the runway and ends when the aircraft 

reaches the cruise configuration, typically at 1,500 ft. This phase is divided into two sub-phases: on-

ground and on-air. 

2.2.1.1. On-ground take-off sub-phase 

Gómez Tierno [87] defines the on-ground take-off sub-phase as “the operation that starts with the 

release of breaks at the runway head until the aircraft reaches a speed and altitude previously 

defined by air navigation procedures. This manoeuvre is performed with maximum take-off thrust, 

flaps/slats configuration of take-off and landing gear extended”. Typically, this sub-phase ends at the 

height of 35 ft and is constituted by different sub-phases, depending on the requirements of the 

speed profile: 

 On-ground rolling: 

o On-ground rolling with all wheels on the ground,  

o Aircraft rotation, 

o On-ground rolling with main landing gear on the ground, and 

o Aircraft take-off. 

 On-air flight: 

o Transition, and 

o Rectilinear and stabilised climb. 

Each of these sub-phases presents specific operational conditions that are not going to be modelled. 

The reason is that this sub-phase can be modelled by other means. BADA [88], [89] defines the 

Take-Off Length (TOL) as the distance travelled by aircraft to reach an altitude of 35 ft with the take-

off configuration. TOL value is a characteristic of each aircraft model and can be assumed that it 

does not depend on aircraft take-off weight. Henceforth, all departures begin at 35 ft and they have 

travelled the TOL distance. 
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2.2.1.2. On-air take-off sub-phase until 1,500 ft 

On-air take-off sub-phase continues the on-ground take-off sub-phase. It starts at the height of 35 ft 

and ends when the aircraft configuration is cleaned (flaps/slats cruise configuration). Typically, it 

occurs at 1,500 ft, but it can vary depending on airline policies or departure procedure. From both 

options, it should be selected the higher altitude. BADA model simplifies this dilemma by capping the 

on-air take-off sub-phase at 1,500 ft. Apart from that, this work does not consider the design of 

departure procedures with engine failure. 

Figure 2 represents a typical take-off phase from the runway until 1,500 ft. Each stretch is 

characterised by changes on aircraft configuration, thrust or speed.  

 

Figure 2. Representation of stretches for the departure phase [28]. 

The on-air take-off sub-phase is typically divided into four stretches: 

1. First stretch: the aircraft climbs with flaps/slat take-off configuration and landing gear without 

retracting. 

o Beginning: when the aircraft reaches 35 ft. 

o Slats/flaps configuration: take-off. 

o Thrust: Maximum take-off thrust. 

o Reference Speed: 𝑉2
𝑇𝑂. 

o Landing gear: retracting in process. 
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 Second stretch: The landing gear is fully retracted and ends when the aircraft reaches a 

height of 400 ft over the runway.  

o Beginning: landing gear retracted. 

o Slats/flaps configuration: take-off 

o Take-off: Maximum take-off thrust. 

o Reference Speed: 𝑉2
𝑇𝑂. 

o Landing gear: retracted. 

 Third stretch: the aircraft changes flaps/slats configuration from take-off to cruise while the 

aircraft is speeding up. This operation can be done levelling or climbing depending on the 

flight crew. 

o Beginning: minimum height of 400 ft. 

o Slats/flaps configuration: initial climb. 

o Thrust: Maximum take-off thrust. 

o Reference Speed: accelerating until 𝑉2
𝐼𝐶 . 

o Landing gear: retracted. 

 Fourth stretch: This stretch encompasses from the end of the third stretch until the aircraft 

reaches an altitude of 1,500 ft.  

o Beginning: cruise configuration achieved. 

o Slats/flaps configuration: cruise. 

o Thrust: Maximum take-off thrust. 

o Reference Speed: 𝑉2
𝐼𝐶 . 

o Landing gear: retracted. 

These stretches are the most typical for the take-off phase.  

2.2.2. Climbing phase 

This phase starts when the take-off phase is finished (cruise configuration achieved at 1,500 ft). The 

modelling of the climbing phase by aircraft manufactures [28], [86] and BADA model of 

EUROCONTROL [88], [89] is constituted by three stretches: 

 First stretch: the aircraft fly with 𝑉𝐶𝐴𝑆
1  – Standard Calibrated Air Speed (CAS) of climbing 

[knots - kts] – from 1,500 to 10,000 ft (FL 100) 

 Second stretch: the aircraft fly with 𝑉𝐶𝐴𝑆
2  – Standard CAS of climbing [kts] – from FL 100 

and crossover altitude (ℎ𝑡𝑟𝑎𝑛𝑠). 

 Third stretch: the aircraft fly with 𝑀𝑐𝑙𝑖𝑚𝑏 – Mach number of climbing – above the crossover 

altitude. 
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First and second stretches are characterised because the aircraft climbs with constant 𝑉𝐶𝐴𝑆 and the 

third one with constant 𝑀𝑐𝑙𝑖𝑚𝑏. Aircraft and flaps/slats configuration is clean (cruise configuration) 

for the whole climbing phase, and the thrust provides the energy to fulfil the climbing phase. The 

difference between the first and second stretch is due to ATC issues. Currently, ATC prevents aircraft 

from flying with speeds greater than 250 kts until FL 100 in a TMA. This limitation seeks to facilitate 

the labour of ATC; however, there is no reasons of aircraft performance to operate it. In the case this 

limitation will disappears, the first and second stretches are combined together. 

The aircraft does not operate in an incompressible scenario, and then the density varies with the 

altitude. This means that True Airspeed (𝑉𝑇𝐴𝑆) increases with the altitude while 𝑉𝐶𝐴𝑆 remains 

constant. Each stretch is operated by a constant speed (𝑉𝐶𝐴𝑆, 𝑀𝑐𝑙𝑖𝑚𝑏 = 𝑐𝑠𝑡) until the following 

altitude is achieved, and then the aircraft speeds up to reach the subsequent speed.  

Lastly, crossover altitude (ℎ𝑡𝑟𝑎𝑛𝑠) is normally located at an altitude range from FL 290 to FL 310, 

although it varies depending on the aircraft model and the temperature. This altitude refers to the 

situation where an operational transition is produced because 𝑉𝑇𝐴𝑆 equals to 𝑀𝑐𝑙𝑖𝑚𝑏.  

Figure 3 represents the variation of the speed profiles depending on the altitude for an A320. It can 

be observed how the speed profile is constituted by 𝑉𝐶𝐴𝑆
1  (limited to 250 kts), 𝑉𝐶𝐴𝑆

2  (300 kts) and 

𝑀𝑐𝑙𝑖𝑚𝑏 (0.78).  

 

Figure 3. Typical speed profile for an A320 [28]. 
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2.2.2.1. Cost Index selection 

The fundamental rationale of the Cost Index (𝐶𝐼) concept is to achieve minimum flight trip cost by 

means of a trade-off between operating costs per hour and incremental fuel burn [89]. Airlines usually 

define cost indices per flight leg taking into account the airline cost structure and operating priorities. 

They are seasonally readjusted to account for recurring fluctuations. The determination of 𝐶𝐼 varies 

across airlines and will not be considered in this document. The cost index, 𝐶𝐼 [kg/min], is defined 

as the ratio between time (𝐶𝑡) and fuel (𝐶𝑓) related costs: 

𝐶𝐼 =
𝐶𝑡

𝐶𝑓
 ( 1) 

The range of 𝐶𝐼 values usually varies from 0 to 99 or 999 [kg/min] depending on the aircraft 

manufacturer. Extreme values 𝐶𝐼 = 0 (𝐶𝑡 ≪ 𝐶𝑓) and 𝐶𝐼 = 𝐶𝐼𝑚𝑎𝑥(𝐶𝑡 ≫ 𝐶𝑓) represent 

minimum fuel mode and minimum flight time mode respectively. For a predefined value of 𝐶𝐼, 

minimum flight cost is achieved by adopting an operational speed that properly proportions both fuel 

and time related costs. Then, the selection of a 𝐶𝐼 by a pilot or airline policies provides a speed 

profile for the departure phase (𝑉𝐶𝐴𝑆
1 , 𝑉𝐶𝐴𝑆

2  and 𝑀𝑐𝑙𝑖𝑚𝑏). 

2.2.2.2. Climbing sub-phase until FL 100. 

This sub-phase is characterised because the aircraft operates in a clean configuration. Typically, the 

maximum Indicated Air Speed (IAS) is limited to 250 kts due to ATC issues, although depending on 

the operational features of each TMA this limitation can be modified [39]. In addition to this speed 

limitation, it is usually to find restrictions for minimum climbing gradients until a specified altitude. 

This restriction responds to geographical conditions in the vicinities of the airport. Some examples 

of these restrictions at Palma TMA [90] are: 

1. Maximum speed: 𝐼𝐴𝑆𝑚𝑎𝑥 =250 kts until FL 100. 

2. Minimum climbing gradient: 7.0% until 2,200 ft and 5.5% until FL 100. 

2.2.2.3. Climbing sub-phase until crossover altitude 

In this sub-phase, the aircraft operates without speed limitations. However, this does not mean that 

ATC or geographical restrictions disappear. Some examples of these restrictions at Palma TMA [90] 

are: 

1. Maximum speed: 𝐼𝐴𝑆𝑚𝑎𝑥 = 300 kts until FL 130. 

2. Minimum climbing gradient: 6% until FL 130. 
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2.2.2.4. Climbing sub-phase until cruise level 

Once the aircraft reaches the crossover altitude, the flight crew operates with constant 𝑀𝑐𝑙𝑖𝑚𝑏 

instead of constant 𝑉𝐶𝐴𝑆 until the cruise level (ℎ𝑐𝑟). This implies that 𝑉𝑇𝐴𝑆 stops increasing and 

starts reducing, see Figure 2. In this sub-phase, there are no speed restrictions due to ATC issues 

or climbing gradients. This sub-phase should responds to the 𝑀𝑐𝑙𝑖𝑚𝑏 selected by the flight crew and 

tactical interventions of ATC. 
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2.3. Continuous Climb Operations 

2.3.1. Operational concept of CCOs 

This section presents the definitions and primary characteristics provided by ICAO to design CCO 

procedures, as well as potential benefits and drawbacks. ICAO defines a CCO [27] as “an aircraft 

operating technique enabled by airspace design, procedure design and facilitation by Air Traffic 

Control (ATC), allowing for the execution of a flight profile optimised to the performance of the aircraft, 

thereby reducing fuel burn and emissions during the whole flight”. Primary benefits of CCO 

procedures are to reduce fuel consumption, noise and pollutant emissions, as well as, to improve 

trajectory predictability for flight crew and ATC. 

SESAR ConOps Document [12] describes different concepts of operation, including CCOs. SESAR 

specifies, “the aim is to prevent any levelling during the climb phase, allowing departing aircraft to 

climb to their optimal cruise altitude, at their optimal rate of ascent to minimise fuel burn”. The 

definition is similar to ICAO’s one but including the concept that ATC should not perform any levelling 

during the climb phase. Hence, ATC should favour the integration of CCOs by facilitating an optimal 

climbing without any intervention that could worsen aircraft performances. ATC’s responsibility is to 

ensure safe operation of the aircraft under his charge. In high traffic density airports or TMAs, arrivals 

and departures are constantly crossing, and ATC needs to act to ensure separation minima is not 

infringed. Separation assurance between air traffic flows (departures versus departures or 

departures versus arrivals) may require level-offs, depending on airspace and traffic complexity. This 

fact cannot be achieved if airspace and procedure design do not take ATC limitation into account. 

Therefore, integration of CCO procedures without ATC intervention require a safety assessment, 

new ATC tools and an optimal design of airspace. 

Therefore, safety is one of the key aspects to bear in mind for the integration of CCOs. At some 

airports, to provide optimal climbing and arriving profiles may not be workable without ATC 

intervention. The design of CCO procedures cannot be done without taking arrival flows into account.  

The basis to avoid ATC interventions is to design airspace that ensures safe cross between climbing 

and descent air traffic flows. This goal can be achieved by ensuring that separation minima in a TMA 

are ensured by airspace design, i.e., climbing flows fly higher than descent flows or vice versa. 

Increasingly, the number of ATC-tools are growing to predict and solve conflicts in advance. These 

ATC-tools must be supported by accurate planned path information from every aircraft.  
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Ideally, to increase at maximum the potential benefits of CCOs, they should start at the runway and 

tackle the departure procedure to minimise fuel and pollutants. Then, the CCO procedure must be 

assessed as a complete procedure and not the sum of its individual parts. An optimal vertical profile 

is a trajectory that continuously climbs in opposition to a standard departure that may perform 

levelling throughout the climb, see Figure 4.ICAO consider a CCO as a continuous climbing trajectory 

with the minimum number of horizontal stretches (best-case for zero level-offs) and thrust variations. 

The process of retracting flaps and slats must be carefully carried out to minimise the risk of needless 

thrust variations and to reach cruise configuration as soon as possible. A vertical profile without 

restrictions must be operated whenever possible. Levelling during the climb requires that flight crew 

perform additional modifications and perhaps communications with ATC. Each pilot-ATC 

communication adds the possibility of an information misunderstanding that will adversely redound 

on the trajectory.  

CCOs are designed to operate through a SID. Both flight crew and ATC deal with a fix and coherent 

procedure to be previously analysed. In this case, pilot-ATC communications are reduced as well as 

levelling. Moreover, it is desirable to operate a climb without speed restrictions until the cruse level. 

This run counter to the common practice of limiting the speed until FL 100 due to ATC issues. Thus, 

the most efficient CCO is not achieved unless this speed restriction is removed.  

 

Figure 4. Trajectories of an optimised CCO versus a standard departure. 

Moreover, each CCO must climb with an optimised speed profile throughout the departure, except 

in cases where Noise-Abatement Departure Procedures (NADPs) are applied [91]. There are so 

many CCOs as criteria to optimise an airline’s operational concepts. The optimisation of fuel 

consumption or pollutant emissions, the reduction of time flight or a specific airline’s target generates 

different trajectories. Therefore, airspace design for CCOs requires to take different and complex 
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factors into account. Other air traffic flows, terrain, restricted airspace, performance aircraft or airport 

restrictions that modify the most efficient trajectory. Airspace design needs to encompass this set of 

potential CCO trajectories and, in fact, to other air traffic flows in the same TMA. It is required to 

perform an iterative process whose target is to obtain the most optimal airspace as possible. 

However, the outcome of this iterative process could not provide the shortest trajectories, but it would 

have balanced these factors. In addition, airspace design should consider the possibility of 

segregating the aircraft fleet because heavier aircraft climbs slower than lighter aircraft. Nonetheless, 

it depends on several factors and TMA designer’s goal.  

2.3.2. Target fleet 

To operate a CCO, an aircraft must be able to perform a continuous climbing according to an 

operational concept. The optimisation of an operational concept should be specified in advance by 

the airline. In the absence of any ATC limitation or interaction, every aircraft could operate a CCO.  

The systematic integration of CCOs should evaluate the target fleet that can operate in the airspace. 

Different aircraft models operate on different trajectories. An ideal CCO procedure must be designed 

in such a way that no speed or altitude requirements are imposed. Then, CCOs should be assessed 

by maximum and minimum climbing profiles or a representative sample of CCO trajectories. These 

path limits underlie airspace design for operational decisions. In addition, different operational 

options must be considered depending on other air traffic flows, terrain, restricted airspace, SID and 

STAR procedures, surveillance capabilities and navigation capabilities of the target fleet.  

2.3.3. Key indicators 

The ideal trajectory represented by a CCO must be benchmarked against standard departures and 

different CCO types. This assessment is done by defining key indicators that will enable the potential 

benefits to be determined. The most widely used indicators are: 

 Time: this is a measure of the departure impact on ATC workload. 

 Fuel consumption: this indicates the fuel required to perform a departure, which represents 

the cost of each operation to the airline in this work. 

 Distance: this factor directly affects airspace design because it may affect the volume of 

TMA or ATC sectors. 

Environmentally friendly procedures are continually being developed in air transport where they are 

an essential element of future progress within the industry [40], [41]. Fuel consumption can be 
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considered a measure of pollutant emissions, but it varies with the chemical related (CO2, NOx or 

SOx). Conversely, noise does not present relation with fuel consumption and requires its individual 

equations. In this work, fuel consumption is the only indicator considered among environmental 

indicators. Although noise or emission abatement optimisation generates different trajectories, they 

are out of the scope of this dissertation.  

2.3.4. Benefits and drawbacks 

The integration of CCOs provides the following benefits: 

a) Operations more efficient regarding fuel consumption, noise and pollutant emissions. 

b) Reduction in both flight crew and ATC workload by the operation of optimal procedures with 

lesser ATC intervention. 

c) Reduction in the number of radio transmissions. 

d) Reduction of the environmental impact in the vicinities of the airports due to the operation of 

more efficient trajectories adapted to the environment.  

e) Potential authorisation of trajectories where noise restrictions would otherwise result in 

operations being restricted. 

The drawbacks for ATM are similar to those presented by Reynolds [27]: 

a) Major uncertainty and ATC workload because each aircraft has a different optimal climbing 

profile.  

b) Need to increase the distance between aircraft-type pairs to ensure that minimum safety 

requirements are not violated.  

c) The need to increase time windows at potential conflict points between departure and arrival 

flows. 

d) Potential incompatibility between CCOs and standard operations during rush hours. 

e) Reduction in operational capacity that could inhibit the integration of CCOs during rush 

hours.  
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2.4. Compatibility of CCOs with standard procedures 

2.4.1. Structure of a CCO versus a standard departure 

A CCO is defined as the trajectory that an aircraft operates from the runway to reach the cruise level 

optimising one or several operational parameters. The CCO operational concept considered in this 

work is that the aircraft climbs according to a fuel-optimal path in the absence of ATC issues. 

However, a CCO aircraft flies following a SID, which means that lateral profile is restricted. Therefore, 

CCO path modelling only tackles the vertical profile.  

Table 1 summarises the characteristics of aircraft configuration and the operational concept that 

commands the climbing of a standard departure and a CCO as a function of the climbing stretches. 

Table 1. Structure of climbing stretches for a standard departure and a CCO 

Height range 
(ft.) 

Aircraft configuration Standard Departure CCO 

35 – 1,500 
Take-off (take-off flaps 

configuration) 
Maximum thrust until 

flaps are retracted 

Maximum thrust until 
flaps are retracted or 

depends on CCO type 

1,500 –10,000 
Climbing (cruise flaps 

configuration) 
𝑉𝐶𝐴𝑆

1 = 𝑐𝑠𝑡 < 𝐼𝐴𝑆𝑚𝑎𝑥 
ATC limitations 

Depends on CCO type 
10,000 – 
𝒉𝒕𝒓𝒂𝒏𝒔 

Climbing (cruise flaps 
configuration) 

𝑉𝐶𝐴𝑆
2 = 𝑐𝑠𝑡 

ATC limitations 

𝒉𝒕𝒓𝒂𝒏𝒔 – 𝒉𝒄𝒓 
Climbing (cruise flaps 

configuration) 
𝑀𝑐𝑙𝑖𝑚𝑏 = 𝑐𝑠𝑡 Depends on CCO type 

 

Therefore, the trajectory of a CCO is characterised by three stretches instead of four because the 

speed restriction until FL 100 imposed by ATC disappears. Lastly, Figure 5 presents a scheme of 

the climbing profile followed by a standard departure and a CCO, highlighting the different stretches 

depending on the altitude. Both departures reach the same cruise level, but the CCO is faster than 

the standard departure. This implies gains regarding environmental impact (fuel consumption, noise 

and pollutants) and operational criteria.  
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Figure 5. Structure of a standard departure versus a CCO.  
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2.5. Summarise 

This Chapter describes the different phases and sub-phases that constitute a departure procedure, 

presents the operational concept of a CCO and compares the integration of a CCO into a standard 

departure procedure. Essentially, a departure procedure is constituted by a taking-off phase (until 

1,500 ft) and a climbing one (until the cruise level). Moreover, each phase is separated into different 

sub-phases, which are characterised by different operational factors (see Table 1). The operational 

concept of a CCO considered in this work is that the aircraft climbs according to a fuel-optimal path 

in the absence of ATC issues. However, a CCO aircraft flies following a SID, which means that the 

lateral profile is restricted. Therefore, CCO path modelling only tackles the vertical profile. The 

structure of a CCO is as follows: 

1. The first stretch is characterised by take-off configuration with maximum thrust until flaps are 

retracted. Moreover, this stretch follows specific speeds until it reaches 1,500 ft.  

2. The second stretch is divided into different sub-phases in the case of a standard departure. 

ATC limits the climbing speed until FL 100. However, a CCO does not consider this speed 

limitation and operates with an optimal speed until the cross-over altitude. 

3. The third stretch is characterised because the aircraft operate with constant climbing Mach 

number from the crossover altitude until the cruise level.  
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Chapter 3  Modelling of CCO 

trajectories 

3.1. Introduction 

Once it is assessed how ICAO recommends the design of a CCO and the fuel consumption is the 

variable selected to optimise, this Chapter presents the model and simulation of CCO trajectories. 

The modelling of CCO trajectories requires a mathematical model to obtain the vertical profile 

according to operational factors of each trajectory (mass, speed, optimisation technique, wind and 

so on.). There are different mathematical models to simulate the aircraft movement depending on 

the degrees of freedom. The most complex models characterise the aircraft as an element of six-

degrees of freedom and assess how the interaction of different aircraft elements [87], [92]–[94]. 

However, the majority of models that simulate trajectories do not require such accuracy, but it is 

feasible to reduce the complexity with a three-degrees of freedom [77], [95]–[97]. These are the 

models more extended, and especially the ‘Total Energy Model’ (TEM) developed by 

EUROCONTROL [88], [89]. This model balances the rate of work among forces that act on the 

aircraft, to the rate of potential and kinetic energy. Moreover, this model permits the simulation of 

more than 70 aircraft models. 

The optimisation of departure trajectories is a field that has been overtly developed. The potential 

environmental benefits are the CCO major goal, focusing on reducing fuel consumption, emissions 

and noise levels in the vicinity of airports [6], [27], [49]. Apart from the benefits of fuel consumption 

and emissions, major benefits arise from the impact of noise-levels. Optimal-noise departing 

trajectories have been largely studied  with different optimisation techniques [10], [33], [34], [34], [77], 

[98]–[100]. However, several studies have studied different techniques to abate noise and emissions 

altogether [10], [24], [38], [39], [42], [45], [48]. The outcome of all of these studies is that multiple 

different trajectories depend on the parameters to optimise, the environmental features, aircraft 

performances and airline policies. One aircraft flying a CCO can perform different trajectories 

depending on the factor to optimise. 

CCO trajectories calculated in this section are fuel-optimised trajectories. However, this work does 

not develop an optimisation technique, but it seeks to determine the fuel-optimal speed profile for 
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each aircraft model. These speed profiles are characterised by a combination of climbing speed and 

Mach that allow minimising fuel consumption. 

This Chapter presents the model and simulation of CCO trajectories. Afterwards, the optimal speed 

profile for fuel-optimised trajectories is calculated. Moreover, Monte Carlo simulations permit to 

assess path uncertainty by the modelling of different factors that affect the vertical profile. The 

ultimate goal is to obtain a database of trajectories statistically remarkable. This database constitutes 

the basis for safety and capacity assessment of further Chapters.   
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3.2. Aircraft modelling 

There is plenty of aircraft literature on performances or flight mechanics [87], [94]. Thus, this section 

does not develop new equations, but it summarises the basics of the movement for an aircraft that 

performs a departure. 

3.2.1.  Atmosphere model 

For the atmospheric parameters, the model considered in this work is based on the International 

Standard Atmosphere (ISA). In this case, the differences between the geodetic altitude (ℎ), 

geopotential altitude, and ‘geopotential pressure altitude’ disappears, being the same altitude for all 

terms. Then, ISA conditions and associated variables are determined based on the equation: 

𝜕𝑃

𝜕ℎ
= −

𝑔𝑃(ℎ)

𝑅𝑇(ℎ)
 ( 2) 

Where 𝑃 is the pressure, 𝑔 is the gravity, 𝑇 is the temperature and 𝑅 is the real gas constant for air 

(287 𝑚2/𝑠2º𝑘). This equation is directly obtained by the application of gas law and flow statement. 

Typically, most commercial aircraft operates at a maximum altitude of 40,000 ft (over 12,000 meters 

– m). This height is despicable from the earth’s radius (6,378 km). Thus, acceleration of gravity is 

considered constant (𝑔~9.80665𝑚/𝑠2) in this work [101]. For height values between 0 and 

11,000 m, an aircraft flies in the troposphere and the following relation must be fulfilled: 

𝑇 = 𝑇0 + 𝛼ℎ ( 3) 

where 𝑇0 is the ISA sea-level temperature (288.15ºK) and 𝛼 is the gradient with altitude (-0.0065 

ºK/m). Above 11,000 m (stratosphere) the temperature gradient is considered null, which implies that 

the temperature remains constant at a value of 56.5º.  

The pressure up to 11,000 m is obtained as: 

𝑃

𝑃0
= (1 +

𝛼

𝑇0
ℎ)

𝑔
𝛼𝑅

 ( 4) 

where 𝑃0 is the ISA sea-level pressure (1013.25 𝐻𝑝𝑎). And air density (𝜌) as a function of altitude 

is: 

𝜌 = 𝜌0 (1 +
𝛼ℎ

𝑇0
)

−
𝑔

𝛼𝑅
−1

 ( 5) 

where 𝜌0 = 1.2225 𝑘𝑔/𝑚3. 
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3.2.2. Total-energy Model 

This Chapter summarises the formulation of the three degrees of freedom (3DOF) model based on 

the ‘Total-Energy Model’ developed by EUROCONTROL [88], [89]. The model assesses the 

behaviour of the mass centre of an aircraft considered as a rigid-solid and with constant mass. The 

‘Total-Energy’ Model balances the rate of work among forces which act on the aircraft (𝑇ℎ𝑟 and 

𝐷)𝑉𝑇𝐴𝑆, to the rate of potential (𝑚𝑔
𝑑ℎ

𝑑𝑡
) and kinetic (𝑚𝑉𝑇𝐴𝑆

𝑑𝑉𝑇𝐴𝑆

𝑑𝑡
) energy: 

(𝑇ℎ𝑟 − 𝐷)𝑉𝑇𝐴𝑆 = 𝑚𝑔
𝑑ℎ

𝑑𝑡
+ 𝑚𝑉𝑇𝐴𝑆

𝑑𝑉𝑇𝐴𝑆

𝑑𝑡
 ( 6) 

where 𝑇ℎ𝑟 is the thrust acting parallel to the speed vector (Newton), 𝐷 is the Drag (Newton) and 𝑚 

is the aircraft mass (Kg). 

This initial 3DOF model is converted to a 2DOF model when lateral movement is ignored (bank angle 

is null). The case considered here is the case where the thrust and speed are fixed by a particular 

law and the Rate of Climb and Descent (ROCD - ℎ̇) is calculated. Normally, it is assumed that speed 

and throttle are controlled independently. This flight mode is the most common way for aircraft to 

depart and reach the cruise level while maintaining a specific speed-profile and equation ( 6) can be 

rewritten as: 

𝑅𝑂𝐶𝐷 =
𝑑ℎ

𝑑𝑡
= ℎ̇ =

(𝑇ℎ𝑟 − 𝐷)𝑉𝑇𝐴𝑆

𝑚𝑔
[1 +

𝑉𝑇𝐴𝑆

𝑔0

𝑑𝑉𝑇𝐴𝑆

𝑑ℎ
]−1 ( 7) 

where the last term is called the “energy share factor” (𝑓{𝑀}) and is a function of Mach number. 

This factor indicates the variation of the speed profile throughout the altitude and can be modelled 

based on the Mach number. 

𝑓{𝑀} = [1 +
𝑉𝑇𝐴𝑆

𝑔

𝑑𝑉𝑇𝐴𝑆

𝑑ℎ
]

−1

 ( 8) 

Where BADA provides the solution to this problem for the following cases: 

1. Constant CAS below tropopause: 

𝑓{𝑀} = {1 +
𝜅𝑅𝛽

2𝑔
𝑀2

+ (1 +
𝜅 − 1

2
𝑀2)

−
1

𝜅−1
[(1 +

𝜅 − 1

2
𝑀2)

−
1

𝜅−1
− 1]}

−1

 

( 9) 
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𝜅 is the adiabatic index. A Mach number of 0.6 for example yields an energy share factor of 0.85. 

This number is less than 1 because as density decreases with altitude, maintaining a constant CAS 

during climb requires maintaining a continual increase in true airspeed. 

2. Constant Mach number below tropopause: 

𝑓{𝑀} = {1 +
𝜅𝑅𝛽

2𝑔
𝑀2}

−1

 ( 10) 

3. Constant Mach number in stratosphere 𝑓{𝑀} = 1. 

However, this resolution considers that wind effect on the total-energy model is neglected and, in 

some situations, this effect has to be considered on the model. The wind behaves as a parabola and 

its variation with time is important at lower altitudes where the wind ratio (𝑑𝑊/𝑑ℎ ) is high [94]. This 

concept, variation of the wind with the height, is called wind shear, and, typically, the wind variation 

at different altitudes are neglected compared with the absolute value of the speed. Nonetheless, in 

a departure, the wind shear cannot be directly neglected without a further study about its influence. 

The energy share factor can be rewritten as: 

𝑓{𝑀} = [1 +
𝑉𝑇𝐴𝑆

𝑔

𝑑𝑉𝑇𝐴𝑆

𝑑ℎ
−

𝑉𝑇𝐴𝑆

𝑔0

𝑑𝑊

𝑑ℎ
]

−1

 ( 11) 

In equation ( 11), the wind is a headwind, and it appears negative in the equation. The methodology 

to assess the influence of wind shear in a continuous climb operation is the following: 

1. Wind statistical data has been collected for Palma TMA. This data is obtained from a 

sounding line sent to the atmosphere. Due to the impossibility of measuring the wind 

throughout all altitudes, the atmosphere is divided into several altitude levels where a 

statistical value about wind intensity and direction is determined. For this purpose, the 

statistical value has been modelled as a normal distribution although the wind does not 

exactly behave like a normal distribution. 

2. As this information is discrete, it is necessary to obtain a continuous distribution of wind. The 

approximation for these values are obtained with a logarithmic fit verifying equation 𝑦 =

2.5298 ln(ℎ) − 9.0078. Figure 6 shows the obtained evolution of the wind intensity 

throughout the altitude and the logarithmic fit. As was mentioned before, the variation of the 

wind changes quickly up to 3,000 ft and after that barely varies.  
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Figure 6. Evolution of the wind intensity throughout the altitude and logarithmic approach. 

3. The gradient of this logarithmic fit (𝑑𝑊/𝑑ℎ) is compared with the speed gradient 

(𝑑𝑉𝑇𝐴𝑆/𝑑ℎ). For this analysis, Figure 7 presents the evolution of the ratio of wind gradient 

compared to airspeed gradient in percentage. The wind gradient is significant in the first 

stage until 30 meters but above this altitude, it is less than 5%. In view of the brief duration 

of the large wind gradient in the climb, we can neglect the influence of the wind shear 

throughout the climb. 

 

Figure 7. Ratio of wind gradient on speed gradient  as a function of altitude (
𝒅𝑾
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 Apart from that, the wind is a grossly complex factor to model because it behaves like a 

dynamic variable with vertical and horizontal components. Both components are time and 

height dependent: 𝑊(𝑡, ℎ) = 𝑊(𝑊𝑥,𝑦(𝑡, ℎ), 𝑊ℎ(𝑡, ℎ)). The assumptions are as follows: 

o The vertical component of the wind 𝑊ℎ(𝑡, ℎ) is negligible compared to the 

horizontal component 𝑊𝑥,𝑦(𝑡, ℎ): 𝑊ℎ ≪ 𝑊𝑥,𝑦 → 𝑊(𝑡, ℎ) ≈ 𝑊𝑥,𝑦(𝑡, ℎ). 

o If we compare the time that the wind takes to vary (𝑡𝑤) and the time an aircraft 

requires to depart (𝑡𝑎𝑠𝑐), we see that there is a great difference between them, i.e.,  

𝑇𝑤 ≫ 𝑡𝑎𝑠𝑐 . Therefore, the wind vector varies as a function of height but not time 

for CCO 𝑊𝑥,𝑦(𝑡, ℎ) ≈ 𝑊𝑥,𝑦(ℎ). 

As such, the wind has an influence on the position of the aircraft and on the relative position between 

aircraft. The reason for this is straightforward: although both aircraft experience the same wind 

conditions throughout their departures, the aircraft are exposed to different wind conditions at the 

same time. Hence, wind is reduced to its longitudinal component although its value depends on the 

altitude. 

3.2.3. Speed 

There exist different types of speed depending on operational, technical or atmosphere assumptions. 

The following definitions are extracted from [102]: 

 IAS (Indicated Airspeed) is the airspeed shown on the flight-deck instrument. 

 𝑉𝐶𝐴𝑆 (Calibrated Airspeed) is the IAS corrected for instrument errors and position error (due 

to incorrect pressure at the static port caused by airflow disruption). 

 EAS (Equivalent Airspeed) is defined as the speed at sea level, under ISA conditions that 

would produce the same incompressible dynamic pressure that is produced at the true 

airspeed and the altitude at which the vehicle is flying.  

 𝑉𝑇𝐴𝑆 (True Airspeed) is the CAS corrected for altitude and non-standard temperature.  

 Mach - 𝑀 is the ratio between the 𝑉𝑇𝐴𝑆 and the local speed of sound. 

This study considers the trajectory of an aircraft from the take-off up to the cruise level. Thus, the 

compressible behaviour of the airspeed cannot be neglected. That means that the EAS must not be 

considered and the following relations can be done between 𝑉𝐶𝐴𝑆-𝑉𝑇𝐴𝑆 and 𝑀: 
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𝑉𝑇𝐴𝑆 = [
2𝑃

𝜇𝜌
[(1 +

𝑃𝑜

𝑃
[(1 +

𝜇𝜌0

2𝑝0
𝑉𝐶𝐴𝑆

2 )

1
𝜇

− 1])

𝜇

− 1]]

1/2

 

𝑉𝑇𝐴𝑆 = 𝑀√𝜅𝑅𝑇 

( 12) 

Moreover, operational aircraft speeds vary with the aircraft mass. This variation is calculated 

according to the following equation: 

𝑉 = 𝑉𝑟𝑒𝑓√
𝑚

𝑚𝑟𝑒𝑓
 ( 13) 

3.2.4.  Aerodynamics 

Lift 

In this model, we only take into account the vertical profile of the aircraft, so the bank angle (𝜓) is 

set to zero. In future works, where the aircraft should fly a real route, bank angle will be explicitly 

considered. The lift is a force which must fulfill the force equilibrium: 

𝐿 = 𝑚𝑔 →
1

2
𝜌𝑉𝑇𝐴𝑆

2 𝑆𝑐𝐿 = 𝑚𝑔 

𝑐𝐿 =
2𝑚𝑔

𝜌𝑉𝑇𝐴𝑆
2 𝑆

 

( 14) 

Where 𝑆 is the wing surface area (𝑚2), which is a constant value of the aircraft and it is provided by 

BADA, and 𝑐𝐿 is the Lift coefficient. In this case 𝑐𝐿 has a particular behavior. The reduction of mass 

throughout the departing can be neglected since normally the fuel consumed is less than 3%, and 

Weight can be considered constant. Moreover, for small Mach numbers the compressibility effects 

can be neglected and 𝑉𝐶𝐴𝑆 ≈EAS and 𝑉𝑇𝐴𝑆 fulfill Bernuilli’s equation: 

𝜌𝑉𝑇𝐴𝑆
2 = 𝜌0𝐸𝐴𝑆2 ( 15) 

Thus, 𝑐𝐿 is constant if aircraft flight with constant EAS. However, when the compressibility effect 

appears 𝑉𝐶𝐴𝑆 ≠ 𝐸𝐴𝑆 and 𝑐𝐿 does not mantain constant.  

 

Drag 

The Drag (𝐷) is obtained from: 

𝐷 =
𝜌𝑉𝑇𝐴𝑆

2 𝑆𝑐𝐷

2
=

𝑝𝜅𝑆𝑀2𝑐𝐷

2𝑃0
 ( 16) 
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where 𝑐𝐷 is the drag coefficient and it is a function of the lift coefficient 𝑐𝐿: 

𝑐𝐷 = 𝑐𝐷0 + 𝑐𝐷2(𝑐𝐿)2 ( 17) 

Where 𝑐𝐷0 and 𝑐𝐷2 are constant parameters in BADA 3 and depend on 𝑀 in BADA 4. Depending 

on the available data for each aircraft, either BADA model 3 or 4 is used. The drag coefficient also 

depends on the aircraft configuration – take-off, initial climb or clean configuration – and for each 

configuration, the drag parameters will have different values for each configuration. Finally, grouping 

terms in 𝐾1 =
𝜌𝑆𝑐𝐷0

2
 and 𝐾2 =

2𝑚2𝑔2𝑐𝐷2

𝜌𝑆
 Drag is reduced to a function of altitude and 𝑉𝑇𝐴𝑆 because 

𝐾1 and 𝐾2 depends only on density, and, in turn, on the altitude (𝐾1, 𝐾2 = 𝑓(ℎ)).: 

𝐷 = 𝐾1𝑉𝑇𝐴𝑆
2 +

𝐾2

𝑉𝑇𝐴𝑆
2  ( 18) 

Normally, when aircraft fly with 𝑉𝐶𝐴𝑆 = 𝑐𝑠𝑡, Drag remains approximately constant [87], [94]. 

3.2.5.  Thrust 

Thrust is the most important variable throughout the departure because it will determine the capacity 

to climb. In terms of thrust configuration, an aircraft typically operates two different settings: 

1. From the take-off up to a specific altitude depending on the procedure (400-1,500 ft), aircraft 

fly with Maximum Take-off Thrust (𝑇ℎ𝑟𝑚𝑎𝑥). 

2. Once aircraft has achieved the previous altitude, the aircraft fly with a thrust guidance-law 

“maximum climb thrust” (MCMB). 

BADA 3 model [88] defines the thrust depending on the aircraft type. The MCMB depends only on 

the altitude of the aircraft for a turbofan aircraft: 

𝑇ℎ𝑟𝑀𝐶𝑀𝐵 = 𝑐𝑇𝑐,1(1 −
ℎ

𝑐𝑇𝑐,2
+ 𝑐𝑇𝑐,3ℎ2) ( 19) 

where 𝑐𝑇𝑐,1,2,3 are parameters provided by BADA for each aircraft model. Thrust decreases with the 

altitude. In older versions of BADA 3, a Take-off coefficient was used which increased the maximum 

climb thrust over 20%, but in later BADA versions, it was removed. 

In BADA 4 [89], the thrust is formulated more complexly and depends on altitude, Mach, and some 

aircraft coefficients. The turbofan thrust coefficient (𝑐𝑇) may be operated by different control laws, 

the take-off rating is modeled by the MCMB, used also for other phases. There is no difference 

between take-off and climb rating due to the fact that BADA does not consider these differences. 

Moreover, the throttle parameter (𝛿𝑇) depends on the kink point of the engines. This kink point is 
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defined as the deviation of the real temperature with the ISA temperature. In this study, this deviation 

is neglected as far as we only consider operations with ISA conditions (∆𝑇 = 0), and 𝛿𝑇 = 𝛿𝑇,𝑓𝑙𝑎𝑡 

since ∆𝑇𝑘𝑖𝑛𝑘 ≈ 10º. 

𝑇ℎ𝑟 =
𝑃

𝑃0
𝑚𝑟𝑒𝑓𝑔𝑐𝑇 ( 20) 

For non-idle ratings the equations for 𝑐𝑇 and 𝛿𝑇 depend on Mach number and altitude. 

3.2.6. Fuel consumption 

In BADA 3, fuel consumption depends on Thrust and speed. The thrust specific fuel consumption 

(𝜂) for jet aircrafts depends on speed: 

𝜂 = 𝑐𝑓1(1 +
𝑉𝑇𝐴𝑆

𝑐𝑓2
) ( 21) 

  The nominal fuel flow, (𝐶𝑓) is then calculated as: 

𝑐𝑓 = 𝜂𝑇ℎ𝑟 ( 22) 

In BADA 4, the model includes the contribution from all engines and the fuel consumption depends 

on airspeed, throttle parameter and atmospheric conditions where the fuel coefficients 𝑐𝑓1,2 for non-

idle ratings have to be compared between the idle and the general rating, and the bigger one is 

chosen. The fuel coefficients (𝑐𝑓1,2) depend on the Mach number and the thrust coefficient 𝑐𝑇.  

3.2.7.  Longitudinal and vertical dynamics 

The following equations are valid for aircraft dynamics of a 3DOF point-mass model. They are 

organised into three groups: kinematic (24-26), dynamics (27-29) and fuel consumption ( 29): 

�̇� = 𝑉 cos(𝛾) cos(𝜓) + 𝑊𝑥 ( 23) 

�̇� = 𝑉cos (𝛾)sin (𝜓)+𝑊𝑦 ( 24) 

ℎ̇ = 𝑉sin (𝛾) ( 25) 

�̇� =
𝑔

𝑚𝑔⁄ [𝑇 − 𝐷 − 𝑚𝑔𝑠𝑖𝑛(𝛾)] ( 26) 

�̇� =
𝐿sin (𝜙)

𝑚𝑉𝑇𝐴𝑆 cos(𝛾)
 ( 27) 

�̇� = 1
(𝑉𝑚)⁄ [𝐿cos (𝜙) − 𝑚𝑔𝑐𝑜𝑠(𝛾)] ( 28) 

�̇�𝑔 = −𝑐𝑓 ( 29) 
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Where 𝑊𝑥 𝑎𝑛𝑑 𝑊𝑦 are the wind components, 𝛾 is the climbing angle, 𝜓 is the bank angle, and 𝜙 

is the heading angle. Kinematic equations can be simplified by separating the dynamics into two 

components (lateral and longitudinal) because, as was explained previously, the bank angle is 

neglected. In this way, longitudinal dynamics are written as follows: 

�̇� = 𝑉 cos(𝛾) + 𝑊𝑥(ℎ) ( 30) 

ℎ̇ = 𝑉sin (𝛾) ( 31) 

�̇� = 1
𝑚⁄ [𝑇 − 𝐷 − 𝑚𝑔𝑠𝑖𝑛(𝛾)] ( 32) 

�̇� = 1
(𝑉𝑚)⁄ [𝐿 − 𝑚𝑔𝑐𝑜𝑠(𝛾)] ( 33) 

These four equations build the dynamic model of an aircraft, which will be used to determine the 

longitudinal evolution of an aircraft. Moreover, aircraft perform a quasi-stationary flight. This means 

that the climb angle is small and their derivative is zero (sin(𝛾) ≈ 𝛾, cos(𝛾) ≈ 1), and the above 

equations are reduced to: 

�̇� = 𝑉𝑥 + 𝑊𝑥(ℎ) ( 34) 

ℎ̇ = 𝑉𝛾 ( 35) 

�̇� = 1
𝑚⁄ [𝑇 − 𝐷 − 𝑚𝑔𝛾] ( 36) 

𝐿 = 𝑊 ( 37) 

where 𝑉𝑥 is the speed projection on the horizontal axis. Above equations are the same implemented 

in the BADA model. 

Finally, it is required to resolve the governing differential equations by numerical methods. These 

equations need some initial and final conditions that sometimes have to be defined. There exist 

multiple methods and literature is diverse, being one of the most important books [103]. The solution 

of some variables is approached as follows: 

�̇� = 𝑓(𝑥, 𝑡) + 𝑊𝑥(ℎ) 

𝑥𝑘+1 = 𝑥𝑘 + [𝑓(𝑥, 𝑡) + 𝑊𝑥(ℎ)](𝑡𝑘+1 − 𝑡𝑘) 
( 38) 

cos 𝛾 (𝑡) =
�̇�(𝑥, 𝑡)

𝑉𝑇𝐴𝑆(𝑡)
 ( 39) 

sin 𝛾 (𝑡) =
ℎ̇(𝑡)

𝑉𝑇𝐴𝑆(𝑡)
 ( 40) 
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3.3. Structure of a CCO trajectory 

The CCO structure is based on sequential phases in which different variables must follow specific 

control laws. There exist different departing procedures – such as noise-abatement procedure, 

NADP1, NADP2, ICAO 1 and ICAO 2 among others. In this study, CCO structure begins when the 

aircraft reaches 35 ft. after taking-off and CCO finishes when it reaches cruise level. The following 

table summarises the main characteristics of each segment which fulfil the same requirements 

established in ICAO departing procedure [36], [91] and is designed by manufacturers [28]: 

Table 2. Description of CCO structure 

Altitude Range (ft) 𝑪𝑫 𝑽 𝑻𝒉𝒓 

𝟑𝟓 < 𝒉 ≤ 𝟒𝟎𝟎 (𝐶𝐷0, 𝐶𝐷2)𝑇𝑂 𝑉2
𝑇𝑂 + 10 kts 𝑇ℎ𝑟𝑚𝑎𝑥 

𝟒𝟎𝟎 < 𝒉 ≤ 𝟏, 𝟓𝟎𝟎 (𝐶𝐷0, 𝐶𝐷2)𝐼𝐶 𝑉2
𝐼𝐶 + 10 kts 𝑇ℎ𝑟𝑚𝑎𝑥

𝑐𝑏  

𝟏, 𝟓𝟎𝟎 < 𝒉 ≤ 𝒉𝒕𝒓𝒂𝒏𝒔 (𝐶𝐷0, 𝐶𝐷2)𝐶𝑅 𝑉𝐶𝐴𝑆 𝑇ℎ𝑟𝑚𝑎𝑥
𝑐𝑏  

𝒉𝒕𝒓𝒂𝒏𝒔 < 𝒉 ≤ 𝒉𝒄𝒓 (𝐶𝐷0, 𝐶𝐷2)𝐶𝑅 𝑀𝑐𝑙𝑖𝑚𝑏 𝑇ℎ𝑟𝑚𝑎𝑥
𝑐𝑏  

 

Therefore, up to 1,500 ft, the main difference between the first two segments is about the Drag 

coefficients (high-lift devices mode) and thrust control-law. Moreover, the restriction of 𝐼𝐴𝑆 ≤

250 kts up to FL 100 in standard departures is not considered. At each climbing phase, the aircraft 

fly with constant speed until it reaches the following phase. There is a transitional phase between 

them where the aircraft must speed up to the new constant speed. 

Finally, the crossover altitude ℎ𝑡𝑟𝑎𝑛𝑠 is the altitude where 𝑉𝑇𝐴𝑆(𝑉𝐶𝐴𝑆
2 ) = 𝑀𝑐𝑙𝑖𝑚𝑏 and is calculated 

with the following equations by BADA: 

ℎ𝑡𝑟𝑎𝑛𝑠 = (
1000

0.3048 ∗ 6.5
)(𝑇0 − 𝑇𝑡𝑟𝑎𝑛𝑠) 

𝛿𝑡𝑟𝑎𝑛𝑠 =
[1 + (

𝜅 − 1
2 ) (

𝑉𝐶𝐴𝑆

𝑎0
)

2

]

𝜅
𝜅−1

− 1

[1 +
𝜅 − 1

2 𝑀2]

𝜅
𝜅−1

− 1

 

( 41) 

 

For each CAS/Mach combination, a different ℎ𝑡𝑟𝑎𝑛𝑠 will result.  
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3.4. CCO with speed profile (CAS/Mach) constant 

This model characterises the dynamic aircraft equations and boundary conditions that apply in the 

different segments for this type of CCOs. Data to obtain are: 

 Distance of the aircraft as a function of time 𝑥(𝑡). 

 Altitude of the aircraft as a function of time ℎ(𝑡). 

 Altitude of the aircraft as a function of distance ℎ(𝑥). 

 True airspeed as a function of time 𝑉𝑇𝐴𝑆(𝑡). 

If we determine BADA equations for this CCO type, for the stretches where 𝑉𝐶𝐴𝑆 = 𝑐𝑠𝑡 we obtain 

equation ( 7). Based on these equations the rest of parameters are calculated: 

𝛾(𝑡) = arcsin
ℎ̇(𝑡)

𝑉𝑇𝐴𝑆(𝑡)
 ( 42) 

As ℎ̇ and 𝑉𝑇𝐴𝑆 depends on time, gamma also depends on time and varies with altitude. In the same 

way, ground speed varies with altitude and the distance as well. Moreover, the initial condition to the 

distance is the Take-Off Length (TOL) due to the fact that TOL distances are different for every 

aircraft model. 

Table 3 summarises the main features of the simulation. 

Table 3. Climbing structure for CCO with CAS/M constant. 

Parameter Take-off (TO) Initial climb (IC) 𝑽𝑪𝑨𝑺 = 𝒄𝒔𝒕 𝑴 = 𝒄𝒔𝒕 

𝑻𝒉𝒓 𝑇ℎ𝑟𝑚𝑎𝑥
𝑇𝑂  𝑇ℎ𝑟𝑚𝑎𝑥

𝐶𝑏  𝑇ℎ𝑟𝑚𝑎𝑥
𝐶𝑏  𝑇ℎ𝑟𝑚𝑎𝑥

𝐶𝑏  

𝑫 (𝐶𝐷0, 𝐶𝐷2)𝑇𝑂 (𝐶𝐷0, 𝐶𝐷2)𝐼𝐶 (𝐶𝐷0, 𝐶𝐷2)𝐶𝑅 (𝐶𝐷0, 𝐶𝐷2)𝐶𝑅 

𝑽 
𝑉𝐶𝐴𝑆

𝑇𝑂 = 𝑉2
𝑇𝑂 +

5 kts 

𝑉𝐶𝐴𝑆
𝐼𝐶 = 𝑉2

𝐼𝐶 +
10 kts 

𝑉𝐶𝐴𝑆
2  𝑀𝑐𝑙𝑖𝑚𝑏 

�̇� ℎ̇ = ℎ(𝑉𝐶𝐴𝑆
𝑇𝑂 , ℎ) ℎ̇ = ℎ(𝑉𝐶𝐴𝑆

𝐼𝐶 , ℎ) 
ℎ̇
= ℎ(𝑉𝑇𝐴𝑆

𝐶𝐿 , ℎ) 

ℎ̇
= ℎ(𝑀𝑐𝑙𝑖𝑚𝑏 , ℎ) 

Initial 
conditions 

ℎ0 = 35 ft 
𝑉𝐶𝐴𝑆

𝑇𝑂  

𝑥0 = 𝑇𝑂𝐿 

ℎ1 

𝑉𝐶𝐴𝑆
𝑇𝑂  

𝐻2 

𝑉𝐶𝐴𝑆
2  

ℎ𝑡𝑟𝑎𝑛𝑠 
𝑀𝑐𝑙𝑖𝑚𝑏 

Final 
conditions 

ℎ1 = 400 ft 
𝑉𝐶𝐴𝑆

𝑇𝑂  

ℎ2 = 1,500 ft 
𝑉𝐶𝐴𝑆

𝐼𝐶  

ℎ𝑡𝑟𝑎𝑛𝑠 

𝑀𝑐𝑙𝑖𝑚𝑏 

ℎ𝑐𝑟 

𝑀𝑐𝑟 

 

The results obtained for the simulation of B738 on BADA 4 are shown in Figure 8 to Figure 13. 

figures. The altitude histogram is shown in Figure 8. The altitude is represented as a function of time, 

and there are three different behaviours throughout the climb. The first is up to 1,500 ft when the 

aircraft flies in a non-clean configuration; after the main part of the climb the aircraft flies with constant 
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𝑉𝐶𝐴𝑆 and the altitude profile appears to be a parabolic shape; and the last stretch is flied with 

constant Mach with a change on the slope.  

 

Figure 8. Evolution of Height as a function of Time. 

Figure 9 depicts the evolution of 𝑉𝑇𝐴𝑆 throughout the climb. Herein, we can clearly see the 

differences in 𝑉𝑇𝐴𝑆 behaviour in each stretch, but once that aircraft achieves 𝑉𝐶𝐴𝑆 = 𝑐𝑠𝑡 the graph 

presents the most usual behaviour of 𝑉𝑇𝐴𝑆 for aircraft. The 𝑉𝑇𝐴𝑆 increases while 𝑉𝐶𝐴𝑆 = 𝑐𝑠𝑡 

applies up to the transition altitude where 𝑀 = 𝑉𝑇𝐴𝑆, afterwards, 𝑉𝑇𝐴𝑆 decreases because the 

aircraft then flies with 𝑀𝑐𝑙𝑖𝑚𝑏 = 𝑐𝑠𝑡. 

 

Figure 9. Evolution of 𝑽𝑻𝑨𝑺. 
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Figure 10 shows the evolution of 𝑐𝑙 throughout the time. 𝑐𝑙remains roughly constant in the phases 

with 𝑉𝐶𝐴𝑆 = 𝑐𝑠𝑡 as was expected. In the first stretch it is constant, but once the compressibility 

effect appears it starts to grow up as the 𝑉𝑇𝐴𝑆 decreases. At the beginning, the value of 𝑐𝑙 is very 

high due to the impact of high-lift devices, but when the aircraft changes its configuration from take-

off to initial climb or clean configuration it decreases. 

 

Figure 10. Evolution of the Lift Coefficient (𝒄𝑳). 

Figure 11 shows together the evolution of the Thrust and Drag. Since the thrust only depends on the 

height (BADA 3), it is clear how thrust decreases throughout the aircraft climbing. Moreover, the take-

off thrust is 20% over the climbing thrust because of the condition we have added. On the other 

hand, Drag presents three clear stretches depending on high-lift devices. The most important factor 

is that the difference between thrust and drag is positive which means that the specific power is 

positive (>0) and this is the reason why the aircraft gains energy. At high altitudes, the specific power 

is lower implying that the rate of climb (ℎ̇) is lower as well. 
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Figure 11. Evolution of Thrust (𝑻𝒉𝒓) and Drag (𝑫). 

Figure 12 depicts the evolution of the climb angle (𝛾) with time. The larger angles are observed in 

the beginning when the ROCD is greater (sin 𝛾 =
𝑅𝑂𝐶𝐷

𝑉𝑇𝐴𝑆
=

𝑇ℎ𝑟−𝐷

𝑊
). According to the evolution of 

the ROCD, it decreases throughout the climb. Moreover, there appears some peak variations of the 

climb angle due to the instantaneous transition phases of the aircraft. 

 

Figure 12. Evolution of ROCD. 

Finally, Figure 13 depicts the evolution of weight and fuel consumption throughout the departing 

phase. As can be observed, the total fuel burn is about 1,500 kg while the Maximum Take-Off Weight 
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(MTOW) is 70,000 kg; it implies that the variation of mass in Figure 13 is just over 2%. This result 

confirms the assumption of omitting the mass variations during the climb. 

  

Figure 13. Evolution of fuel consumption (left) and weight (right). 

These results are for a B737 but can be laid out for every aircraft type. We have performed the 

simulation of CCO trajectories which will be the basis of future studies based on the BADA model. 

 

  



Impact of Continuous Climb Operations in a high traffic density TMA 62 

 

3.5. Fuel-optimal profile 

Once the CCO model and the trajectory are obtained for BADA model, the following step is to obtain 

the fuel-optimal profile, which constitutes most of the trajectories flew. Typically, aircraft fly a 

particular 𝐶𝐼 specified by the airline, but, as the airline-optimal profile is out of the scope of this work, 

we just focus on fuel-optimal profiles. 

The methodology proposed is to find the CAS/Mach speed-profile that results in the least fuel 

consumption. Optimisation techniques are not considered because the author aims to simulate 

trajectories as similar as possible to airlines procedures. Thus, several trajectories are evaluated in 

terms of total fuel consumption in order to find the CAS/Mach profile with the lower fuel usage. These 

trajectories, so as to be adequately assessed, have to fulfil the same initial and final boundary 

conditions, because initial and final energy has to be fulfilled for every case: 

Table 4. Conditions for fuel-optimal profile calculation. 

Stretch 
𝑽𝑪𝑨𝑺 

acceleration 
𝑽𝑪𝑨𝑺 𝑴𝒄𝒍𝒊𝒎𝒃 𝑴 acceleration En-route 

Altitude range 
(ft) 

1,500 1,500− 𝐻𝑡𝑟𝑎𝑛𝑠 ℎ𝑡𝑟𝑎𝑛𝑠 − ℎ𝑐𝑟 ℎ𝑐𝑟 ℎ𝑐𝑟 

Speed 𝑉2
𝐼𝐶 − 𝑉𝐶𝐴𝑆 𝑉𝐶𝐴𝑆 𝑀𝑐𝑙𝑖𝑚𝑏 𝑀𝑐𝑙𝑖𝑚𝑏 − 𝑀𝑐𝑟 𝑀𝑐𝑟 

Initial 
conditions 

ℎ0 =1,500 ft 

𝑥0 = 0 

ℎ0 =1,500 ft 

𝑥0 = 𝑥1 

ℎ0 = ℎ𝑡𝑟𝑎𝑛𝑠 

𝑥0 = 𝑥2 

ℎ0 = ℎ𝑐𝑟 

𝑥0 = 𝑥3 

ℎ0 = ℎ𝑐𝑟 

𝑥0 = 𝑥4 

Final conditions 
ℎ1 = ℎ0 

𝑥1 

ℎ1 = ℎ𝑡𝑟𝑎𝑛𝑠 

𝑥2 

ℎ2 = ℎ𝑐𝑟 

𝑥3 

ℎ3 = ℎ𝑐𝑟 

𝑥4 

ℎ4 = ℎ𝑐𝑟 

𝑥5 

 

Table 4 summarises the path structure to evaluate trajectories with minimum fuel usage. The first 

phase (from take-off to 1,500 ft) are not simulated because the requirements are the same for every 

trajectory. Main differences of Table 4 with Table 3 are that two acceleration and en-route phases 

are required in order to evaluate the simulations properly, i.e., to be assured that the same final 

boundary conditions are achieved. With these conditions, simulations evaluate 𝑉𝐶𝐴𝑆 between 250 – 

330 kts and 𝑀𝑐𝑙𝑖𝑚𝑏 between 0.66 – 0.78. Cruise Mach is 𝑀𝑐𝑟= 0.78 and final boundary condition 

𝑥5 =350 km are fixed values. Besides, an acceleration phase is required because the aircraft has 

achieved ℎ𝑐𝑟 and accelerates up to 𝑀𝑐𝑟. The equation to solve is: 

𝑑𝑉𝑇𝐴𝑆

𝑑𝑡
=

𝑇ℎ𝑟 − 𝐷

𝑚
 ( 43) 
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Figure 14. Variation of the fuel consumption (%) as a function of the CAS/Mach profile for a B738. 

Figure 14 shows how the fuel consumption evolves for a fixed 𝑉𝐶𝐴𝑆 and varying the 𝑀𝑐𝑙𝑖𝑚𝑏. Figure 

14 focus on the most optimal 𝑉𝐶𝐴𝑆 (290-320 kts) although more speed profiles have been assessed. 

The following conclusions can be extracted: 

 If 𝑉𝐶𝐴𝑆 is fixed and 𝑀𝑐𝑙𝑖𝑚𝑏 increases, the fuel consumption is enlarged on the climbing 

phase but in the Mach acceleration phase is reduced. Thus, the whole fuel consumption 

increases with the Mach number up to 0.78, which is the optimal 𝑀𝑐𝑙𝑖𝑚𝑏. 

 When 𝑀𝑐𝑙𝑖𝑚𝑏 is fixed and 𝑉𝐶𝐴𝑆 varies, the fuel consumption is enlarged on the CAS 

acceleration phase but is reduced in the climbing phase. Thus, there is no straight 

relationship between 𝑀𝑐𝑙𝑖𝑚𝑏 constant and 𝑉𝐶𝐴𝑆 variation. 

 Climbing with 𝑀𝑐𝑙𝑖𝑚𝑏 ≥ 𝑀𝑐𝑟 is worse than 𝑀𝑐𝑙𝑖𝑚𝑏 < 𝑀𝑐𝑟 because the optimal 𝑀𝑐𝑙𝑖𝑚𝑏 is 

0.78 for a B738. 

The results presented here are for B738 but are also calculated for Light (PRM1), Medium (A320) 

and Heavy (A332) aircraft. Thus, Table 5 presents the optimal CAS/Mach profile for each aircraft, 

which will be the basic speed-profile in the forthcoming work: 

Table 5. Optimal CAS/Mach profile for different aircraft. 

Aircraft 𝑽𝑪𝑨𝑺 (kts) 𝑴𝒄𝒍𝒊𝒎𝒃 

PRM1 240 0.64 

B737 300 0.78 

A320 300 0.78 

A332 320 0.82 
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3.6. Trajectory Uncertainties 

As previously mentioned, there are different types of CCOs depending on the necessities of the 

airport and/or airline in question. Several authors have analysed departure procedures based on 

different optimisation techniques, for example, for airports near inhabited areas the integration of 

procedures to reduce emissions and noise is not so much an option but a necessity. In other airports, 

the airlines’ main goal is to integrate CCOs with other procedures to minimise fuel consumption. 

Therefore, one objective of this study is to define new separation minima sufficiently large that they 

can cover the greatest number of CCOs. Monte Carlo (MC) simulations are the most extended tool 

for this purpose. In future studies, the authors will intend to add more types of CCOs, specifically 

focusing on noise abatement, and will assess how these affect separation minima.  

MC Simulation is a mathematical technique used based on the simulation of random variables [104]. 

It is the most widely used tool for carrying out simulations when there are several variables. This 

method solves a large number of mathematical problems (stochastic or deterministic) by combining 

statistical concepts and automating calculations. Furthermore, MC simulation helps researchers to 

obtain information about the behaviour of several variables in cases where experimentation is either 

not possible or very expensive. MC simulation models the process being analysed (in this case 

CCOs), identifies the variables that may behave randomly and determines the global behaviour of 

the system.  

3.6.1.  Factor modelling 

Factor modelling aims to obtain the probability distribution of each variable. In this way, MC 

simulation generates a large number of trajectories that are used to study how the probability 

distribution of each factor (control variables) affects the behaviour of the resulting variables (target 

variables). A fundamental characteristic of MC simulations is that the shape of the probability 

distribution may not be the same for each factor. However, when the number of experiments is 

sufficiently large, the target variables behave like normal distributions [105]. The following factors are 

modelled to analyse CCO uncertainty: 

 Aircraft type: Although currently most aircraft are Medium type (B737 or A320 families), there 

are significant differences between them and other aircraft types. ICAO [20] defines three 

major aircraft categories based on wake turbulence (Light, Medium and Heavy). For this 

study, the authors have selected the aircraft that are most frequently used in Palma de 
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Mallorca airport (PRM1, B738 and A332, respectively). Palma de Mallorca airport is selected 

due to the fact that in future works the authors will study how the integration of CCOs affect 

its capacity. 

 Mass: Aircraft weight or mass is probably the variable that generates more uncertainty when 

simulating a trajectory or planning an operation because airlines do not divulge the real 

operational weight. There are a few models available to estimate the mass of aircraft [15], 

[69], [106] and, in any case, none of them are suitable for analysing CCO performance. In 

previous work, we statistically studied the variation of aircraft weight, and the results showed 

that most aircraft depart with a weight between 90% and 100% of MTOW. 

 Speed: It is difficult to model the uncertainty of this variable because there is no prior 

knowledge about CCOs. This factor is strongly dependent on airline policy and, within the 

same company, may vary depending on the pilot's way of flying. There is also certain 

variability in the speed-profile because not every aircraft will fly with the same 𝐶𝐼. Therefore, 

we introduce a uniform distribution 𝑈(0; 1) between 95% and 105% of the optimal speed-

profile. Finally, speed errors are considered in this work by adding ±5 knots for the whole 

speed-profile. 

 Positioning errors: Nowadays, most modern aircraft have a GPS receiver that improves 

position accuracy. There are three potential errors - longitudinal, lateral and vertical– but, as 

this study is focused on the vertical profile, only longitudinal and vertical errors are 

considered. The horizontal error is modelled with a standard deviation of 𝑁(0;  13) meters. 

The vertical error has a standard deviation of 𝑁(0;  22) meters [107]. 

 Temperature: A number of factors are dependent on the temperature, e.g., 𝑉𝑇𝐴𝑆 and take-

off distance. Therefore, the vertical profile of CCOs varies depending on the daily 

temperature. Based on empirical data of Palma, the temperature is modelled as a normal 

distribution 𝑇 = 𝑁(17.56; 5.94)ºC. 

 Wind: wind is modelled based on normal distributions based on data extracted from Palma 

TMA. The normal distributions are divided into stretches of 1,000 ft.  

 

Table 6 summarizes control and target variables for MC simulations: 

Table 6. Control and target variables for MC simulations. 
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Control Variables Target Variables 

Mass Time 

Positioning errors Distance 

Velocity  Altitude 

Temperature Fuel consumption 

Wind  

3.6.2.  Monte Carlo Results 

We use Monte Carlo simulations to obtain a large sample of CCO trajectories (104) for each aircraft 

type. These CCO trajectories constitute the database for the subsequent safety and capacity 

assessments. We also statistically analyse the target variables based on the MC simulations. This 

statistical analysis looks at how the control variables affect the target variables. A noteworthy feature 

is the large number of experiments (104). 

The results for B738 are presented for the sake of clarity. This aim of this analysis is to obtain a 

range of values for which 95% of samples are inside the confidence interval (𝜇 ± 2𝜎), where 𝜇 is 

the mean value and 𝜎 the standard deviation. MC simulations are performed for each variable 

individually and then for all variables together. The conclusions from the individual simulations are 

as follows: 

 The variable that adds more uncertainty to the target variables is mass. The lower the mass, 

the shorter the time required by the aircraft to ascend, the shorter the distance travelled, and 

the less fuel-burn there is. Interestingly, variations in mass lead to a more than 5% increase 

in standard deviation while other factors only lead to an increase of about 0.5%. 

 The variable that has the least impact on the climb profile is positioning error. 

Figure 15 represents MC simulations with every simulation of CCO trajectory influenced jointly by 

control variables for a B738. Height is not statistically assessed as other target variables (time, 

distance or fuel) because simulations are forced to reach FL 330. However, the climbing path 

depends on the control variables as can be observed in Figure 15. Aircraft climbing height presents 

larger deviations on the trajectory as the time increases. This variation will be crucial to assess 

vertical incompatibilities with landing flows in further work. 
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Figure 15. MC simulations for a B738 showing the influence of all control variables (𝒕 − 𝒉). 

The following figures (Figure 16, Figure 17 and Figure 18) give the results for each target variable: 

  

Figure 16. Statistical results for the target variable ‘Time’. a) Histogram and b) boxplot. 

The results for ‘Time’ have normal distribution although without a clean “peak”. This is due to the 

high degree of variability in the time and results in a large 𝜎. 



Impact of Continuous Climb Operations in a high traffic density TMA 68 

 

  

Figure 17. Statistical results for the target variable ‘Distance’.  a) Histogram and b) boxplot. 

The variable ‘Distance’ clearly has normal distribution.  

  

Figure 18. Statistical results for the target variable ‘Fuel burn’.  a) Histogram and b) boxplot. 

Finally, the distribution of the variable ‘Fuel burn’ is similar to normal distribution; however, the fit is 

not as good as in the case of ‘Distance’. Table 7 shows the statistical values obtained for the target 

variables: 
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Table 7. CCO statistical data for B738 MC simulations. 

Indicator Time (sec) Distance (Km) Fuel burn (Kg) 

Mean value (𝝁) 1,077 224.04 1,128.2 

Maximum 1,389 310.76 1,246.2 

Minimum 895 178.96 1,017.4 

25th Percentile 1,020 209.87 1,081.2 

75th Percentile 1,130 236.24 1,172.2 

Standard deviation (𝝈) 74.824 19.066 53.1 

Range 494 131.8 228.8274 

Obliquity 0.0129 0.1354 -0.0068 

Confidence interval 95% (𝝁 + 𝟐𝝈) [927.72; 1,227.01] [185.9; 262.17] [1,022.0; 1,234.3] 

 

Based on the previous table the conclusions are as follows: 

 The mean values of the three variables are very close to the mean value of the MC 

simulations in which mass varies. 𝜇 and 𝜎 are around 5%, which is similar to the standard 

deviation of mass.  Both results confirm that there is a high degree of dependency between 

variations in mass and variations in vertical-profile.  

 Variations in speed are similar to variations in mass (5%); however, they do not have as big 

an impact.  

 Obliquity is a measure of the symmetry of a distribution. Zero obliquity means perfect normal 

distribution. Time and distance have positive obliquity that means that majority of results are 

on the right side. Conversely, fuel burn has negative obliquity and, therefore, most of the 

results are on the left side.  

 The range of ‘time’ is 494 seconds (sec). The result is significant in terms of separation 

minima. 
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3.7. Summarise 

This Chapter presents the modelling of CCO trajectories based on BADA model of EUROCONTROL. 

This model is characterised by using three-degrees of freedom model. Primary limitations of the 

model are imposed by lateral aircraft movement is not considered and, therefore, the resulting model 

is a two-degrees of freedom model. Although this change influences the vertical profile, their impact 

is very small compared with the whole trajectory. It has been estimated an optimised CAS/Mach 

profile for each aircraft type (Light, Medium and Heavy). Noise or emissions optimal trajectories are 

not evaluated in this work. Apart from that, to assess the influence of environmental variables (wind 

and temperature) and aircraft performances (mass, speed and position), Monte Carlo simulations 

were performed to obtain a remarkable statistical set of trajectories. Uncertainty modelling is based 

on statistical distributions of different types of errors – normal or uniform distributions. This set of 

CCO trajectories constitute the basis to be integrated and evaluated in the following Chapters. 
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Chapter 4  Calculation of new 

separation minima for CCOs 

4.1. Introduction 

The greatest challenge for the introduction of CCOs is their impact on safety and capacity. Previous 

studies showed that the integration of CDAs in a TMA leads to a significant reduction in capacity 

[24], [26], [77]. The main reasons are that performing a free trajectory without any ATC actions - such 

as level-offs or changes in speed – requires separation minima to be increased to ensure aircraft 

safety. Furthermore, the uncertainties inherent in these procedures are such that separation minima 

must be increased to encompass every feasible path. However, recent studies [78], [79] have shown 

that efficient management of 4D optimised descent profiles along with time-based separation have 

reduced path uncertainty and improved the accuracy with which aircraft arrive at waypoints. 

However, little research has been conducted into the size of separation minima for CCOs. When 

defining separation minima, we assume the following concepts to ease CCO integration:  

1) Aircraft pairs must fulfil different separation minima depending on the ATC dependency in 

charge – Control Tower (TWR), TMA, or Airspace Control Centre (ACC);  

2) ATC should not interact with departing aircraft performing a CCO; and  

3) Variations in the types of CCOs performed by different operators. Moreover, the calculation 

of separation minima must be time-based separations as defined by SESAR and NextGen 

[108]. This concept has been developed for arrivals but not for departures. 

Calculation and validation of separation minima require a large number of CCO trajectories to be 

statistically relevant. After achieving this step in Chapter 3, a conflict-resolution algorithm is 

developed to deal with the separation problem between departures. This algorithm has the tag 

“conflict-resolution” because it ensures the fulfilment of radar separation throughout the climbing 

without ATC intervention.  

One of the assumptions of this work is that the separation minima is calculated to ensure that ATC 

does not require acting between two CCOs flying the same SID. Then, the algorithm transforms radar 



Impact of Continuous Climb Operations in a high traffic density TMA 72 

 

separation into time-based separation. Separation infringements between CCOs and arrivals are 

assessed in Chapter 5. 

 

4.2. Requirements of separation minima 

The principal criterion is the type of aircraft. According to ICAO and Spanish air navigation regulation 

[20], [109], aircraft are divided into four major groups depending on the MTOW: 

 Super (J): This group is only for A380. 

 Heavy (H): Aircraft with MTOW > 136,000 kg. 

 Medium (M): Aircraft with 7,000 kg < MTOW < 136,000 kg. 

 Light (L): Aircraft with MTOW < 7,000 kg. 

There are other classifications as the re-categorisation of EUROCONTROL [84] that can be 

introduced in future work. Three types of separations apply to departure traffic, depending on the 

spatial location of the aircraft: runway, TMA and en-route (as shown in Figure 19). 

 

Figure 19. Separation depending on the ATC dependency. 

The definition of each depends on the following factors: 

 Choice of SID Route, 

 Aircraft-type pair, wake-turbulence minima, and 

 Ground-navigation systems, i.e., whether or not there is radar coverage. 

One limitation is that CCO simulations do not take real SIDs into account; in other words, curved 

segments are outside the scope of this study. In fact, the integration of these curved segments into 

the separation calculation should not be of major concern because the shape of the trajectory is 
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comparable for every aircraft and will, in general, affect all the separations in the same way. This 

assumption is similar to that used for the dynamic variable ‘wind’ as explained in Section 3.6.1. 

Runway separation depends on whether or not the trailing aircraft departs via the same SID as the 

leading aircraft. The Spanish air regulator [110] specifies that the separation minima must be 1 min 

if the SID of the leading aircraft is different from that of the trailing aircraft. However, in the case of 

aircraft using the same, or part of the same SID, the separation must be 2 min. Nonetheless, ATC 

can choose to select distance-based wake-turbulence minima. Therefore, the following minima are 

applicable depending on the aircraft pair and the separation type: 

Table 8. Wake-turbulence separation minima. 

Leading aircraft Trailing aircraft Time Distance 

Heavy Heavy 2 min 4 NM 

Heavy Medium 2 min 5 NM 

Heavy Light 2 min 6 NM 

Medium Light 2 min 5 NM 

 

Time-based runway separation is not accurate. For example, in the above table we see that, 

depending on the trailing aircraft, a Heavy aircraft must travel 4, 5 or 6 NM in 2 minutes (min). 

Therefore, ATC works with distance-based separation minima. TMA separation minima are used in 

cases where wake-turbulence separation minima are not applicable and depend on whether or not 

there is radar coverage in the TMA. If there is radar coverage in the TMA, the horizontal separation 

minimum is 3 NM; if there is no radar coverage, it is 5 NM. Lastly, the en-route separation minima 

with radar coverage are 5 NM, see Table 9: 

Table 9. Required separation minima based on ATC dependency. 

Control Dependency Runway (Tower) TMA En-route 

Separation minima Wake-turbulence 3 NM 5 NM 

 

Currently, ATC can act to guarantee the separation minima between departure aircraft. However, 

when CCOs are in use ATC will have to allow the flight the freedom to reach cruise level. In other 

words, ATC is assumed not to instruct the CCO aircraft to perform a level-off, vectoring or any speed 

change in this work. With CCOs, the fundamental change is that the trailing aircraft cannot take-off 

unless there is complete certainty that it is not going to violate the separation with the preceding 

aircraft.  Lastly, atmospheric conditions must coincide for every aircraft pair. 
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4.3. Conflict-resolution algorithm for CCOs 

The integration of CCOs in a real scenario will have an impact on capacity because new separations 

will have to be defined. The size of these new separations will determine if the resulting capacity will 

be significantly reduced. It will, therefore, determine if CCOs will be inhibited during peak times, 

which would be the worst-case scenario. Unlike standard departures (currently in use), with CCOs 

the ATC operators cannot allow a new aircraft to leave unless they can guarantee that the separation 

minima will be complied with at each stage of the climb. This conflict-resolution algorithm only applies 

to the case that two aircraft operate throughout the same SID. The issue of separation is defined 

below and graphically represented in Figure 20: 

The development of an algorithm is a complex task because it must be able to assess every 

possibility among aircraft pairs. This heuristic conflict-free algorithm only applies to the case that two 

CCO operate throughout the same SID. Essentially, the algorithm assesses the separation between 

both aircraft regarding along-track and vertical separation and the fulfilment of the TMA separation 

minima throughout the climbing phase. Once MC trajectories are added to the algorithm, there exist 

different paths for each aircraft pair, and the algorithm has to adapt to this dynamical behaviour. 

Leading aircraft takes-off at time 𝑡0
1, climbs during 𝑡𝑎𝑠𝑐

1  to reach the cruise level at 𝑡𝑐𝑟
1 and a distance 

𝑠𝑐𝑟
1 . The algorithm knows the climbing time of the pursuing aircraft (𝑡𝑎𝑠𝑐

2 ), the distance flied up to 

reach the cruise level (𝑠𝑐𝑟
2 ) and the runway separation minima (𝑅𝑚𝑖𝑛), which depends on pair of 

aircraft type. The time difference between 𝑡𝑐𝑟
2  and 𝑡𝑐𝑟

1  constitutes the en-route stretch flied by aircraft 

1 (𝑡𝐸𝑁
1 , 𝑠𝐸𝑁

1 ) with en-route speed (𝑀𝑐𝑟
1 ). The longitudinal separation minima (𝑆𝑚𝑖𝑛) is 3 NM in a TMA 

and 5 NM in the en-route phase. Then, the algorithm compares if both aircraft fulfil the en-route 

separation minima. Otherwise, the algorithm calculates the required delay for the second aircraft to 

achieve en-route separation minima. Therefore, depending on which aircraft is faster, the algorithm 

ensures that both aircraft reach cruise level fulfilling en-route separation minima. Algorithm 1 

presents the pseudo-code used for the algorithm and Figure 20 graphically represents it. 
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Algorithm 1. Algorithm for calculating the CCO runway separation minima. 

1.  Input: 𝒕𝟎, 𝑹𝒎𝒊𝒏, 𝒕𝒂𝒔𝒄, 𝑴𝒄𝒓, 𝑺𝒎𝒊𝒏 

2.  For every aircraft pair: 

3.  𝑡𝑐𝑟
1 = 𝑡0

1 + 𝑡𝑎𝑠𝑐
1 ;  

4.  𝑡0
2 = 𝑡0

1 + 𝑅𝑚𝑖𝑛 → 𝑡𝑐𝑟
2 = 𝑡0

2 + 𝑡𝑎𝑠𝑐
2 ; 

5.  𝑡𝐸𝑁
1 = 𝑡𝑐𝑟

2 − 𝑡𝑐𝑟
1 → 𝑠𝐸𝑁

1 = 𝑠𝑐𝑟
1 + 𝑡𝐸𝑁

1 𝑀1; 

6.  if |𝑠𝐶𝑅
2 − 𝑠𝐸𝑁

1 | ≥ 𝑆𝑚𝑖𝑛 then 

7.  𝑠𝑒𝑝 =  𝑅𝑚𝑖𝑛;  

8.  Else  

9.  𝑠𝐸𝑁
1 = 𝑠𝑐𝑟

2 +
𝐿𝑚𝑖𝑛

𝑀𝑐𝑟
1 → 𝑡𝐸𝑁

1 = 𝑡𝐶𝑅
2 =

𝑠𝐸𝑁
1 −𝑠𝑐𝑟

1

𝑀𝑐𝑟
1 ; 

10.  𝑠𝑒𝑝 = 𝑡0
2 − 𝑡0

1; 

11.  End if 

12.  Output: 𝒕𝟎, 𝒔𝒆𝒑  

 

 

Figure 20. Separation process and method throughout take-off, climb and en-route phase. 

Based on the aircraft-type pair, there are three possible separations: 

 Leading aircraft larger than the pursuing aircraft - In this case, the second aircraft will not 

reach the first one. Therefore, the runway separation will determine the separation minima. 

 Leading aircraft smaller than the pursuing aircraft - In this case, the pursuing aircraft will 

catch up with the leading aircraft at some point along the climb. Therefore, the model will 

enlarge the runway separation to ensure separation minima in each of the three phases. 
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 Same size: The vertical profiles for both climbs are the same, so the separation is either the 

runway separation or the en-route separation, whichever is larger. However, this separation 

only applies to aircraft pairs without uncertainty. In reality, as there exist so many climbs as 

experiments performed by MC simulations, both above cases can appear for this aircraft 

pair. 

The development of a robust algorithm is a complex task because the algorithm must be able to 

assess every possibility among aircraft pairs. Once MC trajectories have been added to the 

algorithm, there are different potential paths for each aircraft pair. Therefore, the algorithm must be 

able to cater to this dynamic behaviour.  
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4.4. Calculation of CCO separation minima 

This section analyses how the separation between aircraft affects the integration of CCOs with 

respect to departure safety and separation minima. The analysis is conducted by applying the 

conflict-resolution algorithm to the CCO database. The results are presented separately: Firstly, 

initial separation among CCO aircraft pairs is introduced (without any profile variation), and discuss 

the similarities to standard separations. Then, the statistical analysis of MC trajectories is examined 

to define the proposed separation minima. The analysis is divided into two parts to allow us to assess 

how the introduction of uncertainty affects the size of separation minima. 

4.4.1. Initial CCO separation minima 

On the runway, the applicable separations are defined by the wake-turbulence minima given in Table 

10. The TMA separation minima depend on whether or not there is radar coverage. If there is radar 

coverage, the separation minima are 3 or 5 NM depending on the distance between the aircraft and 

the airport. In most airports, there is radar coverage, and the separation minima are 3 NM. The en-

route separation minima with radar coverage are 5 NM. 

In order to calculate the size of the new separation minima, the authors carried out a large number 

of simulations in each of the three aircraft categories. The most restrictive separations occur on the 

runway. These are time-based separations and must ensure that wake-turbulence minima (defined 

in NM) are respected. The individual graphs that make up Figure 21 each shows a different pair of 

aircraft types performing CCO trajectories. 
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Figure 21. Evolution of separation of different pairs of aircraft types: (Left) Climb profile of CCO pair 

as a function of time (Top-to-Bottom) Heavy – Medium, Medium – Medium and Light – Heavy; (Right) 

Separation between respective pairs (NM). 
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The simulations (Figure 21) confirm the expectations – when a leading aircraft is larger than the 

pursuing aircraft, separation increases during the climb. In situations where ATC is dealing with a 

pair of aircraft of the same type, the runway separation minima are larger than the en-route 

separation minima of 5 NM due to differences in speed between travelling on the runway compared 

with flying en-route. When the pursuing aircraft is larger than the leading aircraft, the runway 

separation must be increased to ensure that both aircraft arrive at the en-route phase with a 

separation of 5 NM. In this simulation, Light aircraft have a separation of over 35 NM that will have 

a very significant impact on TMA capacity. 

The authors also simulated standard departure pairs so as to quantify the separation required to 

ensure safety. Once an aircraft takes off fulfilling runway separation, if TMA or en-route separation 

is about to be lost, ATC must intervene to ensure that separation minima are not violated during the 

climb. ATC takes the necessary actions to hand the aircraft over with the required en-route 

separation. Therefore, the separations for standard departures are the time-based separations that 

have been calculated for the runway. Table 10 gives the runway time-based separation minima for 

pairs of aircraft types executing CCOs and standard departures: 

Table 10. CCO and Standard Departure runway separation minima (seconds). 

Aircraft type CCO Standard Departure 

Leading Pursuing Light Medium Heavy Light Medium Heavy 

Light 61 113 436 61 61 61 

Medium 71 60 250 71 60 60 

Heavy 86 77 68 86 77 68 

 

The most obvious result is that in most cases the CCO separation is less than the 2-minute wake-

turbulence minima (except for Light-Heavy and Medium-Heavy pairs). Therefore, they would initially 

appear to increase the time-based capacity, although if distance-based minima are used, then the 

capacity will be unchanged. When compared with the separation minima for standard departures we 

see that the separations are the same in all but three cases (Light-Medium, Light-Heavy and Medium-

Heavy pairs); in other words, when the pursuing aircraft is larger than the leading aircraft. In these 

three cases the separation is greater for CCOs, i.e., when these slower-faster pairs execute CCOs, 

then ATC is involved which will normally lead to a reduction in capacity.  
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4.4.2. Proposed CCO separation minima 

In this section, the results obtained are used to define proposed separation minima bearing in mind 

every MC trajectory (Table 11). Every aircraft pair has been introduced into the conflict-resolution 

algorithm in order to obtain the following statistical indicators (𝜇; 𝜎; 𝑆𝐸), where 𝑆𝐸 is the standard 

error. 

Table 11. Statistical values (seconds) for proposed separation minima. 

Leading 
Aircraft 

Pursuing Aircraft 

Light (PRM1) Medium (B738) Heavy (A332) 

Light (PRM1) (64.1853; 20.6504; 0.2065) (159.3910; 56.5364; 0.5654) (208.1795; 35.5678; 0.3557) 

Medium (B738) (63.4482; 4.8982; 0.0190) (65.5480; 30.0514; 0.3005) (112.6403; 38.7081; 0.3871) 

Heavy (A332) (65.8451; 1.9804; 0.0198) (60.8798; 7.8985; 0.0790) (64.6441; 27.6611; 0.2766) 

 

A statistically significant result is that the SEs are lower than 1 second. Although the SE can be 

improved, it is sufficiently accurate to estimate the separation minima. Standard deviation is an 

indicator of the variability of the results. When the leading aircraft is bigger than the trailing one 𝜎 is 

small (𝜎 <10 sec), however, in other cases there is significant variability (𝜎~40 sec). The aircraft 

pair with the highest variability is L-M (𝜎 =56 sec). Figure 22 gives the evolution of separation 

(distance versus time) for different aircraft pairs. 
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Figure 22. Comparison of the evolution of CCO separations for different pairs of aircraft types. 
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If we compare the graphs in Figure 21 with those of Figure 22, we see that there are many similarities 

in terms of the shapes of the trajectories. The key features are as follows: 

 There is high variability throughout the departure phase due to variations in the wind and 

mass errors.  

 The most significant change is the increase in separation between aircraft pairs of the same 

type. In such cases, the proposed separation minima have doubled in size. When we 

compare aircraft pairs of the same type, there is no relationship between the trajectories of 

the individual aircraft. In other words, the leading aircraft may spend more, less or the same 

amount of time, in the climbing phase, as the pursuing aircraft. 

 The separation of aircraft pairs with a faster-leading aircraft solely depends on runway 

separation. Therefore, their values are similar to standard departures with the added 

advantage that clearance is not required. A further advantage is that these aircraft pairs will 

help to reduce the impact of CCOs in terms of capacity.  

 Medium-Medium and Medium-Heavy are the only aircraft pairs that infringed TMA 

separation in isolated cases. The algorithm solves this infringement by delaying the pursuing 

aircraft until TMA, and en-route separation is ensured. 

 A Light-Heavy pair is not permitted because Light aircraft can give rise to separations of up 

to 35 NM. Such an event would have a significant impact on capacity. 

Table 12. Comparison of initial and proposed separation minima (seconds). Proposed separation 

minima that are larger than initial values are shown in bold. 

CCO Initial separation minim Proposed separation minima 

Leading Pursuing Light Medium Heavy Light Medium Heavy 

Light 61 113 436 153 202 368 

Medium 71 60 250 85 110 207 

Heavy 86 77 68 90 80 113 

 

Separation minima with confidence intervals of 95% (𝜇 + 2𝜎) are given in Table 12. These 

confidence intervals ensure that 95% of aircraft pairs comply with separation throughout departure 

without ATC intervention. The conclusions are as follows: 

 The proposed separation minima for aircraft pairs of the same type are double the initial 

values. 
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 The separation minima of aircraft pairs with a Heavy pursuing aircraft is reduced. This is due 

to the fact that the initial separation was overestimated. There are so many combinations 

that such a large separation is not required. Furthermore, if we look at Figure 22, we see 

that the range of separations varies between 15 and 35 NM (35 NM was the initial 

separation). 

 The Light-Medium aircraft pair is noteworthy because, in this case, the separation has not 

decreased, rather it has doubled its size. There is no simple explanation for this increase. It 

may be due to similarities in the vertical profiles. Further research is required into this issue.  

 In cases where standard separation is applied (leading aircraft faster than pursuing one) the 

proposed minima have just increased by between (3 and 14 sec). The reason is that 

uncertainties only affect the leading aircraft up to the time it achieves runway separation. 

 These results are for a sample of 104 aircraft pairs. If we compare them to a sample of 103, 

we can see the way in which separation varies. The average value has increased by 0.1 

seconds, and the average standard deviation has increased by less than one second.   

These proposed separation minima have never been quantified before; however, it is true that further 

research is required. With respect to the CCO trajectory, different aircraft models and different CCO 

types – such as noise-optimal or NOx-optimal procedures – must be assessed along with fuel-

optimised profiles. As regards the impact on the TMA, future research will concentrate on two 

aspects: 1) Assessment of conflict between CCOs and arrivals and 2) Analysis of the impact of CCOs 

on TMA capacity using the separation minima proposed in this work. In order for CCOs to be 

successfully implemented both airspace design and ATC techniques must favour their integration. 

Specifically, airspace design must provide a safe cross between CCOs and landing flows by ensuring 

a low conflict probability in the intersections of air traffic routes.  

It is preferable that ATC resolves conflicts between CCOs and arrivals on the ground rather than in 

the air. To achieve this, a new ATC tool is required. This conflict-resolution algorithm could form the 

basis for such an ATC tool. In line with the new trajectory management concept for future ATM, this 

tool may work in the following ways:  

1) If airlines communicate their trajectories to the Air Navigation Service Provider, the algorithm 

will calculate the specific separation minima between departures; and  
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2) If airlines do not communicate their trajectories, the algorithm will obtain a dynamic 

separation for each aircraft pair based on the specific indicators of the aircraft fleet and 

previous data on aircraft performances.  

The overall goal is to obtain dynamic separation minima that have the least impact on TMA capacity 

and minimise trajectory uncertainty. 

 

4.5. Summarise 

This Chapter aims to quantify and propose new separation minima for CCOs. Once a large CCO 

sample was obtained (by MC simulations), a conflict-detection algorithm is developed to deal with 

the separation problem. This is termed "conflict-resolution" algorithm because it ensures radar 

separation throughout the climb without ATC intervention. The algorithm converts radar separation 

into time-based separation, which is one of the key points of SESAR and NextGen. Finally, the 

algorithm estimates both the initial separation (without trajectory uncertainty) and the proposed 

separation (with trajectory uncertainty) for every aircraft pair. As expected, the proposed separation 

minima are larger than the initial values. The most significant result is that the separation between 

aircraft pairs of the same aircraft type is double their initial value. To the best of the author’s 

knowledge, this is the first study of its kind to quantify separation minima for CCOs. Further research 

is required into different optimised profiles, and uncertainty reduction. 
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Chapter 5  Conflict-risk 

assessment between CCO and 

arriving flows 

5.1. Introduction 

In Chapter 4, new runway separation minima for CCOs were proposed. This design was performed 

addressing the evasion for ATC to intervene until the aircraft reach cruise level. With these new CCO 

separation minima, it is achieved that TMA separations are not infringed between departures but 

none has been said about the possibility of a separation minima infringement with arrivals. 

One of the main difficulties in dealing with CCO-uncertainty modelling is how their large variability 

affect the vertical behaviour of an aircraft. For instance, a typical assumption is that every aircraft 

takes off with the MTOW. Although this assumption is valid, it is not completely real. Usually, aircraft 

departs with a variation on the MTOW between 90-100% [106]. This mass uncertainty can imply a 

separation minima infringement depending on the change of the vertical profile. Equally, speed 

profile (CAS/Mach) highly affects the vertical profile. In the same way, the wind is a critical factor 

because it can move away or closer an aircraft. A strong tail-wind means that the aircraft will be at 

lower altitudes on a conflict point and a strong head-wind will lift the aircraft. Figure 23 represents 

how CCO trajectories vary and whether or not they can imply a conflict with an arrival.  
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Figure 23. Description of separation minima infringement depending on CCO trajectory. 

The present Chapter aims to assess the impact that CCO integration implies alongside arriving flows, 

i.e., the probability that ATC has to intervene to avoid a conflict between CCOs and arrivals. This is 

a complex process because the uncertainty associated with vertical profiles of both trajectories is 

very high. ICAO [17], [27] and EUROCONTROL [112] lay out that integration of new flight 

procedures, as well as the design of airspace, requires a safety assessment. This assessment must 

validate the integration of new or modified flight procedures. Otherwise, the proposed design must 

be scrapped off and to look at a new safe solution. The introduction of frameworks, methodologies 

or models for safety evaluation is in an evolving process that increasingly acquires further attention.  

In the 1960s several authors proposed different ways of studying aircraft collision risk. A literature 

review of CRM is presented in Chapter 1. Nonetheless, although different authors have assessed 

conflict or collision risk in air traffic management, little research has been done on conflict risk 

resulting from the introduction of CCOs. Then, new methods must be developed to validate and 

quantify the implementation of CCOs. 

This Chapter develops a new conflict risk model to assess the introduction of CCOs in complex 

airspace. This model estimates the conflict risk based on airway density and the probabilities of 

horizontal and vertical conflict. The novel aspect of this approach is the calculation of conflict risk 

based on statistical distributions of altitude. In addition, the methodology enables to assess the 

viability of integrating CCOs in complex airspace. The goal is to identify the points on airspace with 

a high probability of conflict. However, it may not be feasible to integrate CCOs using current airspace 

design. 
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5.2. Conflict-risk assessment model for CCOs 

This work attempts to set out the conceptual framework for modelling conflict risk when CCOs are 

used. A further advantage of this methodology is that it can be used when designing a new TMA 

incorporating CCOs or assessing the impact of CCOs in the airspace. This section describes the 

conflict risk assessment model for integrating CCOs. Firstly, it sets out the problems currently 

associated with implementing CCOs. Secondly, the model divides the conflict risk into three parts: 

the probability of vertical conflict, the probability of horizontal conflict and the conflict risk. 

5.2.1. Problems currently associated with CCOs 

As discussed previously, a CCO follows a SID but with its own optimal trajectory avoiding ATC 

segregation requirements. Currently, altitude restrictions aim to help air traffic management. ATC 

ensures safe crossing between air traffic flows. When CCOs are used the vertical restrictions 

published for each SID are not taken into consideration [27]. Therefore, the introduction of CCOs in 

a TMA could affect safety levels. 

Figure 24 shows how the vertical profile changes depending on whether a CCO or a standard 

departure is used. Typically, ATC issues a level-off to a standard departure to avoid conflict with 

arrivals. However, a CCO is designed from the very start to be conflict-free. Some examples of SID 

requirements were described in Chapter 2. 

 

Figure 24. Diagram showing crossing between departing (CCOs and standard departures) and 

arriving flows. 
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As a reminder of different concepts that have appeared in former Chapters, the following terms are 

used: 

 A standard departure is a departure where an aircraft is subject to ATC clearances. 

 A CCO is a departure free of ATC clearances which operates an optimised path. 

 A crossing point is an intersection where at least two routes cross. Therefore, a potential 

horizontal conflict exists at a crossing point; however, this does not specify anything about 

vertical incompatibilities. 

 When there is the potential for both horizontal and vertical conflict, then the crossing point is 

termed a conflict point. 

 A conflict is a situation where two aircraft infringe the separation minima. 

 Combining the longitudinal and vertical separation minima give a safety volume which is 

delimited by a cylinder of volume 𝜋𝑆𝑚𝑖𝑛
2 𝐻𝑚𝑖𝑛. 

 A conflict area is a horizontal circle in the vicinity of a crossing point where two aircraft cannot 

be at the same time because they infringe the longitudinal separation minimum. 

5.2.2. Conflict probability 

The conflict probability (𝑃𝑟
𝑐) gives the probability of two aircraft (CCO and arrival) infringing 

separation minima at the crossing point 𝑟. This methodology, simultaneously, assesses infringement 

of the vertical (𝑃𝑟
𝑐,𝑣

) and horizontal (𝑃𝑟
𝑐,ℎ

) separation minima independently. This is a necessary 

requirement because both aircraft are flying in a TMA, although this requirement could be valid for 

en-route airspace. Therefore, the conflict probability refers to those cases where air traffic flows, 

CCOs and arrivals, infringe both separations at the same time: 

𝑃𝑟
𝑐 = 𝑃𝑟

𝑐,𝑣𝑃𝑟
𝑐,ℎ

 ( 44) 

𝑃𝑟
𝑐  is an indicator for the design of crossing points in a TMA because it indicates the complexity of 

the crossing – without taking the density of air traffic flows into account.  

5.2.2.1. Probability of vertical conflict 

This aim of this subsection is to calculate the probability of an infringement of the vertical separation 

minimum. This model is based on the Reich model [51], [52] and ICAO [54] but with changes to 

adapt the model to CCOs. Reich and ICAO stated that the probability of a collision between two 

aircraft depends on location and speed errors which subsequently affect the planned flight path. The 



Impact of Continuous Climb Operations in a high traffic density TMA 89 

 

proposed methodology uses the same operational concept but instead of calculating collision risk 

calculates conflict risk. The result is that whereas Reich and ICAO avoid collisions, this work avoids 

infringing separation minima. 

TMAs are currently designed to facilitate the crossing of air traffic flows that comply with the vertical 

separation minimum 𝐻𝑚𝑖𝑛. In the event of an aircraft not complying with 𝐻𝑚𝑖𝑛, ATC must act to 

ensure a safe crossing. However, by integrating CCOs the objective is to achieve departures that do 

not require ATC clearance. The goal is to ensure safe crossing between CCOs and arrivals while 

complying with the vertical separation minimum. If both air traffic flows cross with a separation larger 

than 𝐻𝑚𝑖𝑛 then the conflict risk is zero. Therefore, the model estimates the probability of both air 

traffic flows having a separation of less than 𝐻𝑚𝑖𝑛. 

The statistical distribution of the vertical profile is modelled for both flows at each crossing point. Both 

statistical distributions (𝑋, 𝑌) are assumed to be normal distributions: 

𝑋, 𝑌~𝑁(𝜇, 𝜎) 

Figure 25 shows the normal distributions 𝑋, 𝑌. These distributions represent the altitude (ℎ) of the 

air traffic flow at each crossing point. 𝑋, 𝑌 are characterised by their means (𝜇𝑥, 𝜇𝑦) and their 

standard deviations (𝜎𝑥, 𝜎𝑦). Figure 25 depicts a conflict point where two air traffic flows have 

incompatibilities in their vertical profiles. This incompatibility is observed because the normal 

distributions cross at point A. 

 

Figure 25. Diagram of normal distributions 𝑿 and  𝒀 giving rise to a vertical conflict. 

Using this new methodology, the steps required to obtain the probability of two aircraft crossing with 

a separation smaller than 𝐻𝑚𝑖𝑛 are as follows: 
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1. The interval of potential conflicts is defined by the shared interval of both normal 

distributions. This interval is delimited by:  

𝜇𝑥 − 2𝜎𝑥 < ℎ < 𝜇𝑦 + 2𝜎𝑦 

Where, 

ℎ𝑖𝑛𝑓 = 𝜇𝑥 − 2𝜎𝑥 and ℎ𝑠𝑢𝑝 = 𝜇𝑦 + 2𝜎𝑦 

( 45) 

 

This interval is defined to consider 95% of possible cases (2𝜎). This interval encompasses all aircraft 

that can vertically infringe the trajectory of another. To consider 99.75% of possible cases all that 

have to be done is to increase the interval (3σ). 

2. The second step is to calculate the probability of vertical conflict between air traffic flows. 

Figure 26 shows the altitude distributions of two air traffic flows (𝑋 and 𝑌). The white polygon 

belongs to 𝑋 and represents the aircraft set evaluated. The dotted red triangle belongs to 𝑌 

and represents the aircraft set that infringes the vertical separation, i.e., a vertical conflict. 

The computation is not straightforward because it requires calculating the conditional 

probabilities between air traffic flows. This issue is solved by dividing the interval of potential 

conflicts into an equal number (𝑖) of subintervals of length ∆ℎ𝑖. 

 

Figure 26. Conditional probabilities between flows 𝑿 and 𝒀. The white polygon represents the 

aircraft set of 𝑿 and the dotted red triangle represents the aircraft set of 𝒀 that is separated by a 

distance of less than 𝑯𝒎𝒊𝒏. 
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In every subinterval ∆ℎ𝑖, there is a different number of aircraft in the 𝑋 and 𝑌 air traffic flows. 

According to a normal distribution, the probability of an aircraft (of flow 𝑋) operating in the subinterval 

∆ℎ𝑖 is:  

𝑃𝑖(𝑋 ∈ ∆ℎ𝑖) = 𝑃(ℎ𝑖𝑛𝑓
∆ℎ𝑖 < 𝑋 < ℎ𝑠𝑢𝑝

∆ℎ𝑖 ) ( 46) 

Where ℎ𝑠𝑢𝑝
∆ℎ𝑖  and ℎ𝑖𝑛𝑓

∆ℎ𝑖  are the limits of the subinterval ∆ℎ𝑖. The hatched white polygon in Figure 26 

represents this set of aircraft. 

3. Knowing the probability (𝑃𝑖(𝑋)) of aircraft in flow 𝑋 that are inside the subinterval ∆ℎ𝑖, the 

next step is to calculate the set of aircraft in flow Y that infringes 𝐻𝑚𝑖𝑛 (dotted red triangle 

in Figure 26). If we assume that the subinterval ∆ℎ𝑖 is very small (∆ℎ𝑖 → 0), then we can 

further assume that every aircraft in subinterval ∆ℎ𝑖 is in the middle of the subinterval, 

ℎ∆ℎ𝑖
= ℎ𝑖𝑛𝑓 + ∑ ∆ℎ𝑖

𝑖−1
0 +

∆ℎ𝑖

2
. Therefore, the set of aircraft in flow 𝑌 that generates a 

conflict are those that satisfy ℎ𝑌 − ℎ∆ℎ𝑖
≤ 𝐻𝑚𝑖𝑛. The dotted red triangle in Figure 26 

represents this set and its limits are shaped by 𝐻𝑚𝑖𝑛. Therefore, the probability of an aircraft 

in flow 𝑌 belonging to this set is: 

𝑃𝑖(𝑌) = 𝑃(ℎ∆ℎ𝑖
− 𝐻𝑚𝑖𝑛 < 𝑌 < ℎ∆ℎ𝑖

+ 𝐻𝑚𝑖𝑛) ( 47) 

4. Hence, the probability of a vertical conflict occurring in each subinterval 𝑖 is: 

𝑃𝑣,𝑖 = 𝑃𝑖(𝑋)𝑃𝑖(𝑌) (7) 

Using the previous equations, each subinterval ∆ℎ𝑖 is evaluated into which the interval ℎ𝑖𝑛𝑓 < ℎ <

ℎ𝑠𝑢𝑝 is divided. 

5. Finally, the overall probability of vertical conflict for a conflict point 𝑟 is: 

𝑃𝑟
𝑐,𝑣 = ∑ 𝑃𝑣,𝑖

𝑖

 ( 48) 

 

Algorithm 2 summarises the pseudo-code formulated for the above equations: 
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Algorithm 2. Algorithm for computing the probability of vertical conflict. 

1. Input: 𝒉𝒔𝒖𝒑, 𝒉𝒊𝒏𝒇, 𝒓, ∆𝒉  

2. For each crossing point 𝒓 

3. 𝑛 = (ℎ𝑠𝑢𝑝 − ℎ𝑖𝑛𝑓)/∆ℎ; 

4. For 𝑖 = 1: 𝑛 

5. ℎ𝑖𝑛𝑓
𝑖 = ℎ𝑖𝑛𝑓 + 𝑛∆ℎ; ℎ𝑠𝑢𝑝

𝑖 = ℎ𝑠𝑢𝑝 + 𝑛∆ℎ; ℎ∆ℎ
𝑖 = ℎ𝑖 = ℎinf

𝑖 +
∆ℎ

2
; 

6. 𝑃𝑖(𝑋) = 𝑃(ℎ𝑖𝑛𝑓
𝑖 < 𝑋 < ℎ𝑠𝑢𝑝

𝑖 ); 

7. 𝑃𝑖(𝑌) = 𝑃(ℎ∆ℎ
𝑖 − 𝐻𝑚𝑖𝑛 < 𝑌 < ℎ∆ℎ

𝑖 + 𝐻𝑚𝑖𝑛); 

8. 𝑃𝑣,𝑖 = 𝑃𝑖(𝑋)𝑃𝑖(𝑌); 

9. End  

10. 𝑃𝑟
𝑐,𝑣 = ∑ 𝑃𝑣,𝑖𝑖 ; 

11. Output: 𝑷𝒓
𝒄,𝒗

 

 

This gives the probability of infringement of the vertical separation minimum based on the statistical 

distribution of altitude at a crossing point. This model has the advantage that it can be used to assess 

both CCOs and standard departures. As such, probability 𝑃𝑟
𝑐,𝑣

 can be used to design a new TMA or 

assess an existing one. If a regulator defines a threshold value for 𝑃𝑟
𝑐,𝑣

 then the design of departing 

flows must not exceed this value. Alternatively, if the objective is to assess an existing TMA then 

𝑃𝑟
𝑐,𝑣

 is obtained using statistical values of departing and arriving  flows.  

5.2.2.2. Probability of horizontal conflict 

The methodology used to calculate the probability of a horizontal conflict is different from that used 

to calculate the probability of a vertical conflict. One assumption is that aircraft belonging to both air 

traffic flows fly according to published routes (SID or Standard Instrumental Arrival – STAR). This 

means that they do not have the same freedom of movement in the horizontal as in the vertical 

profile. Although aircraft do operate with horizontal deviations, this has not been taken into account 

in this Chapter and shall be the object of a future study. 

The method proposed in this section is very similar to that described by Netjasov [61] with some 

differences. The first step is to consider the conflict geometry between air traffic flows, which depends 

on the geometry of each SID and STAR. Ideally, these flows should cross at 90º to minimise 
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exposure time (time required to leave the conflict area). However, it is not always possible to achieve 

this due to operational issues.  

Netjasov [63] defines the ‘critical section’ as the projection of the longitudinal separation minimum of 

an air traffic flow over the other air traffic flow in the vicinity of a crossing point. This ‘critical section’ 

(𝑑ℎ) is given by 𝑑ℎ =
2𝑆𝑚𝑖𝑛

sin 𝜑
, where 𝜑 is the horizontal crossing-angle. The minimum value, 𝑑ℎ =

2𝑆𝑚𝑖𝑛, is achieved when both routes cross at 90º. Figure 27 gives the geometry of a horizontal 

conflict: 

 

Figure 27. Geometry of a conflict point on the horizontal profile. 

Further complexity is added by the fact that both aircraft must be either climbing or descending. 

Therefore, the horizontal profile is not an accurate representation of the current situation. The 

projection angle (𝛽) of the flight path with the horizontal profile depends on the vertical speed of each 

aircraft. This angle 𝛽 corresponds to the climbing (𝛽𝐶𝐶𝑂) or descent (𝛽𝐴𝑟) angle of each aircraft 

path. The ‘exposure distance’ (𝑑𝑒) is the projection of the ‘critical section’ (𝑑ℎ) in the trajectory. Thus, 

𝑑𝑒 and 𝑑ℎ depend on the vertical angle (𝛽). 

cos 𝛽 =
𝑑ℎ

𝑑𝑒
 ( 49) 

Figure 28 shows a conflict in which both aircraft are flying with different climbing (𝛽𝐶𝐶𝑂) and descent 

(𝛽𝐴𝑟) angles. 𝑑ℎ is the horizontal projection of the path inside the conflict area and 𝑑𝑒 the projection 

of 𝑑ℎ along the trajectory. 
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Figure 28. 3D geometry of a conflict point. 

When an aircraft is climbing or descending, the exposure time increases because the time the aircraft 

spends inside the conflict area is greater than if it is flying horizontally. Thus, this conflict risk model 

considers the projection of the vertical movement on the horizontal plane.  

Normally, an aircraft performs a climb or a descent in an en-route phase with a constant ROCD. 

However, aircraft performing a CCO do not satisfy this condition. The assumption is that they climb 

in accordance with a specific CI – as with standard departures. Arrivals, on the other hand, may 

descend with a fixed ROCD, with complete freedom of movement (CDA) or by performing level-offs. 

Therefore, the difficulty resides in knowing what value of 𝛽 is representative of each air traffic flow. 

To solve this problem, the following hypothesis are proposed:  

 Arrivals: At the notification points closest to the crossing point, the descent angle 𝛽𝑆𝑇𝐴𝑅 is 

calculated using the difference in altitude and the horizontal distance. 

 CCO: The climbing angle (𝛽𝐶𝐶𝑂) at the beginning and the end of the ‘critical section’ may 

be known by using CCO simulations of Chapter 3. 

This section aims to obtain the probability of each aircraft being inside the conflict area. This 

probability is the exposure time (𝑡𝑒) divided by the total time spent on a SID or STAR (𝑡𝑡𝑜𝑡), i.e., the 

probability of an aircraft flying on a SID or STAR inside the associated conflict area is: 

𝑃𝐶𝐶𝑂 , 𝑃𝐴𝑟 =
𝑡𝑒

𝑡𝑡𝑜𝑡
=

𝑑𝑒/𝑣𝑒

𝑑𝑡𝑜𝑡/𝑣𝑡𝑜𝑡
 ( 50) 
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Both 𝑡𝑒 and 𝑡𝑡𝑜𝑡 can be converted into a velocity and a distance covered, where the exposure 

distance (𝑑𝑒) and the total distance (𝑑𝑡𝑜𝑡) are fixed because they depend on the route geometry. 

Therefore, for each aircraft there is a velocity (𝑣𝑒) for the conflict area and a velocity for the route 

(𝑣𝑡𝑜𝑡) that confirm the previous relationship. As such, 𝑣𝑡𝑜𝑡  is the average ground speed of the 

aircraft along the entire departure or arriving route. 𝑣𝑒, the average ground speed in the conflict area, 

is calculated in the same way as 𝛽. In this work, constant ground speed is assumed during the 

departure and arriving procedures. This is a simplification that will be improved upon in future works. 

However, as we are only interested in the exposure and total times variations in the velocity 

gradients, this assumption will have a very slight effect on the conflict risk. 𝑃𝐶𝐶𝑂 is the probability of 

a CCO being inside the conflict area and 𝑃𝐴𝑟 the probability of an arrival being inside the conflict 

area. Therefore, the probability of infringement of the horizontal separation minimum between an 

aircraft pair (𝑃𝑐,ℎ,𝑗) is dependent on the probability of both aircraft being inside the conflict area: 

𝑃𝑐,ℎ,𝑗 = 𝑃𝐶𝐶𝑂𝑃𝐴𝑟 ( 51) 

Once it is obtained 𝑃𝑐,ℎ,𝑗 for each aircraft pair, it can then be calculated the statistical value for each 

aircraft pair in the study (𝑛). Finally, it is introduced two indicators to estimate the horizontal conflict 

probability for each crossing point 𝑟: the average value and the value that encompass 95% of the 

sample. 

𝑃𝑟
𝑐,ℎ̅̅ ̅̅ ̅ =

∑ 𝑃𝑐,ℎ,𝑗𝑛

𝑛
 ( 52) 

𝑃𝑟
𝑐,ℎ,95 = 𝑃𝑟

𝑐,̅̅ ̅̅ + 2𝜎 ( 53) 

𝑃𝑟
𝑐,ℎ̅̅ ̅̅ ̅ is the average value of the probability of infringement of the horizontal separation per aircraft 

pair, and 𝑃𝑟
𝑐,ℎ,95

 is the statistical value that encompass 95% (2σ) of the samples. In general, the 

average value indicator is the one that is most used, however, the 95% indicator is more accurate 

and handles a larger number of possible conflicts. 

5.2.2.3. Conflict risk 

To assess the systematic integration of CCOs in a TMA, it is crucial to look at the air traffic flows 

along each route. Air traffic flows determine the number of aircraft that operates along the same 

route (SID or STAR) within a given period of time (typically one hour). The concept of air traffic flows 

is key to assessing the conflict risk [61]. For instance, a conflict point can present a high conflict 
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probability between a SID and a STAR, but if one of the air traffic flows has a low density, the conflict 

probability may be negligible.  

Assuming that there are 𝑟 crossing points in an airspace and that at each conflict point coincides 

SID (𝑝) and STAR (𝑞), conflict risk is based on the probability of an aircraft operating a SID (𝑃𝑟
𝑝

), 

other aircraft operating a STAR (𝑃𝑟
𝑞

) and the conflict probability at the conflict point (𝑃𝑟
𝑐). The 

probability is obtained by the occupancy rate of each air route (𝜃) compared with the total demand, 

e.g., 𝑃𝑟
𝑝 = 𝜃𝑝/ ∑ 𝜃𝑝. With these values, it is defined the conflict risk (𝐶𝑅𝑟) as follows:  

𝐶𝑅𝑟 = 𝑃𝑟
𝑝𝑃𝑟

𝑞𝑃𝑟
𝑐  ( 54) 

𝐶𝑅𝑟 is an absolute value which enables to assess the conflict risk between CCOs and arriving flows. 
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5.3. Intersections between departure and arrival procedures 

This section details the location of the intersections or crossing points between departure and arrival 

procedures of LEPA East configuration. Based on previous simulations of CCO and arrivals, the 

altitude distributions of these air traffic flows are calculated. These altitude distributions provide the 

information required for the application of the conflict-risk model. 

5.3.1. Location of the crossing points 

Crossing points are defined as the intersections between SIDs and STARs. Each crossing point is 

defined geographically by its coordinates (Latitude and Longitude) and operationally by SIDs and 

STARs involved. Based on the coordinates and flight procedures it has been obtained: 

a) For each STAR (𝑞) involved, the distance from the STAR entry point (𝑥𝑆𝐸𝑃
𝑞

) to the crossing 

point 𝑟 (𝑥𝑟
𝑞

). 

b) For each SID (𝑝) involved, the distance from the runway (𝑥𝑟𝑤𝑦
𝑝

) to the crossing point 𝑟 (𝑥𝑟
𝑝

). 

Table 13 gives the location of the crossing points, the SID/STAR procedures involved at each 

crossing, the distance between the crossing point and the runway (𝑥𝑟
𝑝 − 𝑥𝑟𝑤𝑦), and the distance 

between the conflict point and STAR entry point for arrivals (𝑥𝑆𝐸𝑃
𝑞 − 𝑥𝑟

𝑞
). 
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Table 13. Summary of the geographical characteristics for each crossing point. 

Crossing point 

(𝒓) 
(Latitude; Longitude) SID (𝒑) 

𝒙𝒓
𝒑

− 𝒙𝒓𝒘𝒚 

(NM) 
STAR (𝒒) 

𝒙𝑺𝑬𝑷
𝒒

− 𝒙𝒓
𝒒

 

(NM) 

1 
(39º45’36’’N; 
002º33’36’’E) 

GALAT2B/2L 
ESPOR2B/2L 
DRAGO2B/2L 
EPAMA1B/1L 

22 
LORES3M 
TOLSO3M 

61 
46 

2 
(39°50'12''N;  
003°23'06''E) 

MEROS4B/1L 38 
KENAS2M 
LUNIK2M 

37 
36 

3 
(39°52'30''N;  
003°26'12''E) 

ISTER2B/1L 
MORS2E/1L 

35 
KENAS2M 
LUNIK2M 

39 
38 

4 
(39°46'54''N;  
003°24'36''E) 

ISTER2B/1L 
MORS2E/1L 

41 RIXOT2M 59 

5 
(39°51'49''N;  
004°12'58''E) 

ISTER2B/1L 
MORS2E/1L 

72 MORSS3M 22 

6 
(39°31'48''N;  
003°02'24''E) 

CASOL1B/1L 
MEBUT1B/1L 
OSGAL1B/1L 
BAVER1B/1G 

11 
KENAS2M 
LUNIK2M 
RIXOT2M 

66 
65 
90 

7 
(39°24'48''N;  
003°04'30''E) 

CASOL1B/1L 
MEBUT1B/1L 
OSGAL1B/1L 
BAVER1B/1G 

23 
MORSS3M 
MAMEB1M 

82 
48 

8 
(39°11'37''N;  
002°50'31''E) 

CASOL1B/1L 
MEBUT1B/1L 
BAVER1B/1G 

40 OSGAL1M 15 

9 
(39°07'06''N;  
002°31'06''E) 

BAVER1B/1G 62 MEBUT1M 22 

10 
(39°04'30''N;  
002°17'42''E) 

BAVER1B/1G 75 LAMPA1M 18 

11 
(39°02'06''N;  
002°06'00''E) 

BAVER1B/1G 80 IZA1M 16 
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There are eleven crossing points between SID and STAR routes of LEPA. Figure 29 highlights the 

eleven crossing points.  

 

Figure 29. Diagram showing the SIDs and STARs at LEPA highlighting points of conflict points. 

5.3.2.  Altitude distributions of CCOs and arrivals at the crossing points 

The altitude distributions of CCOs and arrivals at the crossing points are required to apply the safety 

and capacity assessment. In this work, CCO and arrival trajectories are modelled independently with 

different methods. The arrival trajectory model is different from the CCO trajectory model because 

while the behaviour of CCO trajectories is unknown, there exist real landing data to analyse.  

The arrival flows are based on a set of real arrival trajectories for every STAR, considering different 

aircraft types. It is recommendable to have a large data sample to ensure the accuracy of the 

statistical distribution. In this work, over 3000 arrival trajectories were selected from DDR2. Those 

trajectories that did not entirely follow a STAR were discarded because they could have been subject 

to vectoring.  

The model characterises the time elapsed between the STAR entry point and the conflict point, and 

the time elapsed between the STAR entry point and the runway. Aircraft decelerate during descent, 

however, the information required by the model is the time elapsed. For this reason, the model 
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calculates two different constant ground speeds: one is the constant ground speed between the 

STAR entry point and the crossing point, the second is the constant ground speed between the STAR 

entry point and the runway. Future work will revise the assumption of constant ground speed. It will 

also look at across-track deviations from the STAR.  

Therefore, the key parameters for simulating arrivals are the statistical distribution of the horizontal 

speed up to the conflict point 𝑟 for the STAR 𝑞 (𝑣𝑟
𝑞̅̅ ̅(𝜇; 𝜎)), for the whole procedure (𝑣𝑡𝑜𝑡

𝑞̅̅ ̅̅ ̅(𝜇; 𝜎)), 

and the altitude distribution at each conflict point (ℎ𝑟
𝑞(𝜇; 𝜎)). The statistical distribution of the speed 

is calculated using the variables at the STAR Entry Point (𝑥𝑆𝐸𝑃
𝑞 , 𝑡𝑆𝐸𝑃

𝑞 , ℎ𝑆𝐸𝑃
𝑞

) and the conflict point 

(𝑥𝑟
𝑞 , 𝑡𝑟

𝑞 , ℎ𝑟
𝑞

). 

𝑣�̅�
𝑞  =

𝑥𝑆𝐸𝑃
𝑞 − 𝑥𝑟

𝑞

𝑡𝑆𝐸𝑃 − 𝑡𝑟
 

𝑣𝑡𝑜𝑡
𝑞̅̅ ̅̅ ̅ =

𝑥𝑆𝐸𝑃
𝑞 − 𝑥𝑟𝑤𝑦

𝑞

𝑡𝑆𝐸𝑃
𝑞 − 𝑡𝑟𝑤𝑦

𝑞  

( 55) 

Table 14 gives for each crossing point: the SID/STAR procedures involved; the number of aircraft 

per hour flying each procedure (𝜃𝑝, 𝜃𝑞); and the altitude distribution of CCO and arrival flows 

(ℎ𝑟
𝑝, ℎ𝑟

𝑞
) in terms of FL. 
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Table 14. Altitude distributions of CCOs and arrivals for each crossing point. 

Crossing 

point 𝒓 
SID (𝒑) 𝜽𝒑 𝒉𝒓

𝒑
(𝝁; 𝝈) STAR (𝒒) 𝜽𝒒 𝒉𝒓

𝒒
(𝝁; 𝝈) 𝒗𝒓

𝒒̅̅ ̅(𝝁; 𝝈) 𝒗𝒓
𝒒̅̅ ̅(𝝁; 𝝈) 

1 

GALAT2B/2L 
ESPOR2B/2L 
DRAGO2B/2L 
EPAMA1B/1L 

3.2 
2.2 
5.3 
3.0 

(110.9; 4.4) 
LORES3M 
TOLSO3M 

11.
6 

2.0 

(117.6; 10.4) 
(140.6; 1.0) 

(154.3; 5.76) 
(158.4; 12.1) 

(128.8; 4.0) 
(136.2; 16.6) 

2 MEROS4B/1L 
13.
8 

(171.2; 6.6) 
KENAS2M 
LUNIK2M 

0.1 
10.
9 

(95.6; 5.4) 
(100.0; 0.5) 

(193.4; 9.6) 
(206.3;  5,2) 

(146.5; 9.9) 
(153.7; 11.5) 

3 
ISTER2B/1L 
MORS2E/1L 

0.6 
0.4 

(161.3; 6.6) 
KENAS2M 
LUNIK2M 

0.1 
10.
9 

(90.2; 7.8) 
(92.5; 0.8) 

(188.2; 7.8) 
(192.6; 4.9) 

(146.5; 9.9) 
(153.7; 11.5) 

4 
ISTER2B/1L 
MORS2E/1L 

0.6 
0.4 

(180.6; 8.5) RIXOT2M 1.1 (211.3; 5.7) (189.8; 14.3) (136.1; 7.2) 

5 
ISTER2B/1L 
MORS2E/1L 

0.6 
0.4 

(253.1; 8.6) MORSS3M 0.4 (168.7; 36.8) (211.8; 21.1) (172.2; 13.2) 

6 

CASOL1B/1L 
MEBUT1B/1L 
OSGAL1B/1L 
BAVER1B/1G 

1.7 
0.1 
0.0 
1.0 

(57.1; 2.3) 
KENAS2M 
LUNIK2M 
RIXOT2M 

0.1 
10.
9 

1.1 

(88.6; 5.4) 
(118; 1.2) 

(136.5; 0.8) 

(181.6; 10.3) 
(187.8; 18.2) 
(185.9; 12.6) 

(146.5; 9.9) 
(153.7; 11.5) 
(136.1; 7.2) 

7 

CASOL1B/1L 
MEBUT1B/1L 
OSGAL1B/1L 
BAVER1B/1G 

1.7 
0.1 
0.0 
1.0 

(115.3; 4.6) 
MORSS3M 
MAMEB1M 

0.4 
1.3 

(138.3; 7.9) 
(87.3; 8.7) 

(180.9; 18.7) 
(137.1; 17.6) 

(172.2; 13.2) 
(108.1; 5.4) 

8 
CASOL1B/1L 
MEBUT1B/1L 
BAVER1B/1G 

1.7 
0.1 
1.0 

(177.6; 6.5) OSGAL1M 0.1 (111.3; 6.3) (109.8; 10.6) (91.2; 8.8) 

9 BAVER1B/1G 1.0 (233.8; 8.0) MEBUT1M 0.0 (117; 4.2) (123.8; 5.3) (102.7; 7.6) 

10 BAVER1B/1G 1.0 (258.2; 8.6) LAMPA1M 1.6 (126.7; 8.5) (113.4; 8.7) (95.6; 3.5) 

11 BAVER1B/1G 1.0 (266.4; 8.9) IZA1M 1.1 (121.5; 12.1) (98.0; 10.2) (67.6; 5.1) 

 

To validate the model, the real altitude (ℎ𝐴𝑟𝑟𝑖𝑣𝑎𝑙) and speed (𝑣𝐴𝑟𝑟𝑖𝑣𝑎𝑙) was compared for each 

trajectory against statistical values. It is vital to relate the altitude with the speed of the trajectory 

even if the statistical values that we have calculated are not related to one another. The error 

equations are: 

𝜖𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 = ℎ𝐴𝑟𝑟𝑖𝑣𝑎𝑙 − ℎ𝑟
𝑞(𝜇; 𝜎) 

𝜖𝑠𝑝𝑒𝑒𝑑 = 𝑣𝐴𝑟𝑟𝑖𝑣𝑎𝑙 − 𝑣𝑟
𝑞̅̅ ̅(𝜇; 𝜎) 

( 56) 

The average differences in altitude were less than 5%, and the average differences in speed errors 

were less than 8%. However, the differences in speed errors were reduced to less than 6% when we 

considered speeds up to the conflict point. In this study, the arrival flows of Heavy, Medium and Light 

aircraft were analysed separately, as their behaviours are different.  
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5.4. Results 

This section presents the results of the proposed methodology applied to Palma airport. First of all, 

the CCO and arriving trajectories are simulated and the resulting conflict-risk model tested using 

MATLAB. The testing process consists of the following steps: the MATLAB code generates CCO 

and arriving trajectories, it extracts the operational characteristics at the crossing points (altitude and 

velocities), it adds the geometrical features of the scenario; it applies the conflict risk assessment 

methodology per aircraft pair; and, finally, it statistically assesses the conflict risk for the whole set 

of trajectories considered. A shortcoming of this methodology is that it requires a prior analysis of the 

trajectories to be assessed. The more accurate the trajectories and the greater the number of these, 

the better the resulting model of statistical distributions. On the other hand, the main advantage is 

that this conflict-risk model applies to every airport or TMA.   

To illustrate how the conflict risk model may be used, the results of the process previously described 

are presented. First, it is assessed the vertical incompatibilities between air traffic flows. In other 

words, it is detected the crossing points where there is overlap between the altitude distributions 

ℎ𝐶𝐶𝑂 and ℎ𝐴𝑟. Of the eleven initial crossing points, only three show evidence of vertical 

incompatibilities. Table 15 describes these incompatibilities and the probability of vertical conflict. 

These incompatibilities exist because the altitude distributions of the air traffic flows cross, i.e., 

ℎ𝑖𝑛𝑓
𝐶𝐶𝑂 < ℎ𝑠𝑢𝑝

𝑆𝑇𝐴𝑅 or ℎ𝑠𝑢𝑝
𝐶𝐶𝑂 > ℎ𝑖𝑛𝑓

𝑆𝑇𝐴𝑅. 𝑃𝑟
𝑐,𝑣

 is calculated from the altitude distributions (ℎ𝑟
𝑝

 and ℎ𝑟
𝑞

) and 

with ∆ℎ𝑖 = 1 m (constant). It was tested the code with ∆ℎ𝑖 = 0.1 m (constant) but four times as 

much computation time was required and the difference in 𝑃𝑟
𝑐,𝑣

 was less than 1%. 

Table 15.Calculation of the probability of vertical conflict at Palma airport. 

Conflict point 𝒓 SID (𝒑) STAR (𝒒) 𝒉𝒊𝒏𝒇 𝒉𝒔𝒖𝒑 𝑷𝒓
𝒄,𝒗

 

1 

GALAT2B/2L 
ESPOR2B/2L 
DRAGO2B/2L 
EPAMA1B/1L 

LORES2M 96.6 119.6 0.4622 

5 
ISTER2B/1L 
MORS2E/1L 

MORSS3M 244.8 270.3 0.0332 

7 

CASOL1B/1L 
MEBUT1B/1L 
OSGAL1B/1L 
BAVER1B/1G 

MORSS3M 116.4 124.5 0.0432 
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Conflict point 1 has the worst results because of the high number of incompatibilities. The probability 

of two aircraft crossing without satisfying the vertical separation minimum is almost 50%. Conflict 

points 5 and 7 have a lower probability: two orders of magnitude less (𝐸 − 2). The remaining 

crossing points do not generate conflicts because the flight altitudes of CCOs and arrivals satisfy the 

vertical separation minimum. In some cases, the vertical separation is over 6,000 ft (crossing point 

11). The results provide compelling rationale for the introduction of CCO procedures. Moreover, 

conflict points occur where several STARs coincide but only some of these show incompatibilities – 

such as conflict points 1 and 7. 

Having determined the conflict points at Palma, the next step is to calculate the probability of 

horizontal conflict at these points. Table 16 summarises the values of the different parameters used 

to calculate the probability of horizontal conflict probability of an aircraft pair. Unlike the probability of 

vertical conflict, these parameters are not based on statistical distributions. Instead, they require the 

simulation of CCO and arriving trajectories to obtain the operational parameters (speed and 

climbing/descent angle). Conflict point 7 is a special case because four SID coincide at this point. 

The lengths of the SIDs are completely different and, as a result, the average is not an accurate 

measurement to use. Therefore, it is selected the shortest SID (CASOL1B/1L) because it gives the 

most stringent results regarding safety. 
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Table 16. Results of the probability of horizontal conflict for an aircraft pair. 

Parameter 
Conflict point 𝒓 

1 5 7 

𝒗𝒆
𝑪𝑪𝑶 188.9 225.4 190.1 

𝒗𝒕𝒐𝒕
𝑪𝑪𝑶 183.7 195.8 171.4 

𝒗𝒆
𝑨𝒓 154.3 211.8 180.9 

𝒗𝒕𝒐𝒕
𝑨𝒓  158.8 163.1 163.1 

𝜷𝑪𝑪𝑶 4.19 1.7 4.11 

𝜷𝑨𝒓 3.36 0.01 3.47 

𝒅𝒉 6 38.35 6 

𝒅𝒆
𝑪𝑪𝑶 6.02 38.37 6.02 

𝒅𝒕𝒐𝒕
𝑪𝑪𝑶 64.75 93.5 40 

𝒅𝒕𝒐𝒕
𝑨𝒓  93 117 117 

𝒕𝒆
𝑪𝑪𝑶 59.0 315.3 58.6 

𝒕𝒆
𝑨𝒓 73.3 346.0 57.6 

𝒕𝒕𝒐𝒕
𝑪𝑪𝑶 634 873 420 

𝒕𝒕𝒐𝒕
𝑨𝒓  1,098.8 1,292.3 1,168.5 

𝑷𝑪𝑪𝑶 0.0930 0.3612 0.1395 

𝑷𝑨𝒓 0.0639 0.2589 0.0567 

𝑷𝒄,𝒉,𝒋 0.0063 0.0894 0.0069 

 

Speeds are in metres per second, angles 𝛽 in degrees, distances (𝑑) in NM and times (𝑡) in seconds. 

The conclusions from Table 16 are as follows: 

 𝑣𝑒
𝐶𝐶𝑂 behaves linearly. Conflict points 1, 5 and 7 are located at 22, 72 and 23 NM 

respectively. Therefore, the further the conflict point the higher the value of 𝑣𝑒
𝐶𝐶𝑂.  𝑣𝑒

𝐴𝑟 also 

behaves linearly: the nearer the airport, the lower the speed.  

 𝛽𝐶𝐶𝑂 behaves similarly to 𝑣𝑒
𝐶𝐶𝑂. Aircraft are at a higher altitude and have a smaller climbing 

angle at conflict point 5 because this is the furthest from the airport. The descent angles 

behave differently. Specifically, descent angles (𝛽𝐴𝑟) 1 and 7 are similar in size (roughly 

3.5º) but descent angle 5 is smaller. The reason for this reduction is that over half the aircraft 

perform a level-off at conflict point 5.  

 Looking at the results for 𝑑𝑒, it can be confirmed that the impact of the climbing or descent 

angle (𝛽) is negligible over the ‘critical section’ 𝑑ℎ. The angles lead to an increase in the 

critical length but this increase is less than 0.02 NM. The slight increase means that the 

climbing or descent angles do not have any influence on the critical section. This result is 

significant because it means that en-route models could be applied to TMA due to the fact 

that the slope has no impact on the results.  
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  ‘Critical section’ 𝑑ℎ depends on the angle of the geometry of the air route. The best situation 

is a 90º crossing as in the case of conflict points 1 and 7 where the ‘critical section’ is reduced 

to 6 NM. However, at conflict point 5 the air routes cross at 9º. Conflict point 5 is the worst 

due to the fact that the air routes overlap.  This overlap means that, in operational terms, if 

an aircraft is flying this SID no aircraft can fly through the associated STAR. The ‘critical 

section’ length of conflict point 5 is 38 NM which is six time greater than the ‘critical sections’ 

of conflict points 1 and 7.  

 The arrival exposure time (𝑡𝑒
𝐴𝑟) is greater than the departure exposure time (𝑡𝑒

𝐶𝐶𝑂) due to 

the fact that departures operate faster than arrivals in the conflict area. However, as the 

arrival routes are longer, the probability of an aircraft occupying the conflict area is greater 

for a SID than for a STAR 𝑃𝐶𝐶𝑂 > 𝑃𝐴𝑟. The worst results are obtained at conflict point 5 

due to the smaller crossing angles of the routes. 

 Finally, the probability of horizontal conflict for an aircraft pair (𝑃𝑐,ℎ,𝑗) is fairly similar for 

conflict points 1 and 7. The reason being that both have the best possible geometry for 

crossing (90º) and the vertical profiles are quite similar. As previously mentioned, the worst 

is conflict point 5 because it has the worst geometry.  

The results of Table 17 are valid for an aircraft pair. The next step assesses the impact of every 

aircraft pair. Table 17 gives the total values of the probability of vertical conflict, total horizontal 

conflict and the conflict probability. 

Table 17. Results of conflict probability. 

Conflict point 𝒓 𝑷𝒓
𝒄,𝒗

 𝑷𝒓
𝒄,𝒉̅̅ ̅̅ ̅

 𝑷𝒓
𝒄̅̅̅̅  𝑷𝒓

𝒄,𝒉,𝟗𝟓 𝑷𝒓
𝒄 

1 0.4622 0.0065 3E-3 0.0072 3.3E-3 

5 0.0332 0.0981 3.3E-3 0.1252 4.5E-3 

7 0.0432 0.0072 3.1E-4 0.0092 3.9E-4 

 

The results given in Table 17 illustrate the differences between the average (𝑃𝑟
𝑐,ℎ̅̅ ̅̅ ̅) or the 95% 

(𝑃𝑟
𝑐,ℎ,95) values. The horizontal conflict risk is up to 25% higher for 𝑃𝑟

𝑐,ℎ,95. The conflict probability 

for 𝑃𝑐,95 is similarly higher. It was used the 95% value to calculate the conflict risk because it is more 

restrictive than the average value. In absolute terms, the results showed that the conflict probability 

is 4𝐸 − 3 aircraft pairs for conflict points 1 and 5 and 4𝐸 − 4 for conflict point 7. The worst conflict 
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probability is for conflict point 5 due to the horizontal geometry although it had a lower vertical conflict 

probability. 

The final step is to introduce the air traffic flows for each SID/STAR. This step is crucial because it 

allows knowing the conflict risk between CCOs and arrivals. Looking at air traffic flow densities: 

conflict point 1 - 0.418 (SID) and 0.3523 (STAR) - is the worst because it is where the densest air 

traffic flows coincide. On the other hand, the air traffic flows at conflict points 5 - 0.032 (SID) and 

0.0134 (STAR) - and 7 - 0.086 (SID) and 0.0134 (STAR) - are very low. These low densities illustrate 

the fact that if one of the air traffic flows has a low density, the conflict risk drastically drops. 

Table 18. Results of CR for each conflict point. 

Conflict point 𝒓 𝑷𝒓
𝒑

 𝑷𝒓
𝒒

 𝑷𝒓
𝒄 𝑪𝑹𝒓 

1 0.418 0.3523 3.3E-3 4.9E-4 

5 0.032 0.0134 4.5E-3 1.9E-6 

7 0.086 0.0134 3.9E-4 4.5E-7 

 

Table 18 gives the results of conflict risk: 

 The highest conflict risk, 4.9𝐸 − 4, at Palma occurs at conflict point 1 due to the fact that 

the highest air traffic flows occurs at this point. This implies a decrease in conflict risk of one 

order of magnitude compared with the results in Table 17.  

 The highest probability of conflict (𝑃𝑐 = 4.5𝐸 − 3) occurs at conflict point 5. The conflict 

risk at that point is significantly less, 1.9𝐸 − 6. This reduction is due to the fact that the 

density of the air traffic flows is just slightly over 2 aircraft per hour.  

 Finally, the point with the lowest probability of conflict (𝑃𝑐 = 3.9𝐸 − 4) and the lowest 

conflict risk, 4.5𝐸 − 7, is conflict point 7. 

The very low conflict risk at conflict points 5 and 7 (1 conflict per 107 CCOs) validates the introduction 

of CCOs. However, the same is not true of conflict point 1 (1 conflict per 104 CCOs). The main 

solution for conflict point 1 is to redesign the routes to ensure safe crossing between CCOs and 

arrivals. These results confirm the viability of introducing CCOs at Palma airport. Furthermore, they 

confirm the validity of the conflict risk model as a useful method which could be used in decision 

making when looking at flight procedure integration. Moreover, this method could be used to assess 

the safety of current air traffic flows (without CCOs) and to design new airspace with an emphasis 

on safety issues. That being said, further work is required to improve the model: just one airport and 

one TMA where looked at, for a more robust model it would be needed to study the integration of 
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CCOs in several more airports and TMAs; there were not considered potential incompatibles of 

CCOs with en-route traffic above the TMA; and different types of CCOs will produce variations in 

altitude distributions that need to be considered. 

 

 

5.5. Summarise 

This Chapter details the development of a new conflict risk model to assess the introduction of CCOs 

in complex airspace. It also analyses the viability of introducing CCOs from the point of view of safety. 

As such, the aim is to ascertain the conflict risk and the probability of a conflict between CCOs and 

arrivals. This methodology attempts to set out the basis for decision making as it relates to airspace 

design with an emphasis on safety. Vertical conflict is based on the altitude distributions of CCOs 

and arrivals at each crossing point. This new approach enables to statistically determine the 

probability of an aircraft pair crossing with a vertical separation of fewer than 1,000 ft. The probability 

of horizontal conflict is obtained based on operational and geometrical characteristics. This study 

looks at how the climbing or descent angle affects the probability of horizontal conflict; however, the 

results confirm that the impact of this angle is negligible. Besides, the probability of horizontal conflict 

is determined using two indicators: average and 95% value of the sample. As expected, the 95% 

indicator is more restrictive, and this is used to calculate the conflict risk. By incorporating the current 

air traffic flows at Palma airport, the conflict risk can be calculated. The results show that of eleven 

crossing points only three have altitude incompatibilities. Of these three conflict points, two have a 

conflict risk of one conflict per 𝐸7 CCOs and the third one has a risk of one conflict per 𝐸4 CCOs. 

The major factors that affect safety are the horizontal geometry of the routes and the airway density. 

The conclusion is that CCOs could be successfully integrated in all SIDs of Palma airport except for 

one conflict point that would require the relevant SIDs and STARs to be modified. More work is 

required to improve certain operational assumptions and the method needs to be implemented in 

different and more complex scenarios for further validation. Particularly, some assumptions 

performed herein (as constant ground speed or the independence between altitude and speed) could 

be removed a large dataset of CCO and landing trajectories.  
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Chapter 6  Impact of CCO on 

Airport Capacity 

6.1. Introduction 

The integration of CCOs in a TMA requires structured analysis of their impact on capacity. The 

integration of CCOs in isolated airports with low-density traffic is straightforward because the 

likelihood of their being factors that could inhibit their use is extremely low. In high traffic density 

airports or TMAs, the situation is significantly different. The high level of ATC intervention required 

to manage interactions between arrivals and departures limits the potential benefits of CCO [80]–

[83]. Then, the integration of new optimised procedures cannot be aside from automation. These 

new procedures imply the modification of current ATC procedures, and automation should help to 

reduce ATC and capacity impact by CCO integration. Different authors confirmed that the 

introduction of new procedures means a substantial impact on capacity and automation can help to 

deal with it [71], [73].  

As the previous Chapter confirmed, CCO trajectories in high traffic density TMAs imply a modification 

of the current vertical profiles because conflicts between CCOs and arrivals arises. Hence, CCO 

integration in high traffic density TMAs requires the development of conflict-detection and resolution 

algorithms to ease ATC labour. The blocking-area concept allows ATC to know if an aircraft 

influences the trajectory of other aircraft. The term ‘influence’ focuses on aircraft safety, i.e., whether 

an infringement of the separation minima can happen or not. 

Although other authors have worked on the optimisation of departure trajectories, the crucial issue 

is the impact of CCOs on capacity. The main issues for the integration of new procedures are 

capacity and safety [82], [113]. Previous studies showed that the integration of CDAs in high traffic 

density airports was feasible, but it led to a significant reduction in capacity [24], [26], [77]. The main 

reasons are that the uncertainties associated with CDAs and the overfly times at different waypoints 

are so high that the separation minima must be enlarged to encompass every feasible path [78], 

[114]. Furthermore, issues related to the probability of separation were crucial to the introduction of 

new procedures. Apparently, the integration of CCOs could also reduce the capacity of airports [80]. 
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However, the integration of CCOs cannot progress without a thorough analysis of the impact of CCOs 

on capacity in high traffic density airports. 

In this Chapter, a methodology to assess the impact of CCOs on theoretical airport capacity is 

developed. Theoretical airport capacity is the maximum number of aircraft that can depart or land in 

a given time. This does not take the impact on ATC into account and assumes that ATC can handle 

all this traffic. CCO trajectories are obtained from the database of Chapter 3 and arrival flows from 

Chapter 5. The aim is to obtain a departure schedule, that takes the CCO Rate into consideration, in 

which CCOs are conflict-free. The scheduling algorithm generates two initial schedules, one for 

departures and another for arrivals. The conflict-detection algorithm generates and compares 

random trajectories of arrivals and CCOs to detect conflicts between them. The conflict-resolution 

algorithm proposes modifications to the initial schedule to avoid conflicts in the air by delaying CCO 

on the runway. The methodology is applied to a high traffic density airport using Monte Carlo 

simulations. To the best of our knowledge, no complete studies have previously been published on 

the impact of CCO on airport capacity. Similarly, there has been no prior research into the integration 

of CCOs, which are intended to be entirely conflict-free.  
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6.2. Methodology 

This Chapter sets out a methodology for assessing the impact of CCOs on airport capacity. The first 

issue is how ATC deals with CCOs. It is assumed that ATC can manage every arrival or departure. 

This means that ATC is able to manage conflicts between CCOs and standard departures and 

arrivals. The goal is twofold: to facilitate conflict-free optimised departures, and to minimise the 

impact on ATC workload. By defining new CCO separation minima between, it is ensured that the 

runway separation between consecutive CCOs is sufficiently large to make ATC intervention with 

other CCOs unnecessary until the en-route phase. This means that many of the environmental and 

operational benefits are realised. However, airspace design cannot avoid conflicts between 

departure and arrival flows because the airspace is reduced and therefore needs to be used 

optimally.  

The second issue is about the capacity impact. ATC uses different strategies to manage air traffic 

such as level-off, vectoring, or speed-changes. Each strategy has an impact on ATC workload and 

aircraft performance as explained in section 7.4.1. In this work, the proposed solution is to delay the 

departure time of the CCOs until it is sure that there will be no infringement of separation minima 

with arrivals in the air. In other words, a CCO will only depart if ATC does not have to intervene 

during the climbing phase. The worst possible situation is when ATC delays CCOs on the runway 

because this scenario has the greatest impact on capacity. In the future, it would be interesting to 

look at alternative solutions to conflict resolution perhaps involving multi-objective optimisation. It is 

important to bear in mind that, due to the specific definition of separation used in this work, the results 

of the capacity analysis should not be compared with the current declared capacity of the airport in 

question. As such, the numbers should only be used for relative comparison in the cases presented 

here. A crucial difference between using CCOs and other optimised-path landing concepts is that 

while arrivals coincide on the runway, which can act as a bottle-neck, departures are disseminated 

through the entire airspace. 

This section describes the methodology used to assess the impact of CCOs on airport capacity. The 

methodology is based on the following modules: 

1. Scheduling algorithm: this module produces departure and arrival schedules taking different 

features of the airport (route density, aircraft type distribution and CCO percentage) into 

consideration. 
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2. Conflict-Detection & Resolution (CD&R) algorithm: this module analyses CCO and landing 

trajectories to detect and resolve conflicts between air traffic flows. 

Finally, each schedule is evaluated by the following indicators: 

 Conflict indicator: number of conflicts detected by the CD&R over a one-hour period.  

 ATC indicator: number of ATC interventions required to provide a one-hour schedule that is 

conflict-free. 

 Total Delay: sum of the different delays experienced by each aircraft in the conflict-free 

schedule compared to the initial schedule. 

 Capacity indicator: maximum number of aircraft that can operate in an airport over a one-

hour period without experiencing conflicts. 
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6.3. Scheduling algorithm 

The scheduling algorithm calculates two schedules, one for departures and another for arrivals. The 

scheduling algorithm comprises the trajectory-information source used to assess capacity and the 

existence of conflicts. Scheduling algorithms are useful and widely used to generate schedules in 

the air transport field [82], [83], [113], [115]. 

6.3.1.  Operational Concept 

An airport schedule is a structured sequence of time frames, with one frame from each consecutive 

aircraft. These time frames are conditioned by several factors: runway separation minima, safety 

requirements and ATC workload. In this study, the schedule only takes runway separation minima 

into account. Safety requirements and ATC workload are not considered. Therefore, the output from 

the scheduling algorithm is a schedule with as many aircraft as the runway separation minima allow.  

Runway separation minima are distance/time frames that separate consecutive aircraft (arrivals or 

departures) to ensure that the following aircraft are not affected by wake turbulence. The main factors 

that determine separation minima are the radar coverage and aircraft wake turbulence. The minimum 

wake turbulence, which depends on the aircraft type, is larger than or equal to the radar separation 

minimum. For each aircraft pair, the largest separation minimum is selected to avoid potential 

compatibility problems with ATC. In this study, runway separation minima are expressed as time-

based separation minima. 

Finally, runway separation minima are characterised depending on the type of operation. Standard 

operations (arrivals and departures) must follow ATC requirements governing segregation between 

air traffic flows – published or unpublished in the air navigation charts. Table 19 gives the runway 

separation minima for standard arrivals (𝑚𝐴) and departures (𝑚𝐵) for each aircraft type pair.  
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Table 19. Runway separation minima (seconds) per aircraft type: Standard arrivals (Left) [62] - 

Standard departures (Right) [116]. 

Standard Arrivals Pursuing Aircraft 

Leading Light Medium Heavy 

Light 68 94 150 

Medium 64 64 118 

Heavy 60 60 82 
 

Standard 
Departures 

Pursuing Aircraft 

Leading Light Medium Heavy 

Light 61 71 86 

Medium 61 60 77 

Heavy 61 60 68 
 

 

In this study, the assumption is that ATC will not interact with CCO. CCO separation minima are 

estimated so that once the leading aircraft departs, the pursuing aircraft ensures compliance with the 

different separation minima (radar and wake turbulence) until both of them are transferred to the en-

route controller.  Table 20 presents the CCO separation minima (𝑚𝐶) in seconds from Chapter 4. 

Table 20. CCO separation minima (sec). 

CCO Pursuer 

Leading Light Medium Heavy 

Light 152 85 89 

Medium 201 110 80 

Heavy 376 207 113 

 

Current separation minima ensure separation on the runway, and the assumption is that this will be 

maintained by ATC throughout the rest of the departure or arrival. Therefore, the initial schedule 

based on standard operations assumes that ATC can handle all aircraft that can take off or land. 

This assumption is important because it means that the impact on the declared capacity is not 

estimated but on the theoretical capacity. Therefore, the theoretical capacity is the maximum number 

of standard departures that can depart in one hour. It only depends on the standard runway 

separation minima and aircraft distribution. 

The initial schedule is also characterised by the following: 

 Air routes density (𝜃): number of aircraft operating SIDs and STARs. 

 Aircraft type distribution (휀): Light, Medium or Heavy. 

 Percentage of departures operating CCO, i.e., CCO Rate (𝜆). 

These factors are required to produce a consistent initial schedule. The density of SIDs and STARs 

and the aircraft type distribution are characterised by the airport fleet. However, the CCO Rate is one 

of the variables that will be determined using Monte Carlo simulations, as explained in Section 6.5.2.   
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6.3.2.  Scheduling algorithm 

The scheduling algorithm used has been specially designed for this study to enable implementation 

of CCO. As previously mentioned, the scheduling algorithm calculates two independent schedules, 

one for departures and another for arrivals. Figure 30 gives the flow chart of the scheduling algorithm. 

 

Figure 30. Diagram of the scheduling algorithm. 

The algorithm is formulated as follows: Let 𝑎 be a set of arrivals and 𝑏 a set of departures. Each 

arrival 𝑎 is characterised by the associated STAR (𝑞), aircraft type (𝜖), and landing time (𝑡𝑎). Each 

departure 𝑏 is characterised by the associated SID (𝑝), aircraft type, whether it operates a CCO or 

not (𝜋 =1 for CCOs otherwise 0) and departure time (𝑡𝑏). The times (𝑡𝑎, 𝑡𝑏) are calculated based 

on the standard separation minima found in Table 19: 

𝑡𝑎+1 = 𝑡𝑎 + 𝑚𝑎,𝑎+1
𝐴  

𝑡𝑏+1 = 𝑡𝑏 + 𝑚𝑏,𝑏+1
𝐵  

( 57) 

Where 𝑚𝑎,𝑎+1
𝐴  and 𝑚𝑏,𝑏+1

𝐵  are the standard separation minima for an arrival pair and a departure 

pair respectively. Once the standard schedule has been generated, the algorithm recalculates the 

departure times where CCO separation minima apply. The algorithm selects aircraft 𝑐 flying a CCO 

and calculates its departure time (𝑡𝑏(𝑐)). CCO separation minima only apply for consecutive CCO. 

Then, for each CCO the algorithm looks for the preceding CCO (one or more) operating the same 
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SID. In the event of the difference between departure times being less than the CCO separation 

minimum (𝑚𝐶), the pursuing CCO and subsequent departures are delayed to comply with the CCO 

separation minima, see Algorithm 3. 

Algorithm 3. Scheduling for applying CCO separation minima. 

1. Input: 𝒕𝒃, 𝒄, 𝒎𝑪, 𝒑 

2. For 𝑐 = 1: 𝑐𝑚𝑎𝑥 do 

3. Select the set of departures 𝐷𝐸𝑃 that operates the same SID 𝑝(𝑐) as 𝑐. 

4. Select from 𝐷𝐸𝑃 the set of aircraft that departs before 𝐷𝐸𝑃 = 𝐷𝐸𝑃(𝑡𝑏(𝐷𝐸𝑃) <

𝑡𝑏(𝑐)). 

5. Calculate the time differences ∆𝑡 between ∆𝑡 = |𝑡𝑏(𝑐) − 𝑡𝑏(𝐷𝐸𝑃)|. 

6. If ∆𝑡(𝑖) < 𝑚𝐷𝐸𝑃(𝑖),𝑐
𝐶  then 

7. 𝑑𝑒𝑙 = 𝑚𝐷𝐸𝑃(𝑖),𝑐
𝐶 − ∆𝑡(𝑖); 

8. Delay 𝑑𝑒𝑙 every aircraft from 𝑐 

9. End if 

10. End for 

11. Output: 𝑡𝑏. 

 

This algorithm also considers restrictions imposed by the intrinsic characteristics of the CCO 

separation minima between Light and Heavy pairs. These separation minima are so large that a 

Heavy aircraft can influence a Light aircraft even if the Heavy aircraft is not the last CCO flying the 

same route. 

The scheduling algorithm calculates two independent schedules, one for initial departures and 

another for arrivals. Table 21 gives a sample schedule for initial departures indicating the operational 

features associated with each aircraft. 

Table 21. Sample departure schedule generated by the scheduling algorithm. 

Aircraft 
SID 
(𝒑) 

Aircraft 
type (𝝐) 

CCO 
(𝝅) 

Standard 

Separation (𝒎𝑩) 

CCO Separation 

(𝒎𝑪) 

Departure time 
(𝒕𝒃) 

𝟏 1 2 0 60 - 0 

𝟐 2 2 0 61 - 60 

𝟑 1 1 1 - 85 121 

… … … … … … … 

b 5 2 0 60 … 3600 
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6.4. Conflict-Detection & Resolution algorithm 

The goal of the CD&R is to detect and resolve conflicts between CCOs and arrivals, but not between 

standard departures and arrivals. The authors have assumed that ATC can manage standard 

operations and have not considered the impact on ATC workload. Therefore, the integration of CCOs 

implies no ATC intervention to resolve conflicts when the aircraft are airborne. The following 

subsections briefly explain the operational concept of the CD&R. They explain in detail each of the 

algorithms used to build the different CD&R modules: conflict point location, blocking-areas, conflict-

detection and resolution. The diagram in Figure 31 shows the iterative process of the CD&R. 

 

Figure 31. Diagram of the Conflict Detection and Resolution algorithm. 

For each CCO, the CD&R analyses whether or not it is in conflict with arrivals. To do this, the CD&R 

needs information from the trajectory database and the scheduling algorithm. It also needs the 

location of the crossing points so that it can characterise the vertical profiles of the arrival trajectories. 

Therefore, when a CCO is going to take-off, the CD&R analyses the trajectories of both the CCO 

and the arrival with which it may be in conflict. Two conditions must be satisfied for there to be a 

conflict:  

1) both aircraft must cross the conflict point with a vertical separation minimum of less than 

𝐻𝑚𝑖𝑛.; and  

2) the arrival must be inside the blocking-area at the same time that the CCO is taking off.  

If both conditions are satisfied, there is a high probability of separation infringement. The CD&R 

algorithm resolves the conflict in advance by delaying the CCO by as much time as the arrival is 

required to leave the blocking-area. Figure 32 illustrates this situation. From now on in this paper, 

these future separation infringements shall be called conflicts because ATC resolves them when 
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CCO is about to take-off even though the conflict would occur several minutes later. The look-ahead 

time of the CD&R algorithm is up to a maximum of 20 minutes which is the largest time that an aircraft 

requires to leave every conflict point.  

 

Figure 32. Diagram showing a conflict between a CCO and an arrival. 

From now on in this work, these future separation infringements shall be called conflicts because 

ATC resolves them when CCO is about to take-off even though the conflict would occur several 

minutes later. The look-ahead time of the CD&R algorithm is up to a maximum of 20 minutes that is 

the largest time that an aircraft requires to leave every conflict point.  

6.4.1.  Conflict-point location 

The first task of the CD&R is to locate the conflict points between the departure and arrival routes. 

This task has been already carried out in Chapter 5, see Table 13. The location of each conflict point 

is given by the horizontal distance between the runway (𝑥𝑟𝑤𝑦) and the conflict point (𝑥𝑟
𝑝

) for the SID 

and the horizontal distance between the STAR entry point (𝑥𝑆𝐸𝑃
𝑞

) and the conflict point for the STAR 

(𝑥𝑟
𝑞

).  

6.4.2.  Blocking-area 

A blocking-area is a geographical window that fulfils the following condition: if an aircraft is inside the 

blocking-area, another aircraft will suffer a block to its normal operation. Each blocking-area is 

associated with a conflict point which in turn is related to a set of SIDs and STARs. In this case, if 
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the arrival is inside the blocking-area when the CCO is ready to take-off, there is a high probability 

of a separation minima infringement.  

Based on the position of the arriving aircraft, there are two critical situations regarding the initial or 

final points of the conflict-area. The conflict-area is a circle whose centre is a conflict point and whose 

radius is the horizontal separation minimum. The first critical situation occurs when the arrival is at 

the beginning of the conflict-area, and the CCO is leaving. The second critical-situation occurs when 

the arrival is leaving the conflict-area, and the CCO is entering. 

Therefore, the blocking-area algorithm divides the equations into two groups: 

 Initial critical-situation: the time spent by a CCO of set c to leave conflict point (𝑑𝐹
𝑐 ) is equal 

to the time required by an arrival of set 𝑎 to fly distance 𝑑𝐼
𝑎. 

 Final critical-situation: the time spent by a CCO to reach initial point 𝑑𝐼
𝑐 is equal to the time 

required by and arrival of set to fly the distance 𝑑𝐹
𝑎. 

Therefore, the algorithm ensures that both aircraft maintain the separation minima throughout the 

conflict-area. The relative movement (average speed) of both aircraft (𝑣𝑟
𝑝̅̅̅̅ , 𝑣𝑟

𝑞̅̅ ̅) determines the length 

of the blocking area (𝐿𝑒𝑛𝑔ℎ𝑡𝐵𝐴). Figure 33 gives a diagram showing the operational features of 

both situations: 

  

Figure 33 Initial critical-situation: location of the initial point of the blocking-area (Left); Final critical-

situation: location of the final point of the blocking-area (Right). 

The algorithm determines the blocking-area length and position by the location of the initial and final 

point of the conflict-area: 

𝐿𝐼 = 𝑥𝑟
𝑞 − 𝑆𝑚𝑖𝑛 − 𝑑𝐼

𝑎 ( 58) 
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𝐿𝐹 = 𝑥𝑟
𝑞

+ 𝑆𝑚𝑖𝑛 − 𝑑𝐹
𝑎 ( 59) 

𝑑𝐼
𝑎 = 𝑑𝐹

𝑐
𝑣𝑟

𝑞̅̅ ̅

𝑣𝑟
𝑝̅̅̅̅

= (𝑥𝑟
𝑝 − 𝑥𝑟𝑤𝑦 + 𝑆𝑚𝑖𝑛)

𝑣𝑟
𝑞̅̅ ̅

𝑣𝑟
𝑝̅̅̅̅

 ( 60) 

𝑑𝐹
𝑎 = 𝑑𝐼

𝑐
𝑣𝑟

𝑞̅̅ ̅

𝑣𝑟
𝑝̅̅̅̅

= (𝑥𝑟
𝑝 − 𝑥𝑟𝑤𝑦 − 𝑆𝑚𝑖𝑛)

𝑣𝑟
𝑞̅̅ ̅

𝑣𝑟
𝑝̅̅̅̅

 ( 61) 

𝐿𝑒𝑛𝑔𝑡ℎ𝐵𝐴 = 2𝑆𝑚𝑖𝑛 + 𝑑𝐼
𝑎 − 𝑑𝐹

𝑎 ( 62) 

Where 𝐿𝐼 and 𝐿𝐹 are the initial and final position of the blocking-area from the STAR entry points. 

6.4.3. Conflict-detection and resolution algorithm 

The conflict-detection algorithm detects conflicts between CCO and arrivals. The algorithm performs 

the following calculations for each CCO. Firstly, the algorithm selects the CCOs (𝑐𝑟) that pass 

through the conflict point 𝑟 (following SID 𝑝(𝑟)). It also selects arrivals (𝑎𝑟) that pass through conflict 

point 𝑟 (following STAR 𝑞(𝑟)). Then, the algorithm calculates the position of each arrival 

(𝑥𝑎𝑟

𝑞 (𝑡𝑏(𝑐𝑟 )) at the departure time of each 𝑐𝑟. Finally, it checks to see if the aircraft cross with 

vertical separation minimum of less than 𝐻𝑚𝑖𝑛, and if the arrival is located inside the blocking-area.  

|ℎ𝑟
𝑝(𝑐𝑟) − ℎ𝑟

𝑞(𝑎𝑟)| < 𝐻𝑚𝑖𝑛 ( 63) 

𝑥𝑎𝑟

𝑞 (𝑡𝑏(𝑐𝑟)) ∈ [𝐿𝐼 , 𝐿𝐹] ( 64) 

Where ℎ𝑟
𝑞(𝑎𝑟) and ℎ𝑟

𝑝(𝑐𝑟) are the altitudes of an arrival and a CCO at the conflict point 𝑟. If this 

condition is satisfied, then a CCO and an arrival will infringe the vertical and horizontal separation 

minima.  

The conflict-resolution algorithm then communicates to ATC the intervention required to resolve the 

conflicts between CCOs and arrivals, see [117] for a parallel-runway case-study. As previously 

explained, a blocking-area is an interval of an arrival route which, if it contains an arrival, blocks the 

departure of a CCO until the arrival leaves the blocking-area. In this work, CCOs are delayed for two 

reasons: firstly, it is the worst case scenario in terms of capacity, and secondly, it minimises ATC 

intervention in the air. Another solution would be to allow the CCO to take off and for ATC to resolve 

the conflict in the air using clearances. However, this would significantly increase ATC workload and 

would also increase the complexity of the tactical airspace, which is outside the scope of this 

dissertation. 
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Therefore, the conflict-resolution algorithm calculates the final departure time of the CCO (𝑡𝑏(𝑐𝑟)). 

The time delay required to ensure that the arrival leaves the blocking-area (𝑡𝑑) is: 

𝑡𝑑 =
𝐿𝐹 − 𝑥𝑎𝑟

𝑞 (𝑡𝑏(𝑐𝑟))

𝑣𝑟
𝑞̅̅ ̅(𝑎𝑟)

̅̅ ̅̅ ̅̅ ̅̅ ̅
 ( 65) 

Lastly, ATC intervention refers to the number of actions that ATC must perform to produce a 

departure schedule without conflicts. Each ATC intervention delays CCO take-off and avoids conflict 

with an arrival. When ATC delays a CCO, subsequent departures are delayed by the same time 

delay. For this reason, the number of ATC interventions does not match the number of conflicts. This 

process goes through as many iterations as necessary until the departure schedule is completely 

free of conflicts. This conflict-free schedule is the final departure schedule and is by a CCO Rate. 

Algorithm 4 presents a summary of the pseudo-code developed for the CD&R algorithm. 
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Algorithm 4. CD&R algorithm to detect and resolve conflicts between CCO and arrivals. 

1. Input: 𝒕𝒃,𝒂, 𝒄, 𝒓, 𝒎𝑪, 𝒑, 𝒒, 𝒉𝒓
𝒒

, 𝒉𝒓
𝒑

 

2. For 𝑟 = 1: 𝑟𝑚𝑎𝑥  do 

3. Select the SID (𝑝(𝑟)) and the STAR routes (𝑞(𝑟)) that pass through the conflict 

point 𝑟.  

4. Select the set of CCO (𝑐𝑟) that operates the route 𝑝(𝑟) and the set of arrivals (𝑎𝑟) 

that operates the route 𝑞(𝑟). 

5. For 𝑐𝑟 = 1: 𝑐𝑟𝑚𝑎𝑥 do %for each CCO 

6. For 𝑎𝑟 = 1: 𝑎𝑟𝑚𝑎𝑥 do %for each arrival 

7. Calculate the position of the arrival 𝑎𝑟 at the departing time of 𝑐𝑟 

(𝑥𝑎𝑟

𝑞 (𝑡𝑏(𝑐𝑟)). 

8. Calculate the location of the blocking-area (𝐿𝐼 , 𝐿𝐹) associated to the arrival 

𝑎𝑟 and CCO 𝑐𝑟. 

9. If |ℎ𝑟
𝑝(𝑐𝑟) − ℎ𝑟

𝑞(𝑎𝑟)| < 𝐻𝑚𝑖𝑛  && 𝑥𝑎𝑟

𝑞 (𝑡𝑏(𝑐𝑟))𝜖[𝐿𝐼 , 𝐿𝐹] then 

10. 
𝑡𝑑 =

𝐿𝐹−𝑥𝑎𝑟
𝑞 (𝑡𝑏(𝑐𝑟))

𝑣𝑟
𝑞̅̅̅̅ (𝑎𝑟)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ; 

11. Delay 𝑡𝑑 every aircraft from 𝐶𝐶. 

12. End if 

13. End for 

14. End for 

15. End for 

16. Output: 𝑡𝑏. 
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6.5. Capacity simulation method 

This section discusses the design of the capacity simulation method. This model is used to determine 

the theoretical airport capacity as a function of the CCO Rate. 

6.5.1.  General description of the method 

Airport capacity is ultimately a function of the required separation distance between different air traffic 

flows. However, standard separation minima between two consecutive departing flights are usually 

not distance-based but time-based. The objective of this capacity simulation is to identify changes in 

airport capacity due to changes in aircraft departure procedures. Typically, airport capacity is defined 

as the total number of aircraft that can operate over a one-hour period.  

The capacity method utilised to study the effects of CCOs uses time-based separation between 

consecutive flights and employs the conflict-detection algorithm to detect conflicts between air traffic 

flows. Using the runway separation minima set out in Table 19, the scheduling algorithm calculates 

the theoretical capacity based on the maximum number of departures or arrivals. As a consequence 

of the previous assumptions, the theoretical landing capacity is fixed because all arrivals are 

considered to be standard operations. Therefore, the scheduling algorithm provides a random 

schedule which complies with the runway separation minima, aircraft type distribution and air route 

densities. ATC is responsible for managing these aircraft to avoid conflicts; however, this activity is 

not contemplated in this study.  

The theoretical departure capacity experiences modifications due to variations in the CCO Rate (from 

0% to 100%). The new CCO separation minima are calculated so that they do not require ATC 

intervention. The CD&R ensures separation between arrival and CCO flows by delaying CCOs on 

the runway so that no conflicts occur. As such, the integration of CCOs will reduce airport capacity. 

The main issue is to quantify the reduction in capacity and evaluate how the CCO Rate affects airport 

capacity. 

Prior to carrying out the study, the expectations are that changes in variables such as aircraft 

distribution, routing, and CCO Rate would have an impact on airport capacity. Specifically, two of the 

main variables are the routing distribution and the departure schedule. Two CCOs following the same 

SID are separated by CCO separation minima. However, two CCOs following different SIDs are 

separated by standard separation minima, which supposes that the runway capacity is not reduced. 

The arrival distribution routing may present a strong influence with the integration of departure flows. 
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The existence of SIDs and STARs which concurs in high traffic density conflict points will imply the 

reduction of airport capacity as well. 

6.5.2.  Monte Carlo Simulations 

The Monte Carlo simulations are designed to study the theoretical airport capacity subject to 

variations in different factors. The authors carried out a large number of capacity simulations to 

identify the main drivers and evaluate the variation in airport capacity. The capacity simulations 

assess the integration of CCOs based on the CCO Rate selected and other parameters such as 

aircraft distribution, routing distribution and trajectories. Each experiment performs Monte Carlo 

simulations for a selected CCO Rate. The Monte Carlo simulations follow the methodology set out 

in Section 8.2, in other words, an initial schedule is produced based on the CCO Rate, SID/STAR 

and aircraft distribution; conflicts are detected; and conflicts are resolved which gives the final 

schedule. 

Herein, ten experiments are performed: varying the CCO Rate from 0% to 100% in increments of 

10%. Each Monte Carlo experiment permutes the variables, applies the methodology and obtains 

the capacity and conflict indicators. Each experiment is repeated 104 times to obtain a set of 

statistically convergent results. As such, each repetition provides a different scenario because of the 

entire set of variables changes as well as CCO and arrival trajectories. These variables are the arrival 

and departure schedules, the routing distribution of each schedule, and the altitude and speed 

distribution of the CCOs and arrivals at each conflict points. Finally, the Monte Carlo simulations 

present the results statistically. 

The Monte Carlo metrics for each indicator are: 

 Minimum value. 

 Average value (𝜇). 

 Maximum value. 

 Standard deviation (𝜎). 

 95% value (𝜇 + 2𝜎). 

 Probability of minimum value (𝑃𝑚𝑖𝑛) 

𝑃𝑚𝑖𝑛 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠
 (11) 
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6.6. Results and discussion 

This section presents the results of the Monte Carlo experiments into how the integration of CCOs 

at LEPA affects capacity. In each experiment, the Monte Carlo algorithm carried out 104 simulations. 

This means that in total 11,000 simulations were performed. The results of these are shown in the 

following tables and figures. 

6.6.1.  Conflicts 

The conflict indicator gives the number of conflicts, between CCOs and arrivals, which appear 

between a departure and an arrival schedule. A conflict occurs when a CCO is about to take-off, and 

an arrival is located inside the associated blocking-area. Table 22 gives the results of the conflict 

indicators for each percentage variation in CCOs.  

Table 22. Number of conflicts as a function of CCO Rate. 

 CCO Rate 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Minimum 
Conflicts 

0 0 0 0 1 1 1 1 0 0 0 

Average 
Conflicts 

0.00 3.06 5.42 8.04 9.88 10.15 9.94 9.68 9.26 8.77 8.68 

Maximum 
Conflicts 

0 9 14 17 20 22 21 20 20 20 21 

Probability of 
minimum 
Conflicts 

1 3−2 3.4−3 2−4 1−4 3−4 2−4 4−4 1−4 4−4 1−4 

Standard 
deviation (𝝈) 

0.00 1.55 2.08 2.43 2.70 2.73 2.45 2.72 2.72 2.73 2.69 

95% 
confidence 

interval (𝝁 +
𝟐𝝈) 

0.00 6.16 9.57 12.90 15.28 15.62 14.84 15.13 14.71 14.23 14.06 

 

The number of conflicts increases with increasing CCO Rate, but once a CCO percentage of 40% is 

reached the number of conflicts remains more or less constant at around nine. The maximum number 

of conflicts is over 21. These results are logical because the probability of a conflict occurring 

increases with an increasing number of CCOs. The minimum number of conflicts is steady at 0 

conflicts except for the range 40% - 70% in which the minimum number of conflicts is one. 

Experiments with 0 conflicts mean that there are schedule combinations that are free of conflicts 

between CCOs and arrivals. When there is a conflict in the range 40% - 70%, this is due to the high 
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number of aircraft in the initial schedules. CCO separation minima rarely apply between departures. 

This explains why departures in the 40% - 70% are more likely to experience a conflict than those in 

the 80% - 100% range. In other words, correct optimisation of the departure and arrival schedules 

can mean that CCOs can be integrated without the conflicts occurring. However, the probability of 

having a schedule with 0 conflicts is extremely low, slightly more than 𝐸 − 4.  

Lastly, the standard deviation is more or less constant for every experiment with a value of less than 

three conflicts. This implies that most of the simulations have numbers of conflicts close to the 

average value. Figure 34 confirms this fact. This figure shows that the 95% conflict base-line is 

equidistant from the average and maximum base-lines (5 aircraft), double the standard deviation. 

Figure 34  depicts the evolution of the conflict indicator metrics and shows that they stabilise around 

fixed values. The conflict peak occurs, not at a CCR Rate of 100% but 50%. This finding will be 

verified with the capacity results below. This is due to the fact that as the CCO percentage increases 

fewer aircraft can depart. In short, when looking at the number of conflicts, the worst CCO percentage 

as regards the integration of CCOs is around 50%. 

 

Figure 34. Number of conflicts as a function of CCO Rate. 

6.6.2.  ATC intervention 

ATC intervention refers to the number of actions that ATC must perform to provide a conflict-free 

departure schedule. The number of ATC interventions is not the same as the number of conflicts. 

Table 23 shows the results of ATC interventions. 
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Table 23. Number of ATC interventions as a function of CCO Rate. 

 CCO Rate 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Minimum ATC int. 0 0 0 0 1 1 1 1 0 0 0 

Average ATC int. 0.00 1.82 2.33 2.72 2.92 2.95 2.90 2.88 2.84 2.80 2.79 

Maximum ATC int. 0 5 6 7 7 7 8 8 8 9 10 

Probability of min 
ATC int. 

1 3−2 3.4−3 2−4 1−4 1−4 1−4 1−4 1−4 1−4 1−4 

Standard deviation 

(𝝈) 
0.00 0.86 0.97 1.06 1.14 1.13 1.13 1.11 1.12 1.10 1.09 

95% confidence 
interval (𝝁 + 𝟐𝝈) 

0.00 3.53 4.28 4.84 5.19 5.21 5.16 5.10 5.08 5.01 4.97 

 

The number of ATC interventions increases with increasing CCO percentage, but once a CCO 

percentage of 40% is reached the number remains more or less constant at around 2.8 interventions. 

In this respect, these results are similar to those of the conflict indicators. However, there is a 

significant difference between the number of conflicts to be resolved and those that require ATC 

intervention. This difference is accounted for by the fact that on average five conflicts do not require 

intervention because they are resolved by delaying the previous CCO. The maximum number of ATC 

interventions does not remain constant but rather increases with increasing CCO percentage. The 

maximum number of ATC interventions increases with increasing CCO Rate. However, the figures 

for a minimum number of ATC interventions are similar to those for the conflict indicator. There are 

schedules with 0 ATC interventions except for experiments in the range 40% - 70%. Similarly, the 

probability of having a schedule with 0 ATC interventions is extremely low, slightly more than 𝐸 − 4. 

In short, it is possible for CCOs to be integrated without ATC intervention but to do so an excellent 

conflict-free optimisation technique is required. 

Lastly, the standard deviation is constant for every experiment. This low value (slightly more than 

one intervention) implies that most of the simulations have a number of ATC interventions close to 

the average value. Figure 35 depicts the evolution of the ATC intervention indicators. The ATC 

intervention peak occurs, not at 50%, but at 100%. However, the other metrics behave similarly to 

the conflict indicators. These ATC intervention results strongly support the integration of CCOs 

because ATC only has to intervene three times on average to achieve zero conflicts over a one-hour 

period. In future works, the authors will study how the ATC workload varies as a function of CCOs 

and standard trajectories because the impact on ATC workload is of vital importance.  
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Figure 35 Number of ATC interventions as a function of CCO Rate. 

6.6.3.  Total Delay  

Total delay is the sum of the individual delays required to produce a conflict-free departure schedule. 

Each delay is calculated as the difference between the initial departure time and the new departure 

time. Table 24 gives the total delay.  

Table 24. Total Delay (seconds) regarding CCO Rate. 

 CCO Rate 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Minimum Total 
Delay 

0 0 0 0 40 54 48 43 16 0 0 

Average Total Delay 0 196 355 519 645 661 647 631 601 572 563 

Maximum Total 
Delay 

0 765 1093 1242 1574 1560 1523 1502 1495 1470 1450 

Probability of 
minimum Total 

Delay 
1 3−2 2−3 3−4 1−4 1−4 1−4 1−4 1−4 1−4 1−4 

Standard deviation 
(𝝈) 

0 116 155 180 201 204 204 201 201 198 196 

95% confidence 
interval (𝝁 + 𝟐𝝈) 

0 429 665 880 1046 1068 1055 1034 1003 968 955 

 

As in the case of number of Conflicts and number of ATC interventions, the average Total Delay 

increases with increasing CCO Rate and peaks at a CCO Rate of about 40%. Thereafter, the Total 

Delay steadily decreases with increasing CCO Rate. The average Total Delay is around 600 
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seconds. The maximum and 95% indicators (seen in the figure below) have a similar shape; 

however, the gap between them is significant being over 500 seconds. The minimum Total Delay is 

0 seconds. This means that there are cases in which the final schedule coincides with the initial 

schedule. These results confirm what was discussed with the number of Conflicts and the number 

of ATC interventions, that is, that with a CCO Rate of 90% - 100% there are schedules that do not 

require any ATC intervention. However, the probability of occurrence of these combinations is 

extremely reduced (10−4). 

 Lastly, the standard deviation is pretty much constant for every experiment. Figure 36 depicts the 

evolution of the Total Delay indicators. The Total Delay peaks at about 40%, similar to the number 

of Conflicts. The other metrics behave similarly to the those for number of Conflicts and number of 

ATC interventions. The average Total Delay is over 600 seconds which will have a significant impact 

on network performance and could be an impediment to the integration of CCOs. Further study is 

required in this area.  In short, as Total Delay decreases with the increasing CCO Rate complete 

integration of CCO (100% CCO) is favoured. Furthermore, it is possible to have a schedule with no 

delay. 

 

Figure 36 Total Delay as a function of CCO Rate. 

6.6.4.  Capacity 

Capacity is the maximum number of aircraft that can depart over a one-hour period. As previously 

mentioned, this study looks at the theoretical capacity of an airport because different operational 

factors, which reduce the capacity, have not been taken into consideration. The maximum theoretical 
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capacity is 56 standard departures in LEPA according to aircraft distribution, standard runway 

separation minima and air route densities. 56 is also the number of the maximum theoretical capacity 

for arrivals in LEPA. Table 25 shows the results of the different experiments. 

Table 25. Theoretical capacity as a function of CCO Rate. 

 CCO Rate 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Minimum 
Capacity 

56 54 51 48 46 44 42 41 39 36 35 

Average 
Capacity 

56.00 56.00 55.90 54.45 51.53 50.41 49.28 47.86 45.71 43.60 42.96 

Maximum 
Capacity 

56 56 56 56 56 56 56 56 56 56 56 

Probability 
of minimum 

Capacity 
1 7−4 1−4 3−4 3−4 3−4 2−4 3−4 3−4 1−4 1−4 

Standard 
deviation 

(𝝈) 
0.00 0.05 0.47 1.58 1.62 1.78 1.87 1.92 1.95 1.99 1.98 

95% 
confidence 

interval 
(𝝁 − 𝟐𝝈) 

56.00 55.89 54.95 51.29 48.30 46.85 45.54 44.03 41.80 39.61 39.01 

  

As expected, the average and minimum capacities decrease with increasing CCO Rate. At a CCO 

Rate of 100%, the average reduction in capacity is 23%. The maximum reduction in capacity is 

37.5%. The decrease in capacity is due to two factors: the introduction of new CCO separation 

minima, and the delay of departures due to conflicts with arrivals. Therefore, the integration of CCOs 

has a significant impact on the theoretical capacity. However, the maximum capacity remains 

constant regardless of the CCO Rate. This means that there are schedule combinations that allow 

full implementation of CCOs (CCO Rate of 100%) with no decrease in capacity. As with the previous 

metrics, a complex conflict-free optimisation technique may enable CCO to be integrated without 

using CCO separation minima. However, the probability of occurrence of these combinations is 

extremely reduced (𝐸 − 4). 

The standard deviation of the capacity remains constant at slightly less than two aircraft. The 

standard deviation of three indicators (number of conflicts, number of ATC interventions and time 

delay) is more or less stable from a specific CCO Rate on. However, this is not true in the case of 

the capacity indicator.   
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Figure 37 depicts the evolution of the capacity indicators. As can be seen, all the capacity indicators 

decrease with increasing CCO Rate except for the maximum capacity which remains constant.  

 

Figure 37. Capacity as a function of CCO Rate. 

The integration of CCOs affects the four indicators considered. The capacity decreases with 

increasing CCO Rate; however, the same is not true of the number of conflicts, the number of ATC 

interventions or Total Delay. In the latter three cases, from a CCO Rate of 40% onwards the values 

remain constant. In other words, if the impact on capacity was manageable then, as regards number 

of conflicts and number of ATC interventions, there is no difference between having a CCO Rate of 

40% or one of 100%. Furthermore, the values for the number of conflicts, number of ATC 

interventions and Total Delay favour the use of a CCO Rate in the range 80% - 100% because in the 

range 40% - 70% there is always at least one conflict. These results confirm that the integration of 

CCOs reduces the capacity. However, even with this reduction, the resulting capacity is still higher 

than the current declared capacity (32 departures). 

This method is suitable for every airport even if they have different operational and geometric 

characteristics. The inputs described in Section 8.3 (air route distribution, air traffic flows, aircraft 

type and so on) are characteristic of each airport. CCO trajectories can vary depending on the 

location of the airport, weather and environmental restrictions. Under other conditions, different 

CCOs will be required. Obviously, variations in characteristics of the airport and the inputs will lead 

to results that are different from those obtained in this dissertation. Airspace design is also a crucial 

factor because the integration of CCOs depends on the number of conflicts and ATC interventions. 
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In situations where there is a SID and STAR intersection with a high probability of conflict, this 

intersection should be redesigned to favour the crossing of air traffic flows.  

While the results achieved are promising, the primary limitation is that the study focused on a 

theoretical framework. Further research should assess the impact of CCO on real departures and 

arrivals and real CCO trajectories. This will allow confirming the results as regards safety, capacity 

and ATC workload. In-depth analysis is required to assess the impact of CCO trajectories on ATC 

command and control.  
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6.7. Summarise 

This Chapter conclude this dissertation by analysing the impact of CCO on the capacity of a high 

traffic density airport. The proposed methodology may be used to determine the viability of integrating 

CCOs at an airport by looking at capacity, conflicts, ATC intervention and delay. Therefore, the 

process for calculating new separation minima and detecting and analysing conflicts gives conflict-

free CCO.  

The methodology comprises three sections: a scheduling algorithm, a conflict-detection and 

resolution algorithm, and Monte Carlo simulations. The scheduling algorithm calculates two 

schedules, one for departures and another for arrivals, based on the CCO rate. New CCO runway 

separation minima are considered. These separation minima are larger than current values and, 

therefore, the most obvious initial impact is that runway capacity decreases with increasing CCO 

Rate. The CD&R algorithm detects conflicts between CCOs and arrivals. In the event of a conflict, it 

delays the relevant CCO until a conflict-free departure can be ensured. These two algorithms enable 

to assess the impact of CCOs on airport capacity. However, to statistically verify these results, Monte 

Carlo simulations are carried out in which the CCO Rate is varied. 

This Chapter contributes to the literature on CCO because, to the best of the author's knowledge, it 

is the first work to quantify the impact of the implementation of CCOs on airport capacity. Not only 

does the methodology ensure conflict-free departures for CCOs, but it also provides a tool that will 

facilitate the adaptation of ATC to these new procedures.  

In summary, the optimal distribution of CCOs via the different SIDs is necessary to minimise the 

impact of CCOs on capacity. An optimal scheduling process is required to avoid conflicts between 

CCOs and arrivals. Capacity decreases with increasing CCO Rate. The three other indicators 

(number of conflicts, number of ATC interventions, and total delay behave differently): above a CCO 

Rate of 40% all three remain stable. As such, it would be wise to look at the full integration of CCOs, 

although factors like ATC workload and complexity may affect the results. 
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Chapter 7  Conclusions and future 

work 

This dissertation performs a thorough analysis of the impact that the integration of CCOs produces 

in a high traffic density scenario. The integration of CCOs focuses on two fundamental aspects: 

safety and capacity. Information about CCO trajectories is not currently available, then it is necessary 

to describe, model and simulate a CCO procedure. CCO trajectories are modelled for fuel 

optimisation based BADA aircraft model. Monte Carlo simulations are used to obtain a large 

database of CCO trajectories. The uncertainty of CCO trajectories is modelled taking several factors 

into accounts, such as aircraft type, mass, speed, positioning error, temperature and wind. 

Simulations concluded that mass is the factor that adds the most uncertainty to climbing trajectories. 

Then, the optimisation of climbing trajectory should focus on improving mass prediction. 

To assess the impact of CCOs in a TMA, it is required to calculate new runway separation minima 

for CCOs and to estimate the conflict probability between CCOs and arrivals. 

Firstly, a conflict-resolution algorithm is developed to perform a systematic analysis of separation 

minima. This algorithm has two goals: 1) To ensure that separation minima between aircraft pairs 

performing CCOs are not violated throughout the departure, and 2) To dynamically calculate the on-

ground separation between CCOs. The results of the simulations confirm that the new CCO 

separation minima are larger than standard separation minima. 

Secondly, a new conflict-risk model is laid out to assess the conflict probability between CCOs and 

arrivals. Conflict risk is defined as the combination of conflict probability between an aircraft pair 

(CCO and arrival) and estimated air traffic flows. A new approach is set out to determine the 

probability of vertical conflicts. This approach is based on the altitude distributions at conflict points. 

Using altitude distributions, it is possible to statistically determine the probability of two aircraft 

infringing the vertical separation minimum. 

The dissertation concludes with the capacity assessment by integration of CCOs in Palma TMA. 

Capacity assessment is carried out by the development of a scheduling algorithm, a conflict-

detection and resolution (CD&R) algorithm, and simulations to analyse the CCO impact on the 

theoretical capacity statistically. The scheduling algorithm provides one schedule for CCO and 
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another for arrivals, both fulfilling on-ground separation minima. The CD&R algorithm compares CCO 

and arrival trajectories to detect which aircraft pairs are in conflict. The CD&R algorithm is then 

required to resolve conflicts by delaying the CCO take-off. Numerical simulations based on Monte 

Carlo techniques are used to analyse scheduling combinations that are statistically significant in 

terms of conflict, ATC interventions, total delay and capacity. The results show a 32% reduction in 

the maximum theoretical capacity with a CCO Rate of 100%. Despite the reduction, the number of 

CCO departures is above the maximum operational capacity (50% of the maximum theoretical 

capacity). Then, the implementation of optimisation techniques in the scheduling process could 

permit all departures to be CCOs. 

As future works, certain research should be done in this area. The first step addresses to consider 

more aircraft models and optimised trajectories (not only fuel-optimal). Moreover, improvements in 

path predictability and uncertainty modelling are crucial to enhance new separation minima 

calculation. One limitation of this path modelling is it is based on a 2D model instead of 3D model. 

The integration of veering throughout the departure phase could improve predictability and tune the 

quality of the simulations. Specifically, CCO runway separation minima present a double research 

line: 

1) To quantify new CCO separation minima based on a bigger dataset of trajectories. This 

facilitates ATC labour but will worsen results on capacity, and  

2) To leverage the conflict-resolution algorithm to dynamically calculate an ad-hoc runway 

separation minima for each CCO pair. This complicates situational awareness of ATC, but 

it may benefit the impact on capacity. 

On the other hand, the novel conflict-risk model developed herein can be the basis of a future 

decision-making process to validate new flight procedures (or modify existing ones). However, this 

model should be improved by the introduction of more accurate arriving trajectories and especially 

with CDAs. This is one of the greatest challenges for the ATM community, to safely introduce CDAs 

and CCOs in a high traffic density scenario without impact on capacity. In doing so, results on 

capacity assessment encourage to follow investigating the introduction of CCOs.  

Finally, these results must be corroborated under real operational conditions, i.e., with real standard 

and arrival trajectories and taking the impact on ATC workload into account. Once simulations 

confirm capacity is not reduced and ATC workload is not increased, CCOs will proceed to be 

integrated into a real scenario that it is the ultimate goal of this dissertation.  
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Acronyms 

ACC Airspace Control Centre 

ATC Air Traffic Control 

ATM Air Traffic Management 

BADA Base of Aircraft Data 

CAS Calibrated Air Speed 

CCO Continuous Climb Operation 

CDA Continuous Descent Approach 

CD&R Conflict-Detection & Resolution 

EAS Equivalent Air Speed 

EEA European Environment Agency 

FIR Flight Information Region 

FL Flight Level 

ft Feet 

IC Initial Climb 

ICAO International Civil Aviation Organization 

IAS Indicated Air Speed 

ISA International Standard Atmosphere 

Kg Kilograms 

Km Kilometres 

Kts Knots 

m Meters 

MC Monte Carlo 

Min Minute 

MCMB Maximum Climb Thrust 

MTOW Maximum Take-Off Weight 

NADP Noise-Abatement Departure Procedure 

NM Nautical Miles 

ROCD Rate of Climb and Descent 
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sec Seconds 

SID Standard Instrument Departure 

STAR Standard Terminal Arrival Route 

TMA Terminal Control Area 

TWR Control Tower 

TO Take-Off 

TOL Take-Off Length 
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Nomenclature 

𝑎 Landing aircraft 

𝑏 Departing aircraft 

𝑐 CCO aircraft 

𝑐𝐷 , 𝑐𝐷0, 𝑐𝐷2 Draft coefficients 

𝑐𝐿 Lift coefficient 

𝑐𝑓 , 𝑐𝑓1, 𝑐𝑓2 Fuel coefficients 

𝑐𝑇𝑐,1,2,3 Thrust coefficients 

𝐶𝑓 Fuel related costs 

𝐶𝑡 Time related costs 

𝐶𝐼 Cost Index 

𝐶𝑅𝑟 Conflict risk at the crossing point 𝑟 

𝑑𝑒 Exposure distance 

𝑑ℎ Critical section 

𝑑𝐼
𝑎, 𝑑𝐹

𝑎 
Minor and major distance between the blocking-area and the conflict-area for an 

arrival 

𝑑𝐼
𝑐 , 𝑑𝐹

𝑐  Minor and major distance between the runway and the conflict-area for a CCO 

𝐷 Drag 

𝑓{𝑀} Energy share factor 

𝑔 Gravity 

ℎ Altitude 

ℎ𝑟
𝑝, ℎ𝑟

𝑞
 Altitude at crossing point 𝑟 for the SID (𝑝) and STAR (𝑞) 

ℎ̇ Climbing gradient 

ℎ𝑡𝑟𝑎𝑛𝑠 Crossover altitude 

𝐻𝑚𝑖𝑛 Vertical separation minimum 

𝐿 Lift 

𝐿𝐼 , 𝐿𝐹  Initial and final position of the blocking-area from the STAR Entry Point 

𝐿𝑒𝑛𝑔𝑡ℎ𝐵𝐴 Length of the blocking-area 
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𝐿𝑒𝑛𝑔𝑡ℎ𝑞 Length of the STAR (𝑞) 

𝐿𝑒𝑛𝑔𝑡ℎ𝑡𝑜𝑡  Length of the blocking-area that encompasses all individual blocking-areas 

𝑚 Aircraft mass 

𝑚𝐴, 𝑚𝐵, 𝑚𝐶  
Matrix of runway separation minima for standard arrivals, standard departures and 

CCO. 

𝑀 Mach number 

𝑀𝑐𝑙𝑖𝑚𝑏 Climbing Mach number 

𝑝, 𝑞 SID and STAR routes 

𝑃 Atmospheric pressure 

𝑃𝐶𝐶𝑂 , 𝑃𝐴𝑟  Probability of a CCO or an arrival being inside the conflict area 

𝑃𝑚𝑖𝑛 Probability of minimum value for each indicator 

𝑃𝑟
𝑐  Conflict probability at crossing point 𝑟 

𝑃𝑟
𝑝, 𝑃𝑟

𝑞
 

Probability of an aircraft operating a SID (𝑝) or a STAR (𝑞) through the crossing 

point 𝑟 

𝑃𝐴𝑟 Probability of ATC intervention at crossing point 𝑟 

𝑟 Crossing point / conflict point 

𝑅 Real gas constant for air 

𝑅𝑚𝑖𝑛 Runway separation minima 

𝑆 Surface wing 

𝑆𝑚𝑖𝑛 Longitudinal separation minima 

𝑆𝐸 Standard Error 

𝑡 Time 

𝑡𝑑 Time delay for an arrival to leave the blocking-area 

𝑡𝑒 Exposure time 

𝑡𝑎, 𝑡𝑏 Landing time of an arrival and take-off time of a departure 

𝑡𝑟
𝑞 , 𝑡𝑆𝐸𝑃

𝑞
 Time of an arrival at the conflict point 𝑟 and at the STAR (𝑞) Entry Point 

𝑡𝑡𝑜𝑡 Total time spent on a SID or STAR 

𝑇 Temperature 

𝑇ℎ𝑟 Thrust 

𝑣𝑟
𝑝̅̅̅̅ , 𝑣𝑟

𝑞̅̅ ̅ Average speed up to the conflict point 𝑟 for the SID (𝑝) and STAR (𝑞) 
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𝑣𝑡𝑜𝑡
𝑞̅̅ ̅̅ ̅ Average speed for the whole STAR (𝑞) 

𝑉 Velocity 

𝑉2
𝐼𝐶  Velocity for initial climb configuration 

𝑉2
𝑇𝑂 Velocity for take-off configuration 

𝑉𝐶𝐴𝑆 Calibrated Air Speed 

𝑉𝐶𝐴𝑆
1  CAS to be flown below FL100 

𝑉𝐶𝐴𝑆
2  CAS to be flown below crossover altitude 

𝑉𝑇𝐴𝑆 True Air speed 

𝑊 Wind force 

𝑥 DistanceEscriba aquí la ecuación. 

𝑥𝑟
𝑝, 𝑥𝑟

𝑞
 Distance at the crossing point 𝑟 for SID (𝑝) and STAR (𝑞) 

𝑥𝑟𝑤𝑦, 𝑥𝑆𝐸𝑃
𝑞

 Horizontal position of the runway and STAR (𝑞) Entry Point 

𝛼 Temperature gradient with altitude 

𝛽 Projection angle of the flight path 

𝛾 Climbing angle 

𝛿𝑇 Throttle parameter 

휀 Aircraft type distribution 

𝜂 Thrust specific fuel consumption 

𝜃𝑝, 𝜃𝑞 Number of aircraft per hour of SID (𝑝) and STAR (𝑞) 

𝜅 Adiabatic index 

𝜆 CCO Rate 

𝜇 Mean value 

𝜋 Indicator of a departure flying a CCO 

𝜌 Air density 

𝜎 Standard deviation 

𝜑 Horizontal crossing-angle 

𝜙 Heading angle 

𝜓 Bank angle 
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Annex A. Palma TMA 

In Spain, there are three major TMAs that fulfil the definition of high traffic density scenario [2]: 

Madrid, Barcelona and Palma. These complex scenarios have been analysed to detect which one is 

the most interesting for introducing CCOs. It has been evaluated the design of SIDs and STARs, the 

limitations imposed for every SID, the percentage of aircraft that currently perform a level-off and the 

duration of these level-offs. The conclusions were clear: 

 Palma airport is characterised by a distribution of SIDs and STARs that generate the major 

number of conflicts.  

 The TMA with a bigger number and larger level-offs was Palma TMA, and 

 Every SID of Palma airport presents a vertical or climbing gradient requirement. 

For all above reasons Palma TMA is the scenario selected for the introduction of CCOs, and this 

Chapter describes it. First, the location and the operational configuration is selected. Secondly, an 

analysis of the fleet and the distribution of air traffic flows is performed. Finally, intersections (crossing 

points) between SIDs and STARs are located and characterised the operational characteristics of 

CCO and arrival flows that will be used in further Chapters.  
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A.1. Scenario description 

A.1.1 Location of Palma TMA  

Palma TMA is located at the East region of the Spanish airspace and integrated within Barcelona 

FIR (Flight Information Region). It spreads from 300 meters above ground level until FL 245. Within 

the Palma TMA, there are three airports: Palma de Mallorca (LEPA), Menorca (LEMH) and Ibiza 

(LEIB). Each airport is comprised of a Tower of Control (TWR) and a CTR associated to each TWR. 

Palma TMA includes airways, SIDs and STARs that connect all air traffic of the three airports in 

reduced airspace. This extremely reduced airspace identifies Palma TMA as one of the most 

complexes in Europe. Figure 38 represents the location of airports in Palma TMA and streamlines 

its boundaries. 

 

Figure 38. Representation of Palma TMA. From left to right: Ibiza, Palma y Menorca. 

LEPA is the biggest and busiest airport of Palma TMA. For the sake of clarity, this work only refers 

to Palma airport and further work will introduce air traffic from Ibiza and Menorca.  
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A.1.2  Information of Palma de Mallorca airport 

LEPA comprises three parallel runways characterised by: 

 06L/24R with a length of 3,270 meters. The runway permits instrumental departures and 

landings flights. 

 06R/24L with a length of 3,000 meters. The runway permits instrumental departures and 

landings flights.  

 06C/24C with a length of 2,500 m. The runway is not allowed for instrumental flights and 

cannot be used simultaneously due to its proximity to the runway 06L/24R. 

The proximity of the runway edges between 06L/24R and 06R/24L is 1,515 meters. Then, the airport 

is certified to be used with segregated operations.  

LEPA disposes of two configurations: 

 West configuration: preferential configuration in the case tail wind does not exceed 10 kts. 

Runway 24R for departures and 24L for arrivals 

 East configuration: Runway 06R for departures and 06L for arrivals.  

LEPA presents a high variability of the airport configuration due to wind influence. It has been 

analysed throughout July and August 2016 the period that has been operated each configuration. 

60% of the time analysed Palma operated with East configuration and 40% with West configuration. 

Moreover, the level-offs are larger and more frequent with East configuration. Therefore, East 

configuration is selected as the base configuration because operational benefits could be greater 

than with West configuration, and the design of SID/STAR provides more crossing points.  

Regarding operational capacity, LEPA publishes 34 departures per hour, 33 arrivals per hour and 66 

operations per hour [111]. This operational capacity takes different factors into account as wake-

turbulence separation minima, type and models of aircraft at LEPA and ATC workload among others.  

A.1.3  LEPA SIDs  

LEPA SIDs provides the departure procedure that aircraft must follow from the runway to en-route 

airways. There exist different restrictions or limitations to the climbing profile that can be applied due 

to ATC or geographical issues. ATC restrictions use to be a level-off (to maintain an altitude until an 

ATC clearance), and geographical issues imply modifications on the climbing gradient (to fulfil a 

minimum climbing gradient). 
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The main characteristic of Palma SIDs is that every SID presents an ATC or climbing gradient 

restriction. Table 26 summarises the limitations imposed for every SID of LEPA with East 

configuration. 

Table 26. Limitations for SIDs of East Palma configuration. 

Runway 06L Runway 06R 

Designation 
Maintain altitude 

(ft) until ATC 
clearance 

Minimum 
Climbing 
gradient 

Designation Maintain altitude 
(ft) until ATC 

clearance 

Minimum Climbing 
gradient 

BAVER1G 4,000 5% until 4,000 ft BAVER1B 4,000 5% until 4,000 ft 

CASOL1L 5,000 5% until 4,000 ft CASOL1B 5,000 5% until 4,000 ft 

DRAGO2L 6,000 6% until 4,000 ft DRAGO2B 6,000 6.5% until 4,000 ft 

EPAMA1L FL 100 6% EPAMA1B FL 100 6.5% 

ESPOR2L 6,000 6% until 4,000 ft ESPOR2B 6,000 6.5% until 4,000 ft 

GALAT2L 6,000 6% until 4,000 ft GALAT2B 6,000 6.5% until 4,000 ft 

ISTER1L 4,000 5% until 4,000 ft ISTER1B 4,000 5% until 4,000 ft 

MEBUT1L 4,000 5% until 4,000 ft MEBUT1B 4,000 5% until 4,000 ft 

MEROS1L 4,000 5% until 4,000 ft MEROS1B 4,000 5% until 4,000 ft 

MORSS1L 4,000 5% until 4,000 ft MORSS1B 4,000 5% until 4,000 ft 

LOSGAL1L 4,000 5% until 4,000 ft LOSGAL1B 4,000 5% until 4,000 ft 

TONIS1L 4,000 5% until 4,000 ft TONIS1B 4,000 5% until 4,000 ft 

 

Figure 39 shows the SID navigation chart for East configuration of LEPA. 
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Figure 39. SID chart of East Palma configuration [90].
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A.2. Characterisation of the LEPA fleet 

Airport fleet is a critical issue to introduce new flight procedures because each aircraft presents 

different operational features. This implies that the integration of CCOs at LEPA must be assessed 

for the LEPA fleet. Herein, Palma fleet is assessed for the months July and August 2016 as the 

configuration analysis. The information is obtained from the database DDR2 with the software 

NEST® of EUROCONTROL [19]. There are three major classifications for aircraft models: 

1. Wake-turbulence aircraft: this classification defines the runway separation minima between 

aircraft for departures and arrivals.  

2. Aircraft model: each aircraft presents different operational performances that must be 

assessed.  

3. Propulsive model: the type of propulsion is important for BADA’s equations. 

A.2.1 Wake-turbulence classification 

Wake-turbulence classification has been presented in section 4.2. Table 27 shows the percentage 

of aircraft that operated at LEPA throughout July and August 2016: 

Table 27. Aircraft type distribution at LEPA. 

 Light Medium Heavy 

Percentage 2,3% 95% 2,7% 

 

Medium aircraft encompasses the 95% of the operations, and Heavy and Light aircraft roughly 

presents the same percentage.  

A.2.2  Aircraft and propulsive model classification 

The former section determines that Medium aircraft predominate the operation at LEPA. This 

information is a feature of Palma, although it is a feature of the European airspace. The analysis of 

the aircraft and propulsive model provides which aircraft model is the most used by airlines and is 

highly related to the CCO trajectory that can be performed. The reason is that each aircraft model 

presents different performances which can broaden the maximum and minimum climbing profiles. In 

other words, a CCO path flew by a B738 can be completely different from the CCO performed by an 

E190 although they belong to the same wake-turbulence classification. Moreover, Table 28 provides 

the propulsive classification (Jet or Prop) that also influences the performances among other factors. 

Table 28 shows that the most used aircraft models are B738 (28.9%) and A320 (21.9%). Both aircraft 
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are Medium type specialised for short and medium range. Moreover, if aircraft are collected in the 

same family B737 or A320, then both families encompass over 72% of aircraft models. 

Table 28. Percentage of aircraft throughout July and August 2016.  

Model Type % 

B738 JET (M) 28,93 

A320 JET (M) 21,90 

A321 JET (M) 10,85 

A319 JET (M) 6,83 

E190 JET (M) 4,35 

AT72 PROP (M) 3,85 

B737 JET (M) 2,02 

AT76 PROP (M) 1,80 

CRJ2 JET (M) 1,49 

A332 JET (H) 1,46 

CRJ9 JET (M) 1,35 

B752 JET (M) 1,35 

B733 JET (M) 1,25 

B753 JET (M) 1,21 

B712 JET (M) 1,17 

C56X PROP (M) 1,05 

B763 JET (M) 0,65 

B734 JET (M) 0,56 

H25B JET (M) 0,42 

PRM1 PROP (L) 0,41 

E120 PROP (M) 0,38 

A333 JET (M) 0,35 

C25A JET (M) 0,34 

F2TH JET (M) 0,33 

AT43 PROP (M) 0,32 

CL30 JET (M) 0,27 

CL60 JET (M) 0,26 

B735 JET (M) 0,25 

C525 JET (L) 0,24 

E170 JET (M) 0,22 

GLF5 JET (M) 0,21 

C510 JET (L) 0,20 

B788 JET (H) 0,19 

C25B JET (L) 0,19 

F900 JET (M) 0,19 

GLEX JET (M) 0,19 

DH8D PROP (M) 0,18 

E35L JET (M) 0,15 

C550 JET (L) 0,14 
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A.3. Characterisation of LEPA air traffic flows 

Palma TMA does not present a homogeneous distribution of air traffic flows throughout its airspace. 

There are routes highly occupied, and others are null. Therefore, the knowledge of the air traffic flows 

distribution throughout the TMA is critical for the integration of CCOs. There are published twelve 

SIDs and STARs procedures that clearly can be gathered into three sectors: Northwest, East and 

Southwest. The reason for this division is the way that the gates and air traffic flows of Palma TMA 

are located. Table 29 shows the LEPA distribution of departure and arrival traffic flows throughout 

July and August 2016. 

Table 29. Distribution of departure and arrival air traffic flows of LEPA. 

SID Occupancy rate 

Northwest Sector 0.3258 

ESPOR 0.0668 

GALAT 0.0984 

DRAGO 0.1604 

East Sector 0.4959 

MEROS 0.4197 

ISTER 0.0199 

MORSS 0.0120 

TONIS 0.0442 

Southwest Sector 0.1783 

OSGAL 0.0010 

MEBUT 0.0031 

BAVER 0.0031 

EPAMA 0.0916 

CASOL 0.0518 
 

STAR Occupancy rate 

Northwest Sector 0.7448 

TOLSO 0.0610 

LORES 0.3523 

KENAS 0.0027 

LUNIK 0.3289 

East Sector 0.0865 

RIXOT 0.0328 

MORSS 0.0134 

MAMEB 0.0402 

Southwest Sector 0.1683 

OSGAL 0.0020 

MEBUT 0.0007 

LAMPA 0.0479 

IZA 0.0345 

GODOX 0.0831 
 

 

East sector absorbs the half of departure traffic, and the SID MEROS absorbs almost everything of 

it. Departures of East sector are primarily used for North or Northeast traffic of Europe. Then, the 

Northwest sector absorbs 32%, and Southwest sector absorbs 18%. SID GALAT and DRAGO are 

operated for traffic with destination north of Spain and northwest of EUROPE. The SID ESPOR is 

dedicated for departures to Barcelona and Gerona, the SID CASOL for departures to Ibiza and the 

SID TONI for departures to Menorca. Finally, SID OSGAL and MEBUT are dedicated for departures 

to Africa. Figure 40 represents the gates of Palma TMA for departures and their distribution. 
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Figure 40. Representation of the departure distribution as a function of the SIDs. 

Regarding arrivals, Northwest sector is the most used of Palma TMA with almost 75% of arrivals. 

Two main STARs are LORES and LUNIK with 35% and 33% of occupancy respectively. The STAR 

LORES mainly absorbs air traffic from North of Spain and Europe and the STAR LUNIK the air traffic 

from the East of Europe. The STARs IZA and GODOX absorbs most of the air traffic from Spain. 

Like above SIDs, TOLSO (Barcelona), NAMEB (Menorca), LAMPA (Ibiza) and KENAS (Gerona) 

solely absorbs air traffic from specific airports. Finally, the STAR MEBUT and OSGAL are dedicated 

to arrivals from Africa. Figure 41 represents the gates of Palma TMA for arrivals and their distribution. 



Impact of Continuous Climb Operations in a high traffic density TMA 162 

 

 

Figure 41. Representation of the arrival distribution as a function of the STARs. 

 


