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Abstract
The Istanbul metroplex airspace, home to Atatürk (LTBA), Sabiha Gökçen (LTFJ), and Istanbul (LTFM) interna-
tional airports, is a critical hub for international travel, trade and commerce between Europe and Asia. The high air
traffic volume and the proximity of multiple airports make air traffic management (ATM) a significant challenge. To
better manage this complex air traffic, it is necessary to conduct detailed analyses of the capacities of these airports
and surrounding airspace. In this study, Monte Carlo simulation is used to determine the ultimate and practical
capacities of the airport and surrounding airspace and compare them to identify any differences or limitations. The
traffic mix, runway occupancy time and traffic distribution at airspace entry points are randomised variables that
directly impact airport and airspace capacities and delays. The study aims to determine the current capacities of the
runways and routes in the metroplex airspace and project the future capacities with the addition of new facilities. The
results demonstrated that the actual bottleneck could be experienced in airspace, rather than runways, which was
the focus of the previous literature. Thus, this study will provide valuable insights for stakeholders in the aviation
industry to effectively manage air traffic in the metroplex airspace and meet the growing demand.

Nomenclature
AIP Aeronautical Information Publication
ATCo Air Traffic Controller
ATM air traffic management
CDM collaborative decision-making
CDP common departure path
EP entry point
FAF final approach fix
FAP final approach path
FCFS first come first served
HP hot point
IAT inter-arrival time
IATA inter-arrival time of consecutive arrivals
IATD inter-arrival time of consecutive departures
LTBA Atatürk International Airport
LTFJ Sabiha Gökçen International Airport
LTFM Istanbul International Airport
PMS point merge system
ROT runway occupancy time
ROTA runway occupancy time for arrivals
ROTD runway occupancy time for departures
TMA terminal manoeuvring area
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1.0 Introduction
The aviation industry has been rapidly growing and the number of passengers has been increasing annu-
ally [1]. Despite the severe impact of the COVID-19 pandemic on the civil aviation industry, air travel
demand has been steadily growing [2]. In parallel with this growth, air traffic becomes more intense, and
airlines, airports and ATM units take various measures to meet this increasing demand. However, as a
result of the developments in the aviation industry, ATM has also become quite complex. In particular,
the presence of airports located in metroplex airspace near large cities further complicates this challenge.
Therefore, it is imperative to devise effective solutions to manage air traffic in metroplex airspace.

Metroplex airspace includes multiple airports close to each other, whose arrival and departure
operations are highly interdependent, and a complex network of air traffic flows, typically within a
metropolitan area. Airports in the metroplex airspace have a complex interaction with each other due
to their proximity and the high volume of air traffic. In order to effectively manage the air traffic in
metroplex airspace, it is necessary to conduct detailed analyses of the capacities of both the airspace
and the airports within it. This includes determining the current capacities of the runways and routes in
the metroplex airspace and projecting the future capacities by adding new facilities. Additionally, the
capacities of the airspace and runways should be compared to assess whether they are balanced. If the
runway capacity is lower than the airspace capacity, it can lead to congestion and delays, as air traffic
controllers may have to limit the number of aircraft taking off or landing at the airport. Conversely, if the
runway capacity is higher than the route capacity, it can lead to underutilisation of the airport capacity
[3]. By conducting these analyses and taking strategic steps to increase capacity, the aviation industry
can better manage the complex air traffic in the metroplex airspace and meet the growing demand.

Istanbul is a rapidly growing metropolitan area that serves as a critical hub for international travel,
trade and commerce between Europe and Asia. As such, the city has become a major player in the global
aviation industry, with its airports handling millions of passengers and thousands of flights each year.
Istanbul’s airports serve as gateways for both domestic and international passengers, making the city a
significant player in the global aviation industry.

Atatürk (LTBA), Sabiha Gökçen (LTFJ) and Istanbul (LTFM) are among the busiest airports in the
world and are located within the city’s metroplex airspace. LTBA, located on the European side of
Istanbul, was the primary airport serving the city until the opening of LTFJ on the Asian side in 2001.
Since then, both airports have experienced significant growth, with LTFM, the newest and largest air-
port in the city, opening in 2019 to serve as the primary gateway to Istanbul and the wider region. The
three main airports in Istanbul are located at varying distances from each other. LTFM and LTFJ are
approximately 63 km (34 nm) apart in a straight line. LTFM and LTBA are situated at a distance of about
35 km (19 nm) from each other, while LTFJ and LTBA are separated by approximately 42 km (23 nm).
These distances are calculated based on geographical coordinates, representing the aerial distances. The
passenger traffic and total aircraft movements obtained from the General Directorate of State Airports
Authority (GDSAA) reveal significant insights into the air traffic at these key hubs. LTBA accom-
modates annual passenger traffic of approximately 68.4 m and manages 464,646 aircraft movements
that include both commercial and cargo operations. LTFJ facilitated approximately 36.62 m passen-
gers across 167,175 total flights. LTFM follows with around 75.80m passengers and 374,861 aircraft
movements. These figures emphasise the dynamic nature of air travel in Istanbul [4]. With high-density
air traffic and multiple airports located in close proximity, ATM has become a significant challenge in
Istanbul’s metroplex airspace, making the determination of ATM and capacity a critical issue for stake-
holders in the aviation industry. In this study, we aim to determine the runway and route capacities of
these airports using Monte Carlo simulation, which can provide valuable insights into how to better
manage the complex air traffic in Istanbul’s metroplex airspace.

Monte Carlo simulation is a mathematical method used to model and analyse complex systems.
It involves generating random numbers to simulate the possible outcomes of a situation and then
using statistical techniques to analyse the results. This method can be used in a wide range of fields,
including finance [5, 6], science and engineering [7, 8], medical physics [9–12], statistical physics
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[13–15] and risk assessment [16–20] to evaluate the probability of different outcomes and to make
predictions about the future behaviour of the system. Besides, it has been applied to address the impact
of high-speed rail on air travel demand [21] and to assess the impact of the integration of continu-
ous climb operations on Air Traffic Controller (ATCo) workload by evaluating different combinations
of operational modules [22]. The simulation was also used in some analyses, such as predicting carbon
emission trends in Ref. [23] and performing a sensitivity analysis to understand the impact of operational
uncertainties on the departure sequencing process in Ref. [24].

Several studies have presented airport and airspace operations with the Monte Carlo simulation.
Visintini et al. presented a framework for conflict resolution in air traffic control that considers uncer-
tainty using a stochastic simulator. This optimises an expected value criterion to limit the probability of
conflict through an iterative procedure based on the Markov chain Monte Carlo. Their approach aims to
bring the advantages of Monte Carlo techniques, such as flexibility and problem-solving complexity to
conflict resolution in terminal manoeuvring areas (TMA) and approach sectors [25]. Hu et al. first anal-
ysed the degree of airport capacity utilisation of 239 China’s civil airports in 2019. They then predicted
capacity utilisation trends of these airports in 2025 and 2035 using Monte Carlo simulation [26].

One of the preliminary studies to determine the runway capacity using Monte Carlo was made by
Pitfield and Jerrard. They conducted simulations of three different scenarios to determine the uncon-
strained capacity and delay at the Rome Fiumicino International Airport when operating under different
runway configurations. In their study, the inter-arrival time (IAT) between operations was equal to the
sum of the wake turbulence separation and runway occupation time [27]. In this case, a larger number
of departure aircraft could operate as the IAT was greater than the required safety separation. Thus, the
number of departure aircraft was nearly equal to the number of arrival aircraft with low delays. However,
the results showed a decrease in the total number of departures and a significant increase in delays dur-
ing intersecting runway operations. In the study conducted to estimate the existing runway capacities of
multiple airports in the London airspace [28], the relative effect on airport capacity in the airspace was
analysed in the case of the additional runways and the construction of a new hub airport. This paper used
the Monte Carlo simulation to analyse five proposals for addressing future airport capacity in London
and the South East of England. The IAT was equal to the wake turbulence separation. The results pro-
vided comparable figures for current and potential future capacities at individual airports and across
the three main London airports. In both studies, the randomised variable was only the traffic mix at the
airport. In the first study, the final approach speed of aircraft was constant for all categories, but in the
second study, it varied according to the category. Zhong et al. performed the simulation to estimate run-
way capacity and assess the impact of thunderstorms on delays. The variables were the traffic mix and
the order in which arrival or departure occurs. They compared thunderstorm-induced delays with the
average delay of the corresponding reference days and found that it contributed to ∼5% of the total delay
[29]. Hirata et al. developed an analytical model for estimating runway capacity for airports with mul-
tiple crossing runways, considering the interaction of the three runways. The model uses Monte-Carlo
Simulation to compute the practical capacity curve of the runway system with varying arrival/departure
mix. Additionally, the impact of the sequencing of departure/arrival aircraft with respect to wake turbu-
lence category was analysed using a more heuristic model that accounts for the practical feasibility of
arrival spacing on the final approach [30]. Wang and Zhao analysed several factors affecting the maxi-
mum capacity for parallel two runways. Using the Monte Carlo method, the randomness of factors such
as runway allocation, aircraft type allocation, take-off or landing type allocation, fix point allocation and
flight sequence was simulated. The capacity was then calculated by computing the departure or arrival
time of each flight recursively based on the principle of discrete event systems [31].

The simulation was also used to study potentially conflicting ground movements, including towed
aircraft, on the congested taxiway at an international airport [32]. The simulation approach adopted by
the authors resolved the taxiing conflicts by controlling aircraft to wait at designated holding points.

Our study aims to conduct detailed analyses of the capacities of both the airport and surrounding
airspace in a metroplex area and to compare them to identify any differences or limitations. We use
Monte Carlo simulation to determine the ultimate and practical capacities of the airport and surrounding
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airspace. To achieve this aim, we define the traffic mix and runway occupancy time (ROT) at the airport,
and traffic distribution at airspace entry points as the randomised variables. Moreover, we consider the
speed differences in the final approach line when calculating the IAT of consecutive arrivals (IATA), and
the speed differences along the common flight path after take-off when calculating the IAT of consecu-
tive departures (IATD). By determining the current capacities of the runways and routes in the metroplex
airspace, and projecting the future capacities by adding new facilities, we aim to provide insights into
effectively managing air traffic in the metroplex airspace.

The specifications of our study can be summarised as follows:

• The capacities of both the airports and the surrounding airspace were determined using Monte
Carlo simulation.

• The study defines ROT and traffic distribution at airspace entry points as well as traffic mix as
randomised variables.

• The speed differences in the final approach line are considered when calculating IATA.
• The speed differences along the common flight path after take-off are also considered when

calculating the IATD.

2.0 Method
The airport and airspace capacity, which reflects the quantity of air transport service systems reflected by
the possible number of aircraft movements, can be estimated using several fast-time simulation models
such as SIMMOD [33–38], ARENA [39, 40], CAST [41], TAAM [42, 43], AirTOP [44] and RAMS
[45, 46]. A comprehensive overview of these tools and techniques is provided in the literature [47,
48]. In this study, we utilise Monte Carlo simulation, which has proven to be equally as convenient as
these models, in order to estimate the ultimate and practical capacity of an airport and surrounding
airspace in a given period and under certain conditions. The ultimate capacity is the maximum number
of operations obtained by enforcing the safety requirements under ideal conditions of constant demand
for service. The practical capacity is the maximum number of operations obtained by enforcing the
safety requirements under condition when the maximum delay of each operation does not exceed a
level prescribed in advance [49, 50]. The analytical models, simulation models and empirical models
are generally used to analyse ultimate and practical runway capacities. Analytical models encompass
time-space analysis as well as mathematical queueing models [49–51].

In Monte Carlo simulation, random numbers are generated to handle the uncertainties of variables
in the system. For this, each variable is assigned a random number based on the predefined probability
distributions in the simulation. Thanks to the simplicity and flexibility of simulation, different results
for the repeated random samples of variables are computed and averaged together [29]. In this study,
we define the traffic mix and ROT at the airport, and traffic distribution at airspace entry points as the
randomised variables. These variables directly affect the airport and airspace capacities and delays.

The traffic mix consists of different types of aircraft allocated to wake turbulence categories. These
categories are set according to the maximum take-off mass of aircraft as Heavy (136,000kg or more),
Medium (7,000–136,000kg) and Light (7,000kg or less). The heavier aircraft create more turbulence
and therefore require more separation than lighter aircraft to maintain safety requirements as given in
Tables 1 and 2 for arrivals and departures, respectively [52]. For this reason, the separations between
consecutive aircraft directly affect the capacity of an airport in a specified time window.

The ROT of leading aircraft affects the arrival and departure times of trailing aircraft [29]. The runway
occupancy time for arrivals (ROTA) is defined as the time spent by aircraft between the runway threshold
and the runway exit point. The runway occupancy time for departures (ROTD) is equal to the time
from the moment the aircraft crosses the holding stop bar until it flies over the opposite threshold. The
ROT depends on the runway configurations and properties, aircraft categories due to different landing
speeds and weights, operation techniques and reaction times of pilots, weather conditions, etc [53].
Because these factors can lead to different ROTs for each operation, they affect the operation times and
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Table 1. Separation distances (dij) between consecutive arrival
i and j (nm) [52]

Leader/Follower Heavy Medium Light
Heavy 4 5 6
Medium 2.5 2.5 5
Light 2.5 2.5 2.5

Table 2. Wake turbulence separation times (tij) between consecutive
departure i and j (sec.) [52]

Leader/Follower Heavy Medium Light
Heavy 90 120 120
Medium 60 60 60
Light 60 60 60

delays and thus airport capacity. Therefore, in this study, we randomised the ROT of each aircraft and
specified different probabilities of ROTA and ROTD for arrival and departure operations according to
aircraft categories. In the simulation, we assigned a random probability number (p) to determine ROT for
each operation using the Equation (1), which considers the minimum (ROTmin) and maximum (ROTmax)
occupancy times based on the predefined minimum (pmin) and maximum (pmax) time probabilities.

ROT = ROTmin + ROTmax − ROTmin

pmax − pmin

. (p − pmin) (1)

The other variable randomised in the study is the traffic distribution at airspace entry points around
the airport. The locations and numbers of entry points are determined at the airspace design stage. Some
of these fixed entry points may have higher traffic rates than others, which causes significant congestion
and delays on routes. In addition, the aircraft arriving on routes associated with these fixed entry points
with higher traffic distribution rates can cause significant traffic congestion and delays at intersection
points. Therefore, we randomised the traffic rates at airspace entry points as it directly affects the airspace
capacity.

2.1 Operations on final approach path and runway
A Monte Carlo simulation example of arrival operations on the runway is given in Table 3. A random
number between 0-1 is assigned for each aircraft to represent its probability. Based on this assigned
number, the categories of the aircraft are determined based on the predetermined category distributions.
Subsequently, the required separation distances between consecutive arrival aircraft are provided for
each aircraft based on the values given in Table 1. The simulation is carried out with flight times, and
therefore, these distances are converted into times by considering the final approach speeds of the aircraft
as shown in the next column. Additional random probability numbers between 0-1 are assigned and the
ROTA times of the arrival aircraft are determined by using Equation (1).

In the calculation of IATA, we should consider not only the safety margins between operations but
also the speed differences along the final approach path (FAP). For the cases that the speed of leading
aircraft (vi) or trailing aircraft (vj) is greater during the common FAP distance (lfap), the IATA values can
be calculated as described below [50]:

IATA =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

lfap + dij

vj

− lfap

vi

for vi > vj

max

[
dij

vj

, ROTAi

]
for vi ≤ vj

(2)
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Table 3. Operations on final approach path and runway of arrivals

Runway Tail
Aircraft Separation Separation ROTA IATA threshold clearance

No Random category (nm) (s) Random (s) (s) time time
1 0.01012 H 0.5773 55 0 55
2 0.57158 M 5 120 0.8950 30 167 167 197
3 0.00833 H 2.5 53 0.8596 52 53 220 273
4 0.42420 M 5 120 0.3429 40 167 387 427
5 0.28885 M 2.5 60 0.8583 48 60 447 495
6 0.70989 M 2.5 60 0.0156 33 60 507 540
7 0.09162 H 2.5 53 0.8762 47 53 560 607
8 0.21284 M 5 120 0.8912 53 167 727 780
9 0.85352 M 2.5 60 0.5357 32 60 787 819
10 0.04999 H 2.5 53 0.8049 69 69 856 925

Table 4. Operations on runway and departure common path of departures

Runway Tail
Aircraft Separation ROTD IATD Event threshold clearance

No Random category (s) Random (s) (s) duration time time
1 0.86656 M 0.37121 49 0
2 0.72735 M 60 0.34450 52 60 112 60 112
3 0.83488 M 60 0.24893 37 60 97 120 157
4 0.20281 H 60 0.02586 32 65 92 185 217
5 0.04500 H 90 0.09184 38 90 128 275 313
6 0.24120 M 120 0.02585 51 120 171 395 446
7 0.82020 M 60 0.09184 37 60 97 455 492
8 0.21011 H 60 0.19044 43 60 103 515 559
9 0.46646 M 120 0.6389 50 120 170 635 685
10 0.80116 M 60 0.79183 43 60 103 695 738

The simulation starts at time 0, and it is assumed that the first aircraft is at the runway threshold at
this moment. The next aircraft follows the first one with the necessary IATA. For example, when the first
aircraft is at the runway threshold, it will take 167 seconds for the second aircraft to reach the runway
threshold. After reaching the runway threshold, the aircraft will vacate the runway at the end of the
ROTA. Arrivals are simulated before departures due to the priority of inbound aircraft. This described
process is repeated to simulate one hour of ultimate operations. For this reason, the process is stopped
when the time reaches 3,600 seconds and the total number of operations is obtained. The number of
arrival aircraft that have passed the runway threshold but have not yet vacated the runway within these
seconds is not counted in the total number.

A Monte Carlo simulation example of departure operations is given in Table 4. Aircraft categories
and runway occupation times are determined the same way as for arrivals. The required time separa-
tions between consecutive aircraft are provided for each departure based on the values given in Table 2.
When calculating the IATD of consecutive aircraft, besides the safety separations of the aircraft, the
speed differences along the common departure path (CDP) should be considered. IADT values can be
calculated as described in Equation (3) [50], considering the cases that the speed of the leading aircraft
(vi) or the trailing aircraft (vj) is greater along the CDP (lcdp). After 3,600 seconds, the process is stopped
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Figure 1. A general TMA route structure.

and the total departures are counted. Aircraft that have started their take-off but have not vacated the
runway within these seconds are not counted in the total number.

IATD =

⎧⎪⎨
⎪⎩

tij for vi > vj

max

[
tij, tij + ROTDi − ROTDj − ldcp

(
1

vj

− 1

v

)]
for vi ≤ vj

(3)

In the simulation, the times when the runway was used and empty were determined for each of both
arrival and departure operations. However, in the case of mixed operations, the priority is arrivals. For
this reason, departure operations occurred when the runway was sufficiently empty. Then, the delays of
the departures were calculated. As the arrivals were operating very tightly, the runway was left empty
very few times. For this reason, the delays of departure aircraft showed a cumulative increase and the
average delay time reached greater numbers. However, this is reasonable as the runway is effectively
fully utilised and we are concerned with ultimate capacity.

2.2 Operations on airspace
In this study, a Monte Carlo simulation of the operations in the airspace surrounding the airport (referred
to as TMA) was also carried out. A general TMA structure is given in Fig. 1. Arrival aircraft enter TMA
from predefined entry points (EPs) and levels and reach the final approach fix (FAF) by following the
routes defined in the flight charts. They descend according to the levels they should be at the points
on their route. Besides the speed differences at all levels according to the aircraft categories, the flight
level and flight speed restrictions specified in the flight charts are considered in the simulation. Required
safety separations between aircraft are guaranteed at intersection points (called hot points – or HPs) and
FAF. The first come, first served (FCFS) principle has been adopted at all intersections. Aircraft using
the same route were not allowed to overtake each other. The results of a sample simulation study are
given in Table 5.

The Monte Carlo simulation technique is utilised to model the inherent uncertainties and variability
within airspace operations. The simulation process initiates with the randomisation of critical parame-
ters that significantly influence airspace operations. The categories of arrivals and EP distributions are
subjected to a randomisation process, governed by predefined probabilities. The difference between the
entry times of the arrivals entering from the same point to the TMA is at least as much as the minimum
radar separation. The estimated arrival times at HP (HP Est) and FAF (FAF Est) are calculated using
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Table 5. Operations on arrival routes within TMA
TMA TMA
entry Aircraft entry HP-1 HP-1 HP-2 HP-2 HP-3 HP-3 FAF FAF

No Random point Random type time Est Asgn Est Asgn Est Asgn Est Asgn
1 0.39579 EP-3 0.22692 M 43 610 610 1,565 1,565
2 0.31139 EP-4 0.22831 M 382 1,595 1,609
3 0.09323 EP-5 0.91345 H 82 586 586 1,615 1,708
4 0.88239 EP-7 0.00044 M 232 1,641 1,769
5 0.03996 EP-6 0.13453 M 82 626 703 1,668 1,873
6 0.49916 EP-2 0.15408 M 104 291 291 631 701 1,718 1,970
7 0.14463 EP-5 0.23093 H 124 627 756 1,721 2,029
8 0.03126 EP-6 0.70392 M 124 668 809 1,774 2,151
9 0.95453 EP-7 0.86226 M 278 1,795 2,206
10 0.10373 EP-5 0.45371 H 165 668 862 1,827 2,327
11 0.88601 EP-7 0.18149 M 325 1,871 2,439
12 0.45697 EP-3 0.82559 M 86 652 763 1,948 2,573
13 0.49583 EP-2 0.02972 M 157 343 343 683 824 2,101 2,795
14 0.46199 EP-3 0.62219 H 128 695 886 2,254 3,035
15 0.54871 EP-1 0.65407 M 46 359 395 735 947 2,484 3,324

the route distances and flight speeds. The times at HPs and FAF of aircraft are then reassigned to meet
the minimum safety requirements. The assigned HP times (HP Asgn) and FAF time (FAF Asgn) are
presented in Table 5. These times indicate when the aircraft should be at these points. The simulation is
stopped when the difference between the assigned FAF times of the first and last aircraft reaches 3,600
seconds. The total number of flights in this period has been determined. In addition, delay analyses are
performed by calculating the differences between the assigned times and the targeted times.

After the departure aircraft vacates the runway, they leave the TMA from certain points by using
the departure routes defined for them in the flight charts. Departures start with a single route and split
into multiple routes. In addition, the routes of departures do not intersect with the routes of arrivals.
Departures do not receive delays as they do not overtake other arrivals and departures. For this reason,
the total number of flights in the airspace for departure aircraft is considered equal to the total number
of departures on the runway.

3.0 Data
3.1 Traffic mix and traffic distributions at TMA entry points
The simulation study was carried out for three major international airports in the Istanbul metroplex.
These are LTBA, LTFJ and LTFM international airports. The entry points and route structures to the
TMA for arrival operations at these airports are shown in Fig. 2 in orange, fuchsia and cyan colours,
respectively. The route structure of LTFJ and LTFM is the point merge system (PMS). Each airport has 7
entry points [54]. For the dates 17–20 August 2018, Eurocontrol Demand Data Repository (DDR) traffic
data was analysed and the traffic distribution rates at the entry points were determined as given in Table 6
[55]. There are common TMA entry points for the three airports and common fixes through their arrival
routes. However, the flight levels required by the aircraft at these points are different for each airport.
In addition, it is seen that the routes are divided into two after the ATVAS and ERSEN points. During
the simulation, it is assumed that the traffic at these points is divided equally. In addition, the traffic
distribution rates of LTBA and LTFJ on these dates were analysed. Live traffic data on flightradar24
were used to determine traffic rates of LTFM. As a result of the analysed and organised data, the traffic
distribution rates are obtained as given in Table 7.

The LTBA has two runways 05/23 and 17/35 in open-V configuration [54]. Runways 05 and 17 were
used in the simulation due to the prevailing wind directions and frequency of use (Fig. 3(a)). Departures
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Table 6. The average traffic distributions of TMA entry points

LTBA LTFJ LTFM

entry point distribution (%) entry point distribution (%) entry point distribution (%)
AKCAK 6.15 AKCAK 8.36 ATPIX 6.15
VEVUD 13.85 IBODU 13.13 ERSEN 13.85
SISPI 15.38 ETAMP 22.84 SISPI 15.38
KONEN 11.79 IZMAL 13.13 INBET 11.79
DRAMO 6.15 DRAMO 2.98 DRAMO 6.15
ATVEP 32.30 TOKER 34.63 RILEX 32.30
RIXEN 14.38 RIXEN 4.93 RIXEN 14.38

Table 7. Traffic mix of airports (%)

Category LTBA LTFJ LTFM
L 0.2 0.4 0.1
M 74.2 98.2 73.6
H 25.6 1.4 26.3

Figure 2. TMA entry points and arrival routes of LTBA, LTFJ and LTFM.

were performed on runway 17, while arrivals were performed on both runways. Currently, the airport
continues to operate as a single runway (05/23), especially for cargo and private flights. Afterward, it is
planned to be completely closed to flights.

The LTFJ is one of the busiest airports with a single runway 06/24 [54]. When the traffic data are
examined, the average number of flights per day is approximately 700. Runway 06 was used in the
simulation due to the prevailing wind directions and frequency of use (Fig. 3(b)). With the opening
of runway 05, which is still under construction, the airport will have two independent runways. It is
expected that the density of the LTFJ will gradually increase as LTBA is closed to flights.
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Figure 3. Ground layout of (a) LTBA and (b) LTFJ (runway 05/23 is planned to build).

Figure 4. Ground layout of LTFM (runways 36C/18C, 36R/18L and 09/27 are planned to build).

As seen in Fig. 4, LTFM currently has five runways: 34L/16R, 34R/16L, 35L/17R, 35R/17L and
36L/18R. However, 34L/16R and 34R/16L and 35L/17R and 35R/17L are dependent runways. For this
reason, they are considered as a single runway in the simulation and called runways 34 and 35 [56].
In the future, it is planned to build 09/27 and 36C/18C runways to the airport. The construction of
runway 36R/18L is the final stage of the airport. Runways 09, 34, 35, 36L, 36C and 36R were used in
the simulation due to the prevailing wind directions and frequency of use.

3.2 Separation minima
All aircraft generate wake vortices as a function of lift generation, which may affect another aircraft and
cause an incident. For this reason, the wake turbulence separation between aircraft has to be ensured
by the values given in Tables 1 and 2 in Section 3. Besides the wake turbulence separation minima on
the FAP and runway, aircraft should be separated on routes using minimum radar separation distance.
This distance is specified as 5 nm within TMAs in the regulations. The distance-based separation rules
can be transformed into time-based separation rules by including the aircraft approach speeds in the
calculation.
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Table 8. Final approach path nominal
airspeeds (knots)

Category Speed
L 130
M 150
H 170

Table 9. Common approach and departure path distances (nm)

Airport Runway configuration Approach Departure
LTBA 05-17 9 4.5
LTFJ 05-06 16.7 5
LTFM 34L-34R 14 5.8
LTFM 35L-35R 14 5
LTFM 36L-36C-36R 14 6.4

Table 10. The cumulative probabilities of ROTA (sec)

L M H

Probability interval Min Max Min Max Min Max
0–0.3 20 30 30 40 40 50
0.3–0.8 30 40 40 50 50 60
0.8–1.0 40 50 50 60 60 70

3.3 Aircraft speeds
The average speed values between the FAF and the runway threshold of the aircraft along the FAP are
given in Table 8. While calculating the IAT times between successive aircraft, these speed values were
used to convert the distances to time. Values given by manufacturers as ‘approach speeds’ are defined
as 1.3 times the stall speed at maximum landing weight in the landing configuration [50].

Operational speeds in the airspace were determined by considering the flight level and speed restric-
tions specified in the flight charts. Considering these values determined for fixes, average flight speeds
along the routes were calculated. Route distances were converted to times in calculations using these
speeds.

3.4 Common arrival/departure path
When calculating the required IAT times between aircraft, the common route distances are also consid-
ered. Thus, the required safety separations will not be violated due to airspeed differences along these
common paths. The distances of paths to be used by the operations at the three airports are given in
Table 9. The distances may vary for different runways at LTFM.

3.5 Runway occupancy time
One of the variables randomised in the study is the ROT of the aircraft. The probabilities of the ROT for
certain value ranges have been determined for different aircraft categories. The ROTA and cumulative
probabilities of arrival aircraft are given in Table 10, and the ROTD and cumulative probabilities of
departure aircraft are presented in Table 11. In arrival operations, the time required for aircraft to vacate
the runway is longer for larger aircraft. Since the required ROTD for medium and heavy aircraft is very
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Table 11. The cumulative probabilities of ROTD (sec)

L M H

Probability interval Min Max Min Max Min Max
0–0.3 20 30 30 40 30 40
0.3–0.8 30 40 40 50 40 50
0.8–1.0 40 50 50 60 50 60

Table 12. Scenarios of runway configuration

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Airport (past) (current) (near future) (future)

a b a b a b c

LTBA 05-Mix
17-Dep

05-Mix 05-Mix 05-Mix 05-Mix – – –

LTFJ 06-Mix 06-Mix 06-Mix 05-Arr
06-Dep

05-Mix
06-Mix

05-Mix
06-Mix

05-Mix
06-Mix

05-Mix
06-Mix

LTFM – 34-Arr
35-Dep
36L-Mix

34-Mix
35-Mix
36L-Mix

34-Mix
35-Mix
36L-Dep
36C-Arr
09-Dep

34-Mix
35-Mix
36L-Mix
36C-Mix
09-Dep

34-Mix
35-Mix
36L-Dep
36C-Arr
09-Dep
36R-Arr

34-Mix
35-Mix
36L-Mix
36C-Mix
09-Dep
36R-Arr

34-Mix
35-Mix
36L-Mix
36C-Mix
09-Dep

36R-Mix

close to each other, it is accepted the same in the simulation. According to the values given in the tables,
ROT times are assigned by using Equation (1) given in Chapter 3. These times also affect the IATA and
IATD times of aircraft given in Equations (2) and (3).

4.0 Scenario Planning
In order to determine the runway capacities of the airports in Istanbul, four different scenarios were
defined as given in Table 12. These scenarios also consist of sub-scenarios such as a, b and c. The
purpose of creating sub-scenarios is to show how the use of runways in different modes affects airport
total capacity and capacity changes over time. Scenario-1 shows the airport and the runways used in
the near past. These scenarios, which represent the period before 2019, include LTBA and LTFJ. Later,
with the opening of LTFM, the number of airports increased to three. Thus, Scenario-2 was defined
to represent the current situation. It is envisaged that in the near future, the second runway (05) will
be opened at LTFJ and runways 09 and 36C at LTFM. Thus, the total number of runways in the TMA
structure will be eight. Scenario-3 was created to represent this situation. Later, with the completion of
the final phase of the LTFM, the total number of runways will be six as shown in Scenario-4. In order
to show the changes in capacity values when these runways are used in different configurations, three
different sub-scenarios were created. However, LTBA is not included in this scenario as it is foreseen
that the airport will be completely closed to flights in the future. In final form, there will be a total of
eight runways in Istanbul TMA.

In the future, with the closure of LTBA to flights, it is expected that heavy category flights will shift
here with the opening of the second runway to LTFJ. For this reason, in Scenario-3 and Scenario-4,
representing future situations, the ratio of heavy aircraft in the LTFJ traffic distribution is accepted as
20%. Thus, it was possible to show that the change in the traffic distribution rate how affects the capacity.
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Table 13. Simulation results of LTBA

Runway 05 Runway 17

Simulation Arrs Deps Total operation Min delay Avg delay Deps
1 50 10 60 13.9 26.7 50
2 48 11 59 1.2 21.7 48
3 47 13 60 2.6 17.3 47
4 49 12 61 0.8 22.0 49
5 47 12 59 1.2 20.7 49
6 51 8 59 4.6 28.6 49
7 49 12 61 7.7 25.9 49
8 50 11 61 4.6 20.0 48
9 47 14 61 2.6 18.5 50
10 48 12 60 1.0 19.7 49

Average 48.6 11.5 60.1 4.0 22.1 48.8

Table 14. Simulations for runway 06 and runway 05 at LTFJ

Runway 06 Runway 05

Total Min Avg Total Min Avg
Simulation Arrs Deps operation delay delay Arrs Deps operation delay delay
1 50 9 59 2.6 13.8 49 10 59 3.8 21.0
2 52 6 58 10.6 30.8 48 11 59 0.8 19.3
3 52 4 56 10.0 23.5 48 12 60 6.6 22.6
4 52 5 57 18.9 32.5 48 10 58 0.0 16.2
5 50 9 59 0.6 23.9 49 10 59 0.4 13.5
6 51 4 55 12.7 28.7 50 10 60 9.2 21.9
7 51 8 59 4.6 25.7 48 11 59 0.0 25.7
8 51 9 60 0.7 18.2 48 10 58 0.0 20.1
9 51 7 58 14.5 29.3 51 10 61 6.4 24.7
10 51 9 60 6.7 37.7 47 13 60 2.7 21.5

Average 51.1 7.0 58.1 8.2 26.4 48.6 10.7 59.3 3.0 20.6

5.0 Ultimate capacities of runway operations
Table 13 shows the simulation results of two runways at LTBA. Runway 05 is used in mixed mode
operations, while runway 17 only departures. According to the table, the total ultimate hour capacity
is around 109 movements for this runway configuration. The number of arrivals ranged from 47 to 51
with a mean of around 49 and departures from 8 to 13 with a mean of around 12 on runway 05. The
average number of departures is around 49 on runway 17. In addition, the delays of departures in mixed
mode operation are calculated. The minimum delay of departures ranged from 0.8 to 13.9 min with a
mean of 242 min. Suitable gaps must be found between the arriving traffic in which to slot in departures.
Therefore, the minimum delay of aircraft has a wide range.

The simulation results for LTFJ are given in Table 14. According to the scenarios given in Table 12,
runway 05 and runway 06 can only be used in landing and take-off configurations, respectively, as well
as both runways can be used in mixed operation mode. The total ultimate hour capacity is around 117
movements for mixed-mode runway configurations. When runways 05 and 06, however, are used for
only arrival and departure operations, respectively, then the number of arrivals and departures will be
around 51 and 55.
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Table 15. Simulations for runway 34 and runway 35 at LTFM

Runway 34 Runway 35

Total Min Avg Total Min Avg
Simulation Arrs Deps operation delay delay Arrs Deps operation delay delay
1 45 12 57 4.7 26.3 48 9 3.0 181 20.9
2 45 15 60 0.0 20.2 49 8 10.5 631 24.5
3 47 12 59 4.7 27.3 47 11 4.7 285 26.8
4 48 12 60 2.6 20.9 46 14 4.9 292 19.0
5 46 13 59 4.8 27.9 49 11 0.0 0 11.2
6 51 5 56 0.1 20.8 49 9 4.6 278 15.8
7 50 7 57 0.0 28.9 45 13 5.0 301 21.1
8 45 13 58 2.6 19.1 47 12 0.0 0 21.2
9 49 9 58 11.6 24.5 49 9 5.9 356 24.7
10 49 12 61 5.2 22.8 46 11 0.0 0 24.5

Average 47.5 11.0 58.5 3.6 23.9 47.5 10.7 3.9 232.4 21.0

Table 16. Simulations for runway 36L and runway 36C at LTFM

Runway 36L Runway 36C

Total Min Avg Total Min Avg
Simulation Arrs Deps operation delay delay Arrs Deps operation delay delay
1 49 10 59 6.7 27.8 47 13 60 0.9 21.6
2 47 11 58 10.0 22.8 45 12 57 3.7 21.9
3 48 11 59 0.6 18.6 45 15 60 1.7 24.0
4 47 10 57 0.8 19.4 46 11 57 6.7 27.0
5 46 11 57 1.0 14.0 44 12 56 1.8 20.4
6 49 8 57 8.7 24.6 43 14 57 0.0 20.8
7 46 13 59 6.5 22.8 43 14 57 0.0 25.8
8 45 11 56 3.7 19.2 47 11 58 0.0 22.0
9 49 7 56 6.9 28.6 48 9 57 9.0 24.2
10 49 6 55 3.0 20.0 47 11 58 6.8 17.7

Average 47.5 9.8 57.3 4.8 21.8 45.5 12.2 57.7 3.1 22.5

The rate of heavy aircraft (20%) on runway 05, which will be opened in the future, is considered
higher than on runway 06. In this case, there was a decrease in the total number of arrivals, while the
total number of departures increased. Because, as the number of heavy arrival aircraft increases, there
are more slots for departures to perform their operations. In addition, as the slot rate increased, there
was a significant decrease of approximately 5 minutes in the delays of departures. And, there has been
a decrease in the number of delayed aircraft and minimum delay rates. This resulted in an increase in
capacity.

LTFM simulation results are presented in Tables 15, 16 and 17. Accordingly, the total capacities of
runways 34, 35 and 36L in the current state of mixed operation mode are approximately 59, 58 and
57, respectively. In this case, the total runway capacity is 174. If runway 34 is used for arrivals only
and runway 35 only for departures, the total number of landings and take-offs is approximately 49 and
50, respectively. Since it is closer to the terminal building, it is accepted that the 36L runway can be
used for departures in scenarios. If all category aircraft are allowed to operate on this runway, a total
of 51 departures can be performed, while if only heavy category aircraft are allowed to take off, the
total number of departures is 41. The average delays of departures for runways 34, 35 and 36L were
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Table 17. Simulations for runway 36R and runway 09 at LTFM

Runway 36R Runway 09

Simulation Arrs Deps Total operation Min delay Avg delay Deps Medium Deps
1 47 13 60 11.1 28.8 48 60
2 46 12 58 0.0 21.1 47 60
3 44 12 56 3.7 25.3 46 60
4 45 13 58 1.4 20.3 48 60
5 47 14 61 0.5 15.9 45 60
6 45 13 58 4.0 25.1 47 60
7 45 12 57 0.0 19.4 45 60
8 44 12 56 0.0 22.4 47 60
9 47 12 59 8.2 22.0 48 60
10 44 13 57 3.7 22.5 46 60

Average 45.4 12.6 58 3.3 22.3 46.7 60

Table 18. Comparison of capacity without LTBA

Capacity with Percentage
Current capacity closing runway Difference change

LTBA 60 0 60 100%
All airports 292 232 60 20.5%

approximately 24, 21 and 22 minutes, respectively. The reason for the high delays is that priority is
always given to the arrivals and the departures can only be performed between the arrivals with enough
slots.

For the 09, 36C and 36R runways to be opened in the future, the heavy aircraft rate is accepted as 30%.
Since runways 36C and 36R are far from the terminal building, it has been considered that they can be
used for arrival operations only as well as in mixed operations. In this case, the capacity is approximately
46 and 45 for runways 36C and 36R, respectively. Due to the increase in the number of heavy aircraft,
the number of landings, which was about 48 for heavy aircraft with a rate of 24%, decreased to these
values. However, as the number of heavy arrival aircraft increases, there are more slots for departures
to perform their operations. Besides, there has been a decrease in the number of delayed aircraft and
minimum delay rates. It is foreseen that runway 09 will be allocated only for departures. If all category
aircraft can perform operations on this runway, the capacity will be approximately 47, while it will be
60 if only medium category aircraft operations are performed.

The scenarios given in the study show how the airport capacities in the Istanbul metroplex will change
over time. While LTBA will be completely closed to flights, new runways will be added to LTFJ and
LTFM. The individual effects of these changes on the total capacity are examined separately. As shown
in Table 18, the reduction rate in the total capacity will be 20.5% with the complete closure of LTBA to
flights. Table 19 shows that opening the second runway at LTFJ almost doubles the airport’s capacity
and increases the total capacity of Istanbul metroplex airports by 20.2%. Thus, the decrease in the total
capacity resulting from the closure of LTBA will be compensated by this new runway to be opened.
Table 20 shows that there will be almost a 94% change in the airport’s capacity with the building of
three new runways to LTFM. Table 20 shows that building three new runways at LTFM will increase the
capacity by 93.7% and the total capacity of Istanbul metroplex airports by 55.8%.

Table 21 shows the capacities of the airports according to the runway configurations in the scenarios.
In scenario 1, which shows the past capacity values, the total runway capacities of LTBA, which has two
runways, of which one is used entirely for departures, and LTFJ, which has a single runway with mixed
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Table 19. Comparison of LTBA’s future capacity versus the current situation

Capacity with Percentage
Current capacity new runway Difference change

LTFJ 58 117 59 101.7%
All airports 292 351 59 20.2%

Table 20. Comparison of LTFM’s future capacity versus current situation

Capacity with Percentage
Current capacity new runways Difference change

LTFM 174 337 163 93.7%
All airports 292 455 163 55.8%

Table 21. Airport ultimate capacities for scenarios

Scenario 2 Scenario 3
Airport Scenario 1 (past) (current) (near future) Scenario 4 (future)

a b a b a b c
LTBA 109 60 60 60 60 0 0 0
LTFJ 58 58 58 106 117 117 117 117
LTFM 0 155 174 261 279 306 324 337
All airports 167 273 292 427 456 423 441 454

Table 22. Comparison of scenarios

Change
Change in compared to

Scenario Explanation Total capacity capacity previous scenario
Scenario 1 LTBA with two runways, LTFJ

with single runway
157 – –

Scenario 2a Closing runway 17 at LTBA, 258 +63.5% +63.5%
Scenario 2b LTFM with three runways 263 +74.9% +6.9%
Scenario 3a Opening second runway at LTFJ 406 +155.7% +46.2%
Scenario 3b and two new runways at LTFM 413 +173.1% +6.8%
Scenario 4a 401 +153.3% -7.2%
Scenario 4b Closing LTBA, opening sixth 405 +164.1% +4.3%
Scenario 4c runway at LTFM 409 +171.9% +2.9%

mod, are determined as 167. Today (Scenario 2), LTBA serves with a single runway and LTFM serves
with three runways. If runways 34 and 35 are used in segregated mode, the total capacity of LTFM is
155, while it is 174 if they are used in mixed mode. As given in Table 22, a capacity increase of up to
75% has occurred today.

In Scenario 3, which represents the near future, with the addition of one new runway to LTFJ and two
new runways to LTFM, an increase in capacity by 173% will occur compared to the past (Table 22). In
Scenario 3a the runways are used in segregated mode at both airports, and in Scenario 3b the cases in
mixed mode are represented. Thus, 29 more manoeuvres are achieved in mixed mode. In Scenario 4, it
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Figure 5. Percentages of airport capacities for scenarios.

is envisaged that LTBA will be closed in the future and the final phase of LTFM will be completed and
have six runways. As seen in Tables 21 and 22, the decrease in total capacity with the closure of LTBA
will be compensated with the completion of LTFM.

The four runways of LTFM are represented in Scenario 4a, two runways in Scenario 4b are used
in segregated mode and they are used in mixed mode in Scenario 4c. Consequently, as the number of
runways used in mixed mode increases, the capacity increases.

Figure 5 shows the ratios of airports in total capacity for different scenarios. With the opening of new
runways and in the case of using runways in segregated or mixed mode, the changes in the total capacity
ratios are given as percentages in the figure.

6.0 Ultimate capacities of airspace operations
The analyses presented in this section are conducted on the foundation of the detailed Monte Carlo
simulation outlined in Section 2.2. This simulation method is employed to model uncertainties and
variations inherent in airspace operations. These analyses reflect the dynamic and uncertain nature of
air traffic, as provided by the Monte Carlo simulation detailed in Section 2.2. The results emphasise
the critical relationship between existing routes, runway capacity and the anticipated growth in arrival
numbers.

The simulation process involves the randomisation of arrival categories and entry point distributions
based on predefined probabilities. The differences in arrival times for aircraft entering from the same
entry points are calculated meticulously to comply with minimum radar separation standards. Moreover,
the simulation calculates estimated arrival times at HPs and the FAF by considering route distances and
flight speeds. These estimated times are subsequently adjusted to meet safety requirements, resulting in
assigned HP and FAF times.

The airspace simulation results of LTBA, LTFJ and LTFM are given in Tables 23, 24 and 25, respec-
tively. The values in the tables show the average delay values in minutes at the hotspot and FAF points
(ATCOS, OBIXI, IMREN and SADIK). The delay values at the FAF points increased cumulatively as
all aircraft were finally collected at these points.

According to the airspace simulation results, the ultimate capacity values on the runway and the
ultimate capacity of arrival operations obtained with the existing routes are given in Tables 26 and 27,
respectively. When the ultimate values on the runway and in the airspace are compared, it is seen that
the capacity of the existing routes in the airspace for LTBA and LTFJ is below the runway capacity. In
the case that two runways of LTFM are used in segregated mode and one runway is used in mixed mode
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Table 23. LTBA airspace simulations

Simulation BARPE BA357 ABNIN BA444 ATCOS
1 0.5 3.7 7.0 2.5 18.1
2 1.0 5.4 8.6 0.9 14.9
3 0.7 4.0 7.7 0.8 16.3
4 1.7 3.7 6.0 1.7 17.4
5 1.7 3.0 6.7 1.2 17.4
6 1.0 4.8 8.5 1.5 15.4
7 0.4 3.4 6.0 2.1 19.2
8 0.6 3.0 7.0 2.1 18.3
9 1.0 4.7 4.9 1.7 18.5
10 1.8 4.5 4.4 1.4 17.5
Average 1.0 4.0 6.7 1.6 17.3

Table 24. LTFJ airspace simulations

Simulation FJ522 TUZWE FJ624 PUQET FJ823 FJ724 OBIXI
1 0.3 0.5 2.2 0.6 7.9 4.2 15.8
2 1.3 1.3 2.7 0.7 5.6 4.2 17.5
3 0.4 0.5 2.3 0.6 7.2 4.1 16.2
4 0.7 0.5 2.3 0.3 7.4 3.6 16.2
5 0.3 0.5 2.5 0.7 7.2 0.8 15.8
6 10.0 0.6 3.7 0.0 6.8 2.0 17.7
7 1.0 1.6 2.0 0.7 6.3 4.4 17.0
8 0.2 0.4 0.4 0.9 8.8 5.8 12.9
9 1.0 1.3 2.1 0.3 6.7 3.3 17.3
10 0.2 0.9 2.0 0.7 7.4 4.9 15.3
Average 1.6 0.8 2.2 0.5 7.1 3.7 16.1

Table 25. LTFM airspace simulations

Simulation FM723 FM827 FM424 FM426 FM524 IMREN SADIK
1 6.9 6.4 2.6 4.6 4.3 17.6 16.9
2 4.6 5.7 3.1 4.5 4.8 17.3 17.1
3 7.1 6.1 2.1 4.6 4.3 17.6 17.0
4 7.1 5.7 1.4 4.6 4.7 17.6 17.0
5 7.2 6.0 1.4 4.4 4.8 17.7 17.1
6 4.9 5.7 3.1 4.2 4.9 16.7 17.0
7 6.5 6.1 3.1 4.2 4.2 17.6 16.8
8 7.2 5.4 3.1 4.5 4.3 17.6 17.0
9 7.1 5.7 3.1 4.5 4.8 17.7 17.1
10 5.0 6.1 3.1 4.6 3.8 17.1 16.9
Average 6.3 5.9 2.6 4.5 4.5 17.5 17.0

(Scenario 2a), the airspace capacity covers the runway capacity, while in case all runways are used in
mixed mode (Scenario 2b), the capacity of the existing routes remains below the runway capacity. As
a result, the arrival routes of these three airports located in the Istanbul metroplex can serve up to a
certain ultimate number. In addition, the ultimate value of arrivals, which is up to 244 today, is expected
to increase to 335 in the future.
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Table 26. Number of arrivals on runways

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Airport (past) (current) (near future) (future)

a b a b a b c
LTBA 49 49 49 49 49 0 0 0
LTFJ 51 51 51 51 100 100 100 100
LTFM 96 144 142 190 187 235 235
All airports 100 196 244 242 339 287 335 335

Table 27. Number of arrivals in
airspace for current situation

Airport In airspace
LTBA 41
LTFJ 46
LTFM 97
All Airports 184

7.0 Practical capacities of runway and airspace operations
In a significant phase of this study, a detailed evaluation was undertaken to calculate the practical capac-
ities on the runways and in the airspace of LTBA, LTFJ and LTFM airports. This assessment is essential
for understanding how operational dynamics describe under real-world conditions. Runway capacity
calculations considered the interactions between arrival and departure operations. Initially, predefined
runway usage plans for each airport were considered. These plans involved different runway config-
urations. Understanding how aircraft interact along arrival routes is crucial for calculating practical
capacities in airspace. Monte Carlo simulation was employed to determine runway capacity and airspace
practical capacity under various scenarios. This analysis section provides a more detailed description
of the calculation processes for practical capacities on runways and in airspace, allowing for a deeper
focus on these critical aspects of the study.

Aircraft not exceeding a certain delay value can be included in the practical capacity. In the report
announced by Eurocontrol, the average delay per flight to Europe is 14.7 and 16.4 min for arrivals and
departures, respectively [29]. Practical runway capacity values obtained by considering these values are
shared for the three airports.

Table 28 shows the simulation results of two runways at LTBA for practical runway capacities.
Runway 05 is used in mixed mode operations, while runway 17 only departures. According to the table,
the total practical capacity for this runway configuration is approximately 102 movements. The number
of arrivals ranged from 47 to 51 with a mean of around 49 and departures from 1 to 8 with a mean of
around 4 on runway 05. The average number of departures is around 49 on runway 17. In addition, the
delays of departures in mixed mode operation are calculated. The average delay of departures ranged
from 4.8 to 13.9 min with a mean of 8.7 min.

The simulation results of LTFJ for practical runway capacities are given in Table 29. The total prac-
tical capacity is around 108 movements for mixed-mode runway configurations. The calculated delays
of departures in mixed mode operation at runway 06 and runway 05 are given in the table. The average
delay for departures on runway 06 ranged from 1 to 14.9 min, with a mean delay of 8.7 min. In contrast,
on runway 05, the average departure delay ranged from 3.7 to 12.5 min, with an identical mean delay of
8.7 min.

LTFM simulation results are presented in Tables 30, 31 and 32. Accordingly, the total practical capac-
ities of runways 34, 35, 36L, 36C and 36R in the current state of mixed operation mode are approximately
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Table 28. Simulation results of LTBA for practical runway capacities

Runway 05 Runway 17
Total Min Max Avg

Simulation Arrs Deps operation delay delay delay Deps
1 50 1 51 13.9 13.9 13.9 50
2 48 3 51 1.2 15.6 7.1 48
3 47 8 55 2.6 15.8 9.8 47
4 49 4 53 0.8 12.9 11.4 49
5 47 6 53 1.2 14.0 8.5 49
6 51 2 53 4.7 4.9 4.8 49
7 49 3 52 7.7 14.4 10.1 49
8 50 4 54 4.6 13.2 6.9 48
9 47 8 55 2.7 13.4 8.5 50
10 48 4 52 1.0 12.1 5.6 49
Average 48.6 4 52.9 4.0 13.0 8.7 48.8

Table 29. Simulation results of LTFJ for practical runway capacities

Runway 06 Runway 05
Total Min Max Avg Total Min Max Avg

Simulation Arrs Deps operation delay delay delay Arrs Deps operation delay delay delay
1 50 6 56 2.6 10.0 5.5 49 3 52 3.8 14.6 8.5
2 53 1 54 10.6 10.6 10.6 48 4 52 0.8 9.1 3.7
3 54 1 55 10.0 10.0 10.0 48 5 53 6.6 15.5 11.6
4 53 0 53 – – – 48 7 55 0.0 15.6 8.2
5 50 2 52 0.6 1.4 1.0 49 7 56 0.4 15.8 5.9
6 54 1 55 12.7 12.7 12.7 50 5 55 9.6 16.3 12.5
7 53 3 56 4.6 16.4 9.8 48 5 53 0.0 15.7 10.2
8 51 4 55 0.7 16.4 7.3 48 6 54 0.0 16.4 10.4
9 54 2 56 14.5 15.2 14.9 51 3 54 6.4 16.4 10.0
10 53 1 54 6.7 6.7 6.7 47 6 53 2.7 10.3 6.4
Average 52.5 2.1 54.6 7.0 11.0 8.7 48.6 5.1 53.7 3.0 14.6 8.7

51, 52, 52, 49 and 49, respectively. It is foreseen that runway 09 will be allocated only for departures.
If all category aircraft can perform operations on this runway, the capacity will be approximately 47.
In this case, the total practical capacity of LTFM is 300. Practical runway capacity values obtained by
considering these values are shared in Tables 33, 34 and 35 for the three airports.

The total practical capacity values of the airports for the scenarios formed to represent the past,
current and future are shared in Table 36. According to the table, there is a 6.4% difference between
ultimate capacity and practical capacity for LTBA. In case LTFJ has a single runway, the difference is
2.8%, while it has a double runway, the difference is 7.3%. For LTFM, this difference varies between
9.2% and 41.3% with an average of 25.3% for different scenarios.

Table 37 provides the practical capacity values obtained for the existing routes in the airspace. For
LTBA and LTFJ, the difference between the practical runway capacities and airspace capacities is 40%
and 31%, respectively, in the current situation. If LTFM is used in segregated mode (Scenario 2a),
the difference is 13.5%. However, if all three runways are used in mixed mode as in Scenario 2b, the
difference increases to 42.4%.
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Table 30. Practical runway capacity simulations for runway 34 and runway 35 at LTFM

Runway 34 Runway 35
Total Min Max Avg Total Min Max Avg

Simulation Arrs Deps operation delay delay delay Arrs Deps operation delay delay delay
1 45 2 47 4.7 12.2 8.5 48 5 53 3.0 16.1 11.3
2 45 5 50 0.0 8.4 3.9 49 2 51 10.5 11.3 10.9
3 47 4 51 4.7 14.5 9.1 47 4 51 4.8 16.3 12.0
4 48 4 52 2.6 6.1 4.6 46 6 52 4.9 14.2 9.8
5 46 2 48 4.8 9.8 7.3 49 9 58 0.0 12.2 6.7
6 51 2 53 0.1 12.5 6.3 49 5 54 4.6 12.9 8.6
7 50 2 52 0.0 8.6 4.3 45 5 50 5.0 14.7 12.3
8 45 4 49 2.6 15.2 8.2 47 3 50 0.0 9.9 4.5
9 49 3 52 11.6 16.3 13.3 49 2 51 5.9 15.4 10.6
10 49 5 54 5.2 8.8 7.5 46 3 49 0.0 12.6 4.2
Average 47.5 3.3 50.8 3.6 11.3 7.3 47.5 4.4 51.9 3.9 13.6 9.1

Table 31. Practical runway capacity simulations for runway 36L and runway 36C at LTFM

Runway 36L Runway 36C
Total Min Max Avg Total Min Max Avg

Simulation Arrs Deps operation delay delay delay Arrs Deps operation delay delay delay
1 49 3 52 6.7 15.9 12.6 47 1 48 0.9 0.9 0.9
2 47 3 50 10.0 16.0 13.7 45 5 50 8.7 12.8 10.6
3 48 4 52 0.6 12.4 4.5 45 3 48 1.7 11.2 7.2
4 47 6 53 0.8 16.4 9.8 46 2 48 6.7 12.3 9.5
5 46 7 53 1.0 14.6 7.1 44 5 49 1.8 15.9 8.4
6 49 2 51 8.7 13.2 11.0 43 6 49 0.0 15.1 8.1
7 46 5 51 6.5 15.5 10.6 43 4 47 0.0 16.4 9.7
8 45 4 49 3.7 13.8 8.9 47 4 51 0.0 9.4 5.1
9 49 2 51 6.9 12.5 9.7 48 2 50 14.0 16.4 15.2
10 49 4 53 3.1 12.5 9.0 47 5 52 6.8 16.2 11.8
Average 47.5 4 51.5 4.8 14.3 9.7 45.5 3.7 49.2 4.1 12.7 8.7

8.0 Discussion and conclusion
Through the use of Monte Carlo simulation, we have determined the ultimate and practical capaci-
ties of the airport and surrounding airspace with different scenarios and compared them to identify
any differences or limitations. In the simulation, a range of variables, including traffic mix, runway
occupancy time, and traffic distribution at airspace entry points, were defined as randomised variables.
Additionally, we considered the speed differences of different aircraft types along the common flight
paths when calculating inter-arrival times of consecutive operations.

The study scenarios outline the anticipated alterations in airport capacities within the Istanbul metro-
plex over time. While Atatürk Airport is set to undergo a complete cessation of flights, new runways will
be built for Sabiha Gökçen and Istanbul Airport. The distinct impacts of these modifications on total
capacity are individually analysed. The overall capacity is expected to decrease by 20.5% due to the
full closure of Atatürk Airport to flights. Introducing a second runway at Sabiha Gökçen is projected
to nearly double the airport’s capacity, contributing to a 20.2% augmentation in the total capacity of
Istanbul metroplex airports. Consequently, the decline in overall capacity resulting from the closure of
Atatürk Airport is foreseen to be compensated by adding this new runway. The construction of three
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Table 32. Practical runway capacity simulations for runway 36R and runway 09 at LTFM

Runway 36R Runway 09
Total Min Max Avg Medium

Simulation Arrs Deps operation delay delay delay Deps Deps
1 47 2 49 11.2 13.7 12.4 48 60
2 46 3 49 0.0 5.5 1.8 47 60
3 44 3 47 3.7 11.1 7.8 46 60
4 45 4 49 1.4 15.1 6.5 48 60
5 47 8 55 0.5 15.4 6.8 45 60
6 45 4 49 4.0 16.3 8.0 47 60
7 45 5 50 0.1 10.8 7.3 45 60
8 44 3 47 0.0 12.1 5.2 47 60
9 47 2 49 8.6 8.2 8.4 48 60
10 44 4 48 3.7 14.6 10.7 46 60

Average 45.4 3.8 49.2 3.3 12.3 7.5 46.7 60

Table 33. Practical runway capacities for LTBA

Runway Operation type Capacity
05 Mixed 53
17 Departure 49

Table 34. Practical runway capacities for LTFJ

Runway Operation type Total capacity
06 Mixed 55
05 Mixed 54

Table 35. Practical runway capacities for LTFM

Runway Operation type Total capacity
34 Mixed 51
35 Mixed 52
36L Mixed 52
36C Mixed 49
36R Mixed 49
09 Departure 47

new runways at Istanbul Airport is anticipated to bring about an approximately 94% alteration in the
airport’s capacity. The establishment of three new runways at Istanbul Airport is forecasted to raise the
capacity by 93.7%, leading to a 55.8% surge in the total capacity of Istanbul metroplex airports.

When evaluating the capacity shares of airports in Istanbul, it is observed that Atatürk Airport has
reduced its historical share from 65.3% to 20.5% in the present day. With the closure of Atatürk Airport
in Scenarios 3 and 4, this share is expected to reach zero. Sabiha Gökçen Airport, on the other hand,
had a share of 34.7% from the past to the present, but it has increased this share to 27.7% in Scenario 4.
This indicates that Sabiha Gökçen Airport may play a more significant role in future air traffic. Istanbul
Airport has consistently increased its share, starting from 56.8%, and it is expected to further raise it
to 74.2% in Scenario 4. This highlights the growing impact of Istanbul Airport as the main hub in
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Table 36. Airport practical capacities for scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Airport (past) (current) (near future) (future)

a b a b a b c
LTBA 102 53 53 53 53 0 0 0
LTFJ 55 55 55 106 109 109 109 109
LTFM 0 150 155 247 251 292 296 300
All airports 157 258 263 406 413 401 405 409

Table 37. Airspace practical capacities

Airport Total capacity
LTBA 32
LTFJ 38
LTFM 83

the region. These percentage shares assist us in understanding the role of airports in Istanbul’s overall
aviation infrastructure and the changes in their roles over time.

In the study, the capacity changes of the airports in Istanbul Metroplex were examined by deter-
mining the past, present and future capacity values. When we compared the total runway and airspace
capacities for current scenarios, it was observed that the airspace capacity was another bottleneck. The
analysis suggests that the arrival routes of the three airports in the Istanbul metroplex can serve up
to a certain ultimate number. Thus, it was concluded that it is important to handle both runway and
airspace improvements together. There are ongoing Single European Sky ATM Research (SESAR)
projects related to this conclusion, such as Airport Airside and Runway Throughput (AART – PJ.02) and
Integrated TMA, Airport and Runway Operations/Optimised Airspace Users Operations (ITARO -PJ.37/
OAUO PJ.07) [57].

The simulation also projected the future capacities of the runway and airspace with the addition of
new facilities. The results suggest that the metroplex airspace will continue to face significant capacity
challenges in the future, especially as demand for air travel continues to grow. The addition of new
facilities will provide some relief, but it is clear that more comprehensive strategies considering airport
and airspace operations together are needed to manage the increasing volume of air traffic in the region
effectively.

One possible solution is to use of time-based separation. Thus, by considering the speed differences
of the aircraft, safety separation is adjusted more accurately and significant improvements are provided
in the delays. In our study, we considered the speed differences only along the common flight paths
when calculating inter-arrival times. As a result, time-based separation can be used for both arrival and
departure operations to increase capacity [57].

Reducing the radar separations might be considered as another improvement for the airspace capacity.
By reducing the radar separation within the TMA, we can increase the capacity as more aircraft enter
and exit the airspace. Currently, if the radar separation for Istanbul Airport is taken as 3 nm instead of 5
nm, the airspace capacity has been obtained by Monte Carlo simulation that it increased to 146. Thus, if
all runways are used in mixed mode, as in Scenario 2b, the airspace capacity will cover the total number
of arrivals (obtained as 144).

Improving air traffic control procedures, on the other hand, might increase both runway and airspace
capacities. Implementing more efficient air traffic control procedures such as streamlining flight paths,
optimising approach and departure patterns, and increasing the use of automation tools can help reduce
delays and increase TMA capacity. In the Istanbul metroplex, LTFJ and LTFM have PMS. It has been
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observed that airports with this system have larger route capacities, especially LTFM with parallel PMS.
The expansion of the scope of PMS within the airspace may be one of the solutions. PMS not only
delivers a more efficient arrival route structure in the terminal airspace but it can be applied to the
extended terminal airspace area for pre-sequencing traffic [58]. However, these are the situations that
need to be simulated in detail and are the subject of another study.

The other solution is to introduce a collaborative decision-making (CDM) system that can optimise
the flow of traffic across the metroplex airspace. Such a system would allow airport operators, airlines
and air traffic control authorities to share data and coordinate their operations more efficiently. This
would help to reduce delays, increase capacity and improve the overall safety of the airspace.

In conclusion, the results of this study provide valuable insights for stakeholders in the aviation indus-
try to effectively manage air traffic in the metroplex airspace. With the use of Monte Carlo simulation,
we have identified the factors that impact airport and airspace capacities and delays and provided recom-
mendations for improving the capacity and reducing delays. By implementing these recommendations,
the metroplex airspace can better meet the growing demand for air travel and support the economic
growth of the region.
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