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ABSTRACT

The air traffic environment is a complex system that involves several players. Between the air navigation service provider (ANPS)
and the final client, many different organizations act with different purposes but are strongly interfaced. Changes and modifications
in terms of technology, predefined process, or personnel are constantly needed, requiring coordination among the stakeholders.
However, due to the high level of interaction between the players, any change in a complex system like the air traffic environment
requires risk management. This paper demonstrates the suitability and advantages of the System-Theoretic Accident Model and
Processes/Systems-Theoretic Process Analysis (STAMP/STPA) method to be applied to the risk assessment of an operational air
traffic modification. The method, which had never been used on an air traffic problem in Brazil before, was applied considering
the implementation of segregated simultaneous operation at the Guarulhos International Airport. The results were proven to be
effective in terms of deriving useful safety requirements. From such demonstration, STAMP/STPA can be considered as a feasible
alternative to the brainstorming method currently applied for risk assessment and generation of safety requirements regarding
modifications in the structure of the air traffic services (ATS) in Brazil.

Keywords: Safety analysis; GNSS; Causal factors; Feature interactions.

INTRODUCTION

In recent years, there has been a significant increase in the air traffic flow (IATA 2019). To ensure safety and effectiveness of
operations, air navigation service providers (ANSPs), operators and airlines, have pursued alternative means and procedures to
increase the continuous flow of the air traffic.

In Brazil, air navigation procedures are based on conventional radio navigation aids on the ground, such as VHF Omnidirectional
Range (VOR), as well as on Global Navigation Satellite System (GNSS) for area navigation (RNAV) procedures. This kind of
navigation method optimizes the use of airspace when compared to conventional procedures, since it allows the aircraft to operate

on any desired flight path within the coverage of navigation aids referenced at stations or within the limits of the autonomous
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aid, or a combination of them (ICAO 2013). Some of the Brazilian airports operate with parallel runways in addition to having
procedures based on RNAV, such as the Guarulhos International Airport, Sao Paulo state.

One solution to deal with the growth of the air traffic mentioned above is to increase the airport operating capacity. In airports
with high levels of traffic, it is vital that the runways are used more efficiently, such as using the parallel runways optimally or
building new lanes. Among the possibilities to meet the high air traffic demand, the parallel runways operation has excellent
applicability, since the avionics systems of the aircraft have been developed based on requirements for this type of operation, in
addition to being more economically viable, when compared to the construction of new runways (Almeida 2014).

In order to improve operations at the Guarulhos International Airport, thereby seeking better performance and operational
flow for the airport, the Agile GRU Project Working Group was established to study viable solutions to increase the efficiency of
simultaneous approach, landing and take-off operations at the Guarulhos airport. This working group idealized the implementation
of the operation with simultaneous parallel runways, which will start operating in 2022. This work was performed based on
Annex 14 of the International Civil Aviation Organization (ICAO) and Risk Management Document for the Implementation of
Segregated Operations at the Guarulhos Airport (DECEA 2021).

In order to implement segregated simultaneous operations in SBGR (ICAOQ location indicator for Guarulhos Airport), based
on Instrument Flight Rules (IFR) operations under Visual Meteorological Conditions (VMCs), the Agile GRU study group
(Alonso et al. 2018) was established, based on Annex 14 of the ICAO. It has representatives of the Brazilian Department of
Airspace Control (DECEA), the Brazilian Association of Airlines (ABEAR), the GRU Airport Company, and the International
Air Transport Association (IATA).

The implementation of the operation was programmed gradually, being divided into 5 phases, starting with approaches under
VMC:s and reduced separation from 5.5 to 3 nautical miles. Currently, the SBGR is operating under Phase Two where the side-
step maneuver is adopted in the approach in addition to the reduction in separation between aircraft. In the side-step maneuver,
the aircraft conducts IFR landing procedure using the Instrument Landing System from a given runway, but switches, using visual
references, a landing maneuver on the runway parallel to the one the approach was initiated.

This kind of change in the air traffic control service involves several stakeholders, such as the ones cited as part of the Agile
Working Group, and requires a safety assessment to identify eventual hazards at a system level, i.e., technical, procedural,
or human aspects. The result of this safety assessment is summarized in a Safety Risk Management Document and contains
mostly the hazards of the proposed operational change with their associated risk and their respective mitigation actions.
This document is typically made by a group of experts that rely solely on their experience to classify the risks through a
brainstorming process.

In Brazil, the stakeholders affected by operational changes on the aspects related to the air traffic services (ATS) do not count
on a well-defined methodology other than having the criteria for categorization of hazards and computation of risks, which are
general guidelines from the national regulatory organization. The steps to identify the hazards from all possible perspectives
come, as previously mentioned, from the brainstorming process performed by an established team. Such a process does not make
the final results unsafe or incomplete, but requires a significant effort, takes days or months to be concluded, and costs valuable
hours of qualified personnel.

From this context, the clear definition of a detailed procedure to be conducted by the safety assessment team, able to capture the
main hazards and their respective mitigation actions—which can naturally be interpreted as safety requirements—in a systematic
process would be of great benefit for the operational risk assessment. Therefore, the goal of the present work is to demonstrate
the usefulness and advantages of applying a system-wide methodology with a well-defined procedure applied to an operational
modification in the context of the ATS.

The chosen method is the Systems-Theoretic Process Analysis (STPA) tool (Leveson 2016), which is derived from the
System-Theoretic Accident Model and Processes (STAMP). By using this method, it is possible to define the control structures
and identify the losses, hazards, and control actions necessary to mitigate the factors contributing to an accident. This technique

aims at identifying the risks of a given system by following a well-established methodology applied to an air traffic control and
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air navigation context. The results are useful when defining changes in the procedures of air traffic flow with the possibility of
applying effective mitigation strategies (Leveson and Thomas 2018).

The STPA analysis is performed for the segregated simultaneous operation at the Guarulhos International Airport. As part of
the motivation for this analysis, is the fact that in a 10-year interval (2010-2019) there were 590 accidents, 423 serious incidents,
2,809 incidents, and 373 ground occurrences in the area of civil aviation aerodromes in Brazil, making a total of 4,195 occurrences
in Brazilian aerodromes (CENIPA 2010-2019). The Guarulhos Airport was the one that had the most occurrences in the above-
mentioned period, thus requiring special attention in the risk analysis. In this context, the organizations that implement strategies

to prevent aeronautical accidents can benefit from the presented methodology.

METHODOLOGY

In order to apply systems theory into risk analysis, a new accident causality model is needed that expands on what is
currently being used. As defined by Leveson (2019), System-Theoretic Accident Model and Processes (STAMP) expands
the traditional causality model beyond a chain of directly related failure events or component failures to include more
complex processes and unsafe interactions between system components. At STAMP, accidents are caused by complex
interactions between physical, human, and social systems. Safety is treated as a dynamic control problem and not as a
failure prevention problem.

New techniques have been developed to analyze an occurrence in which the causes of the accident are not seen as a chain
of events. On that occasion lies the understanding that losses are not only a consequence, but a complex and dynamic process
(Leveson 2016). The STAMP is a causality model of an occurrence based on systems theory developed by Professor Nancy Leveson
(Massachusetts Institute of Technology) to design safer systems. The STPA is a hazard analysis technique based on STAMP
(Leveson and Thomas 2018), and it has applicability in the segments of aviation, space, defense, nuclear, automobile, among
others. The model analyzes causal factors of design such as decision making, organizational culture, and software, which start to
increasingly threaten the integrity of a system (Leveson 2016). Using the STPA technique within a given scenario can be essential
to mitigate factors that may contribute to an eventual accident in addition to identifying the control structure of a system, the
losses and hazards to be avoided, and the control actions to be taken to avoid risk.

The consequences in a system failure that can be tragic is defined as Hazard, which faces up to a scale. The STPA is a hazard
analysis that assumes that accidents can also be caused by precarious interactions of system components, none of which may
have failed (Leveson and Thomas 2018).

RESULTS

In risk analysis, the idealization of the STAMP technique by Professor Nancy Leveson inspired several researchers to conduct
their work using this methodology. As an example, it is possible to cite the use of STAMP in the US Ballistic Missile Defense
System, in studies conducted by Pereira et al. (2006). The safety assessment methodology based on systems theory provided a
structured and organized way to carry out the analysis. It was possible to obtain the necessary information to characterize the
residual safety risk of the hazards associated with the system. Also, many studies using STAMP/STPA have been performed in
the aeronautics operation field (Berqué6 2015; Fleming and Leveson 2015; Fleming et al. 2013; Scarinci 2017; Schmid et al. 2018).
In Brazil, Castilho (2015; 2019) and Castilho et al. (2018) applied the STPA tool (derived from STAMP) in the risk analysis of light
aircraft take-off with crosswind. These works show the relevance of the theme and the large potential of generating the ability to
integrate risk analysis tools in aeronautical systems, making it possible to identify possible losses and hazards to which a control
structure for a given system is exposed within a given scenario.

When applying the STPA tool to identify the risks involved in the Operation of the Simultaneous Parallel Runways

in Guarulhos, it is necessary to start by identifying the possible losses that these risks can lead to. Hence, the first step
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of the analysis was to identify the losses (identified by L followed by its identification number in the topics below)

generated by a possible accident with operations of the parallel runways at Guarulhos Airport. The following losses

were identified as:

L1 - Loss of human life, injuries, and psychic damages:

Loss of crewmember, passenger, and third-party lives;
Injury to crewmembers, passengers, and third parties;

Panic and stress in crewmembers, passengers, third parties, and aviation users in general.

L2 - Environmental losses:

Air Pollution from CO, emissions generated by aircraft fuel burning.

L3 - Material losses:

The airline has expenses with fuel and crew overtime caused by missed approaches;

Damage or total loss of the aircraft, collapse of the wreckage of an accident, and lawsuits;

The aircraft manufacturer has expenses with the investigation of the accident and changes to the aircraft’s technical
instruction manuals and checklists;

Insurance companies have indemnity expenses for the crew, passengers, and third parties;

Outsourced companies (such as food companies, power source operators, pushback operators, etc.) have contract losses
caused by the decrease in the demand for services by the airline that had an accident;

Airport management companies have expenses with damages and interdictions on the runways;

Passengers have the loss of their goods (personal belongings they take with them in their luggage) and the inconvenience
caused by the interruption of their trip;

The countries involved have expenses with search and rescue missions and with the investigation of the accident by

a public entity.

L4 - Loss of Airline reputation:

Customers avoid flying with the company that had an accident;

Negative impact on the image of the Brazilian state before International Organizations.

L5 - Loss of operational performance:

The Air Traffic Control Service has operational losses due to the removal of air traffic controllers involved in the occurrence;

Delays and cancellations in the planning of air operations.

After the definition of losses, the next step is to identify what hazards (H) the system is exposed to and the losses that each

hazard can generate:

H1 - Aircraft does not respect the parameters established for an approach (L1, L2, L3, L4, and L5):

H1.1 - Horizontal instability:

Aircraft gets in the profile of another aircraft that performs the procedure for the parallel runway;
Aircraft lands with the landing gear not aligned with the runway;

Aircraft lands outside the runway’s lateral limits.

H1.2 - Vertical instability:

Aircraft has a hard landing;
Aircraft lands beyond the runway’s longitudinal limits;

Aircraft lands before the runway’s longitudinal limits.

H1.3 - Controlled flight into terrain.
H2 - Aircraft violates minimum separation from other aircraft in the airspace (L1, L2, L3, L4, and L5);

Air collision between aircraft (L1, L2, L3, L4, and L5).

H3 - Missed approach procedure (L1, L3, L4 e L5):

H3.1 - Aircraft performs another landing procedure, but with less fuel (L3 and L5);
H3.2 - Air Traffic Controller (ATCo) keeps the aircraft performing a waiting procedure [L3 and L5].
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All hazards are related to at least one loss, and it is at this point in the analysis that the elements of the system relate
to each other. Based on the list of hazards, System-Level Constrains (SLC) and System-Level Requirements (SLR) that
already exist within the structure are identified:

SLC1 - The aircraft shall respect and comply with the parameters provided for the procedures in use at the aerodrome (H1);

e SLCI.1 - The aircraft shall respect the lateral limits of the procedure (H1.1);

e SLC1.2 - The aircraft shall respect the vertical limits of the procedure (H1.2);

e SLCL1.3 - The aircraft must dissipate its excess mechanical energy (excess height or speed) before landing (H1.2);

* SLC1.4 - The aircraft shall maintain minimum indices of its mechanical energy in order to preserve maneuverability

during the procedure (H1.2);

e SLCL1.5 - The aircraft shall be under pilot control during the entire flight (H1.3);

SLR1 - ATCo shall detect when flight parameters violate the approach limits:

e SLRI1.1 - If the aircraft violates the lateral parameters of the procedure, the crew shall be informed by the ATCo (H1.1);

e SLRI1.2 - If the aircraft is vertically unstable, the pilot shall start the missed approach (H1.2, H3);

e SLR1.3 - Pilots shall have the training to maintain control of the aircraft during the flight (H1.3);

SLC2 - The aircraft shall fly at an altitude equal to or higher than the Minimum Sector Altitude (MSA) (H2);

SLR2 - If the aircraft flies below the MSA, it shall be informed by the ATCo and the crew shall react by going up with full
power to correct the deviation (H2);

SLC3 - The aircraft shall maintain a minimum separation from other aircraft (H2);

SLR3 - The violation in the minimum separation parameters of other aircraft shall be detected and reported by ATCo or
TCAS (Traffic Alert and Collision System). When alerted, the crew shall react to increase the separation within the
minimum standards (H2, H3);

SLC4 - The aircraft shall land with fuel above the minimum level (H1.3, H3.1);

SLR4 - The crew shall manage the fuel consumption and inform the ATCo when the ATCo’ instructions may result in a low
fuel level before landing (H1.3, H3.1);

SLC5 - The crew shall not operate the aircraft with the Ground Proximity Warning System equipment turned oftf (H1, H2);

SLR5 - The aircraft shall have the minimum equipment necessary to comply with the profile of the RNAV procedure
(H1, H2).

With the identification of the risks to which the system is exposed, the hazards caused by these risks, the possible losses, and
the constraints at the system level, as well as the existing requirements, it is possible to define the Control Structure, based on the
controlling agents and controlled elements from the system.

The process for modeling the control structure was divided into two stages: the High-Level Hierarchical Control Structure
and the Detailed Hierarchical Control Structure of the Analyzed System. In the first case, high-level controls were mapped,
divided between Brazilian Air Force Command (COMAER - Comando da Aerondutica), Brazilian National Civil Aviation
Agency (ANAC - Agéncia Nacional de Aviagdo Civil), Brazilian Department of Airspace Control (DECEA - Departamento de
Controle do Espago Aéreo), Guarulhos Airport Air Traffic Service (ATS-GR), Guarulhos Aerodrome Operator (GRU Airport),
Airline and Aircraft.

COMAER is responsible for managing air traffic in the Brazilian airspace. This mission is accomplished by DECEA, an
organization subordinate to that Command, responsible for regulating the Brazilian airspace and providing air navigation services
within the country. DECEA regulates air traffic and the ATS-GR issues authorizations for operations in the Airspace and monitors
compliance with air traffic rules. ANAC is responsible for the management of civil aviation, monitoring the services provided
by aerodrome operators and airlines. The High-Level Control Structure is formed by the elements that make up an Air Traffic

System which is shown in Fig. 1.
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Figure 1. High-level hierarchical control structure. (Elaborated by the athors).

In the Detailed Hierarchical Control Structure, the system components were identified and mapped at a detailed level, divided into
ATS, Flight Crew, Position Monitoring Systems, and Aircraft. The ATS has direct interaction with the Flight Crew through the copilot of the
aircraft, in addition to receiving information from the monitoring systems (radar and transponder). The crew is in the aircraft context, and
the pilots are responsible for interacting with their control systems. The flying pilot acts on the primary flight controls (elevator, aileron, and
rudder), on the throttle, on the flight automation systems (autothrottle, autopilot, and flight director), and interacts with the monitoring pilot.
The latter establishes communication with the ATS, acts on the secondary flight commands (by order of the flying pilot), gives and receives
inputs from the flight director and receives the data from the monitoring systems. Figure 2 shows the detailed hierarchical control structure.
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Figure 2. Detailed hierarchical control structure. (Elaborated by the athors).
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By analyzing the control structures, it was possible to identify the most relevant Unsafe Control Actions (UCAs) for this analysis,

as they directly involve air traffic, specifically the violation of the approach parameters. The UCAs are presented in Tables 1 and 2.

Table 1. Subsystem ATCo vs. flight crew.

ATCo action

Action provided
causes hazard

Action not
provided causes
hazard

Action provided too early/
soon or not in the correct
order

Action provided
stopped too soon or
applied for too long

Inform aircraft about
violation of procedure
parameters

UCA-1: ATS provides
information on the
position of another
aircraft performing

the approach
procedure, but
the information is
incorrect.

UCA-2: ATS does not
provide information
about the position
of another aircraft
when the aircraft is

approaching.

UCA-3: ATS provides traffic
information, but transmits
after TCAS resolution.
UCA-4: ATS provides
information on aircraft
positioning performing
the approach procedure
when they are already on a
conflicting route.

Not applicable

Inform meteorological

UCA-5: ATS provides
direction and wind
intensity information,

UCA-B: ATS does not
provide information
on the intensity and
direction of the wind
when the pilot needs
this information.

UCA-7: ATS provides
information on the crosswind
intensity, but when the
aircraft has already touched
the runway.

UCA-8: ATS provides
information on wind intensity,
but too late when the
aircraft has already violated
the lateral profile of the
procedure.

Not applicable

Table 2. Subsystem flight crew vs. position monitoring systems.

Action not provided
causes hazard

Action provided too
early/soon or not in
the correct order

Action provided
stopped too soon or
applied for too long

UCA-11: Failure to

UCA-10: The control
action to turn on
the XPDR is not
performed, which

causes a hazard when
the aircraft is in flight.

turn on the XPDR at
the right time causes
a hazard when the
aircraft is already on a
conflicting route with
another aircraft.

Not applicable

UCA-13: Failure to
correct the aircraft
bank based on the
Bank Angle alert
creates a hazard when
not performed.

UCA-14: Control action
taken out of time to
correct the aircraft's
bank causes hazard
when the aircraft is
already violating the
procedure profile of

another aircraft.

UCA-15: Control
action for the
correction of aircraft
bank interrupted too
early causes hazard
when the information
does not reach the
aircraft’s warning
system.

conditions but the data is
incorrect.
Ai ft . . .
molrrl.ict::r(‘::'in Flight crew  Action provided
R 9 action causes hazard
UCA-9: Having
XPDR Turn on XPDR turned off
(Transponder) XPDR causes hazarq i
performed during
the flight
UCA-12: Control
[EEniF;\r/l\t/:E d Correct action to correct
Ground aircraft bank aircraft bank
Proximit based on causes hazard
Warnin Y Bank Angle when Bank Angle
S stemE]] Alert information is
Y ignored.
OBPMA Alert the Ugg;f;fggj;‘"
(On-Board crew about the Grew causes
Performance the loss hazard when the
Monitoring of RNP information does
and Alerting) capacity

not reach the pilots.

UCA-17: Control action
to alert the crew
causes a hazard when
pilots abandon the
procedure profile and
the alert is not issued.”

UCA-18: Control action
to alert the crew
carried out in the wrong
order causes hazard
when pilots abandon
the procedure before
receiving the RNP alert.

UCA-19: Control action
to alert the crew
causes hazard if the
aircraft remains in the
procedure after the
RNP alert.

Continue...
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Table 2. Continuation.

Aircraft

Action provided
causes hazard

Action not provided
causes hazard

Action provided too
early/soon or not in
the correct order

Action provided
stopped too soon or
applied for too long

UCA-20: Failure
to observe excess
bank, allowing the
aircraft to violate
the lateral profile
of the procedure.

UCA-21: The control
action of monitoring
the aircraft’s roll, if
not performed, causes
a hazard when the
aircraft gets close to
another aircraft.

UCA-22: Control action
of observing the excess
of bank after the aircraft
has violated the lateral
profile of the procedure
causes hazard when
aircraft gets close to
another aircraft.

Not applicable

UCA-23: Failure
to observe excess
pitch angle,
allowing the
aircraft to violate
the vertical profile
of the procedure
creates a hazard.

UCA-24: The control
action of monitoring
the pitch angle, if not
performed, causes
a hazard when the
aircraft does not
maintain the vertical
profile of the procedure.

UCA-25: The action
of observing excessive
pitch after the aircraft
has violated the vertical
profile of the procedure
causes a hazard when
the aircraft gets close

to another aircraft.

Not applicable

L Flight crew
monitoring .
action
system
Monitor
aircraft roll
AHRS
(Attitude
and Heading
Reference
System)
Monitor
aircraft
pitch
ABAS Check for
(Aircraft- possible
Based degradation
Augmentation  of the GNSS
System) signal

UCA-26: Ignoring
the GNSS signal
degradation alert
causes a hazard
by losing GPS
position accuracy.

UCA-27: The control
action of checking for
degradation of the
GNSS signal if not
performed causes
hazard when the
aircraft performs
the missed approach
procedure.

UCA-28: The action
of interrupting the
procedure only after
entering a conflict
zone with other
aircraft, even having
already received the
degradation alert of the
GNSS signal, generates
the hazard of proximity
between the aircraft.

UCA-28: Interrupting
the procedure after
receiving the GNSS
signal degradation

alert, but returning to
the profile while the
precision conditions

are not reestablished
causes a hazard of
losing the accurate

GNSS indication.

From the identification of the UCAs, it is possible to identify the scenario and the causal factor associated with it. With these

data, a rational analysis about the UCA is developed and then it is possible to define which safety restrictions or safety requirements

should be taken to mitigate them, as shown in the Tables 3 to 8.

Table 3. Scenario 1.

Fail to Inform the Aircraft of Violation in the Parameters of the Procedure

Scenario

Associated Causal Factor

Rational Analysis

Two aircraft perform the RNAV procedure for the

SBGR parallel runways and one of them violates the

lateral parameters of the RNAV RNP procedure.

The crew allows the aircraft to
breach the limits of the Non-
Transgression Zone (NTZ).

The proximity of the trajectories
can make it difficult for the ATCo to
visualize the traffic conflict.

Mitigating Actions

An Air Traffic Controller must have exclusive dedication to control the performance of the RNAV RNP approach to the parallel runways.

Table 4. Scenario 2.

Delay to Inform About Wind With Strong Intensity

Scenario

Associated Causal Factor

Rational Analysis

Two aircraft perform the RNAV procedure for the

SBGR parallel runways and one of them violates the

lateral parameters of the RNAV RNP procedure.

The strong wind intensity directs at
least one of the aircraft to breach

the NTZ.

The transition through NTZ may
bring aircraft in parallel approach
too close.

Mitigating Actions

The ATCo must inform, before the start of the procedure, the aircraft about the strong intensity of the wind, as well as the direction
in order to be possible for the crew to anticipate any possible inaccuracies.
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Table 5. Scenario 3.

Flying With XPDR Off

Scenario Associated Causal Factor Rational Analysis
-g\évftﬁgcggfég er;?gﬂ;frfﬂi’:iva%?%i%ug? At least one of the aircraft performing When flying with the XPDR inoperative,
them violatespthe lateral ayrameters of the procedure profile has the XPDR the aircraft would not broadcast
the RNAV RNP pr‘opcedur‘e inoperative and flies close to another. information.

Mitigating Actions

The ATCo must check, before the start of the procedure, if the aircraft has XPDR “Mode S activated through the plot on the radar
and by pressing the “IDENT” button.

Table 6. Scenario 4.

Losing RNP Capacity

Scenario Associated Causal Factor Rational Analysis

Two aircraft perform the RNAV procedure . . Carrying out the approach procedure has
for the SBGR parallel runways and one of Crew ignores the RNP capacity loss alert

- issued by OBPMA and tries to maintain several items that demand the crew's
them violates the lateral parameters of

- attention, which can cause the OBPMA
the RNAV RNP procedure. the profile of the RNAV RNP procedure. alert to be ignored.

Mitigating Actions

The crew must comply with the OBPMA alert, report the condition immediately to the ATCo, and request an alternative landing procedure.

Table 7. Scenario 5.

Enter The NTZ

Scenario Associated Causal Factor Rational Analysis

Two aircraft perform the RNAV procedure Crew ignores the AHRS excess bank Carrying out the approach procedure has
for the SBGR parallel runways and one of

. . ) several items that demand the crew’s
them violates the lateral parameters of and/or pitch alert, and violates the side

3 attention, which can cause the AHRS
the RNAV RNP procedure. profile of the RNAV RNP procedure. alert to be ignored.

Mitigating Actions

The crew must comply with the AHRS alert and correct the bank and/or pitch in order to maintain the profile of the procedure.

Table 8. Scenario 6.

GNSS Signal Degradation

Scenario Associated Causal Factor Rational Analysis

Crew ignores the warning of loss of Carrying out the approach procedure has

: . several items that demand the crew’s
acouracy of the i’;i’g signal, issued by attention, which can cause the ABAS

alert to be ignored.

Aircraft performs the RNAV procedure
for one of the SBGR parallel runways.

Mitigating Actions

The crew must comply with the ABAS alert, report the condition immediately to the ATCo, and request an alternative landing procedure.

The rational analysis of the causal factors results in mitigating actions whose objective is to exclude the possibility of the
execution of the UCA by the crew and the ATCo, making sure that the safety requirements and restrictions are met. The application

of mitigating actions by the controlling agents of the subsystems is the result expected from this study.
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Most of the proposed mitigating actions are already carried out by common sense, but it is essential that they based on safety
requirements or safety restrictions. They must be formally described in the regulations governing the performance of the procedures,
and disseminated in sectors responsible for the operations of airlines and air traffic control agencies. In this sense, there should
be an ATCo exclusively monitoring and controlling the aircraft that performs the RNAV RNP procedure.

Regarding the latter requirement, it is worth mentioning that the ionospheric layer strongly affects the GNSS signals used in RNAV
procedures, more intensively in low-latitude regions, which is the case of Brazil. The scenarios in which the operation can be compromised
by the ionosphere can be found in Marini-Pereira et al. (2021) and Sousasantos et al. (2021) and has been the motivation for several
studies as reported in Monico et al. (2022). As a consequence of such interference, there could be loss of RNP capacity or GNSS signal
degradation, derived from actions respectively related to the OBPMA and the ABAS subsystems. Hence, the safety requirements
related to eventual ionospheric interferences on GNSS positioning over Brazil are covered by the scenarios described in Tables 6 and 8.

Regarding the meteorological conditions, it is essential that the ATCo informs the aircraft performing the procedure about the direction
and intensity of the wind, so that the crewmembers can calculate any deviations caused by this type of meteorological phenomenon, and apply
the necessary corrections. The corrections in the trajectory are essential due to the proximity of the aircraft following the RNAV RNP procedure
because even though both suffer from the interference of the wind, aircraft of different categories have different aerodynamic reactions.

To ensure a correct radar plot about the positioning of the aircraft, the ATCo must ensure that the aircraft has the C mode
activated in the aircraft transponder. To do this, the ATCo must confirm that he/she receives latitude, longitude, and altitude
information on the radar screen. In addition, ATCo must request that the crew activate the IDENT button on the referred equipment.

Concerning the flight crew, when receiving the alert from the OBPMA, pilots must immediately report the condition to the
ATCo and request an alternative landing procedure, since it is not possible to remain in the profile of the RNAV RNP, due to
the loss of RNP capacity. Airline operations department should add the obligation to inform the ATCo about the OBPMA alert.

As for the degradation of the GNSS signal, the aircraft may eventually lose accuracy in receiving the global positioning signal,
in airspace in the Brazilian territory, due to the interference caused by magnetic phenomena in the Ionosphere. In this case, the
ABAS system issues an alert. Pilots must then comply with the system notification, notify the ATCo about the degradation, request
an alternative landing procedure, and abandon the RNAV procedure.

CONCLUSIONS

In Brazil, the air traffic has increased considerably in the last 30 years, and it is estimated that in 2030 it will be increased 89%
compared to 2010. Such increase should be probably noted on the Guarulhos International Airport, which is the largest airport in
Brazil. This characteristic highlights the need for establishing safety requirements for operations that aim at optimizing the local
air traffic. Therefore, it is understood that it is required an effective systematic approach on hazard analysis to assess and mitigate
possible problems that can occur at the Guarulhos Airport considering the current air traffic flow.

From this demand, this paper has presented the application of STPA as a systemic analysis of hazards as a possibility to replace
the brainstorming process currently applied in Brazil when an operational change takes place in the ATS. The STPA method applied
has considered the implementation of simultaneous parallel operations of runways at the Guarulhos International Airport. High-level
accidents and the hazards associated with them have been identified and can be traced back to the causal factors leading to the
identified losses (L1, L2, L3, L4, and L5). A hierarchical safety control structure was designed to analyze the impacts on the elements
that are responsible for the control of the aircraft and systems processes (as captured in Figs. 1 and 2). The safety control structure
contributes to provide a general view of the system and its interactions. It allows analysis for the allocation of control constraints
where lack of control leads to an accident (see Tables 1 and 2). After analyzing the conditions that make control actions unsafe,
the causal scenarios that lead to losses were described (see Tables 3 to 8). They helped to demonstrate how each potential hazard
can occur for each unsafe control action that affects simultaneous operations at the Guarulhos International Airport.

An interesting aspect that came out from the resulting analysis is about the ionosphere influence on RNAV procedures over

Brazil. Thinking upon safety for GNSS procedures of the simultaneous operation on runways at the Guarulhos Airport, it is
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possible to estate that even with the interferences of the ionosphere on the GNSS-based subsystems there are safe conditions to
conduct the intended simultaneous operations, considering the RNAV requirements.

Thus, strategies for safety operations at the studied airport are vital due to the increasing growth in the demand for air
transportation. Therefore, this work concludes that STPA analysis has proved to be a reliable method to assess hazards and their

mitigation means (safety requirements) in the air traffic context.
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