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ABSTRACT

The booming civil aviation is challenging the limited airspace resources,
generating safety and efficiency problems in Air Traffic Management (ATM). In
response, the International Civil Aviation Organization (ICAO) proposed the
Communication, Navigation, and Surveillance/Air Traffic Management
(CNS/ATM), which employs digital technologies, including the Global
Navigation Satellite System (GNSS) and various automation to support a seamless

global air traffic management system.

However, space weather, such as solar flares and coronal mass ejection, can hinder
routine aviation operations from communication blackouts and GNSS-based
navigation and surveillance failure. In addition, the elevated cosmic radiation
induced by space weather can also cause hazardous aviation radiation exposure,
which poses a threat to the health of aircrew and passengers. Hence, these effects
of space weather necessitate flight plan adjustments. Although space weather
events have been heavily emphasized, few studies on the implications of space
weather on aviation operations have been conducted. Consequently, this thesis
aims to quantify these effects from the standpoint of air traffic management by

utilizing some historical space weather events and indispensable assumptions.

Space weather can cause HF communication blackouts, disrupting transpolar
flight operations. Therefore, airlines may choose to cancel flights or reroute to
low-latitude airspace to maintain satellite communications. To evaluate the
economic impact of the HF communication blackouts, we developed a scenario
based on the assumption that a space weather event as intense as the Halloween
solar storm of 2003 would have occurred in 2019. The results indicate that the
potential daily economic losses associated with polar aircraft rerouting and

cancellations might vary from €0.21 million to €2.20 million.

Additionally, space weather can impact GNSS performance, resulting in GNSS
satellite navigation failure. To explore the effects of satellite navigation failure and
the associated economic costs, we chose the Halloween storm of 2003 as a starting

point. Results indicate that 2,705 flights in the Continental United States (CONUS)
I



would be affected during the course of space weather events. Failures in the
Continuous Descent Approach (CDA) and Area Navigation (RNAV) can result in
an increase of up to €2.43 million in expenses. Besides, we investigate the effects
of an ionosphere storm on Hong Kong flights in 2030 by simulating a period of
satellite navigation failure (9-16 LT) on a geomagnetic storm day. Our modeling
results indicate that if the duration of satellite navigation cannot be forecast, the
costs associated with arrival flights will reach €2 million. If the ionospheric impact
can be accurately forecasted, the cost could be decreased to €1 million. In addition,

the time costs related to passengers due to flight delays might reach €3 million.

GNSS serves as the basis for Automatic Dependent Surveillance-Broadcast (ADS-
B). Consequently, ADS-B will be ineffective during GNSS positioning failure. To
investigate the effects of ADS-B failure, we simulated the failure duration from 9
LT to 16 LT on 5 September 2018. The total increased flight time for arrival flights
in Hong Kong is 1,864 minutes and increased fuel consumption is 65.24 tons,
resulting in an additional €0.33 million economic cost including time cost and fuel

cost.

Massive cosmic radiation can significantly affect the health of flight crew and
passengers. Consequently, during a solar radiation storm, aviation radiation
exposure will increase dramatically. In this case, airlines can choose to cancel
flights, reroute flights, or lower flight altitudes. To analyze the economic costs of
flight cancellations due to the elevated cosmic radiation, we assumed that a space
weather event as intense as the Halloween solar storm of 2003 would have
occurred in 2019. Results show that flight cancellation costs can be from €2.77
million to €48.97 million, depending on the cosmic radiation dose limits for a

given flight plan.

In addition, a multi-objective optimization model has been proposed to minimize
aviation radiation exposure and fuel consumption by assigning flight altitudes and
speeds while maintaining normal aircraft performance. The study is based on a
Tokyo-to-London international flight in 2018 under the assumption that a space
weather event comparable to the solar radiation storm that occurred on 20 January

2005. Results show that the proposed method can efficiently reduce fuel



consumption while adhering to cosmic radiation restriction regulations. Our
research provides insight for future decisions on air transportation in hazardous

space weather conditions.

Our study indicates that powerful space weather events may briefly disrupt normal
aviation operations and cause substantial economic losses if future aviation

equipment and technology are fragile to its effects.
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Chapter 1

Introduction

Space weather can damage space-based and ground-based systems, consequently
affecting human activity. The main topic of this thesis is to investigate the
consequences of space weather on air traffic management and associated
economic costs. The space weather effects in our study include communication
blackouts, satellite navigation failure, satellite-based surveillance failure, and
elevated cosmic radiation. This chapter provides an overview of this thesis,
including the research background, objectives and methods, and the thesis

organization.

1.1 Research Background

1.1.1 Space Weather

Space weather is associated with solar activity, including on its surface and in the

solar wind and the interplanetary magnetic field (Poppe and Jorden, 2006; Telloni

et al., 2020). Numerous physical phenomena, such as geomagnetic storms and

substorms, ionospheric disturbances, and scintillation, are related to space weather

(Alberti et al., 2017). The abrupt release of electromagnetic energy stored in the

magnetic fields is connected to solar flares. Emitted radiation comprises a
substantial percentage of the electromagnetic spectrum, from radio waves to X-

rays (Hudson, 2011; Svestka, 2012). Coronal Mass Ejections (CME) are huge

releases of billions of tons of charged particles and magnetic field from the sun’s

surface (Manchester IV et al., 2004; Webb and Howard, 2012), which can cause

magnetosphere compression and geomagnetic storms (Brown, 1978; Hundhausen,

1999). Solar Energetic Particles (SEP) are protons and heavy ions accelerated by
CME or solar flares (Marqué et al., 2006; Ryan et al., 2000; Shea and Smart, 2012).

The interaction between CME and the Earth’s magnetic field can lead to major

geomagnetic storms (Gonzalez et al., 1999). Three primary forms of space weather

are radio blackouts, solar radiation storms, and geomagnetic storms (Eastwood et

al., 2017). Due to the intricacy and interconnection of the underlying physical
1




processes, all three of these phenomena are capable of occurring inside a single
space weather event with varied temporal, spatial, and intensity imprints. The
consequences of space weather events on space-based and ground-based systems
are depicted in Figure 1.1. Therefore, it is crucial to monitor space weather
conditions because they can impair the performance and reliability of satellites,
navigation systems, and radio communications. The duration of the impacts of
space weather events might range from a few seconds to many days (Schwenn,
2006). The influence of solar radiation storms, geomagnetic storms, and
ionospheric storms are accounted for in space weather predictions for international

air navigation (Morozova et al., 2020). These predictions allow operators to be

cognizant of potential dangers and devise alternate strategies if oncoming

conditions are of a scale and/or nature that might interrupt routine operations.

T h—

Minutes

Minutes/

hours
s —

Figure 1.1. Space weather impact tree.
2



Kp and Dst are two geomagnetic indices (Nagai, 1988) that are widely used for
space weather research. The Kp index depicts the worldwide geomagnetic activity

based on 3-hour observations from magnetometers on Earth’s surface (Thomsen

2004). Each station is calibrated based on its latitude and reports a particular Kp
index based on the geomagnetic activity detected at the magnetometer’s location.
Dst (Disturbance Storm Time) index is produced from a network of four near-
equatorial geomagnetic observatories that monitor the ground magnetic

disturbance in the low latitude region (Sugiura, 1963).

1.1.2 Air Traffic Management

Air traffic management (ATM) can be broadly divided into three levels: (1) the
strategic level by runway expansion or shorter separation standards; (2) the pre-
tactical level by splitting traffic flows and sectors; and (3) the tactical level by
sequencing and re-sequencing aircraft during flight operations (Gwiggner and
Nagaoka, 2014). Figure 1.2 shows that ATM includes Air Traffic Services (ATS),
Airspace Management (ASM), and Air Traffic Flow Management (ATFM).

Traditional ATM methods include group delay programs (Glover and Ball, 2013;

Liu et al., 2019), airport surface management (Bolat, 2001; Corlu et al., 2020; Ng
et al., 2018), flight rerouting (Ding et al., 2018; McCrea et al., 2008), flight

scheduling (Birolini et al., 2021; Eufrasio et al., 2021), and flight sequencing (Eun
etal., 2010; Xu et al., 2022).

Air Traffic Management (ATM)

I
! ! }

Air Traffic Services Airspace Air Traffic Flow
(ATS) Management (ASM) Management (ATFM)
I
| ! ! }
Air Traffic Control Advisory Flight Information Alerting
(ATC) service service Service (FIS) service

Figure 1.2. ATM architecture diagram (ICAQO, 2007). ATS aims to ensure safe and

orderly traffic flow and provides the necessary information to aircrew. ASM aims
to manage scarce airspace to satisfy flight demands from civil users and military

users. ATFM aims to regulate flight flows to avoid air traffic congestion.



However, the growing flight demand exceeds the limited airspace capacity,

causing severe flight congestion and costly delays (Bubalo and Gaggero, 2021;

Starita et al., 2020). Therefore, to satisfy the predicted growth in air traffic demand,

the current ATM system will need to be upgraded. In response, the International
Civil Aviation Organization (ICAO) has proposed CNS/ATM based on satellite
navigation, digital communications, performance-based navigation (PBN), and
Automatic Dependent Surveillance-Broadcast (ADS-B) to increase airspace
capacity and flight efficiency (Osunwusi, 2020; Vismari and Junior, 2011). Figure
1.3 illustrates the components of CNS/ATM. Based on the advanced CNS/ATM

system, aviation safety, and security capabilities can be modernized, consequently
increasing airport capacity and reducing flight delays. Furthermore, the possibility
of aircraft collision can be decreased due to safety alerts and warnings.

Navigation Satellite N e
Communication <. &

.....

Airline
Dispatch

Figure 1.3. Components of CNS/ATM. Specifically, Controller-Pilot Data Link
Communications (CPDLC) will replace voice communication as the main
communication technology. Satellite navigation will play an important part in
guiding aircraft. Along with radar systems, ADS-B will be used to monitor flight

situations.

Communication

Voice communication is important in routine and emergency air-to-ground
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communications based on Very High Frequency (VHF) radio (Haynes, 2015).
Although numerous pilots have described the calming impact of hearing ATCOs’
voices, VHF can only transfer information at the speed of human talking, and it
cannot handle several broadcasts on the same frequency simultaneously (Tuysuz

et al., 2013). In contrast, Controller-pilot data link communications (CPDLC) can

greatly minimize the bandwidth and time requirements (Gurtov et al., 2018).

Therefore, air-ground communication services will increasingly rely on data
communications, reserving voice for real-time and crucial communication.
Aircraft can respond to ATCOs using either a predefined message format or free

text (Glaser-Opitz and Glaser-Opitz, 2015). Messages from a controller typically

adhere to a defined structure, and most messages demand a response. The benefits
of CPDLC include a reduction in voice channel congestion, fewer
miscommunications, and a reduced workload of pilots and ATCOs (Bajaja and
Majumdar, 2021).

Navigation

Performance-based navigation (PBN) is the regulatory framework for
implementing Area Navigation (RNAV), which requires a particular level of

accuracy, integrity, continuity, and functionality (Fellner and Konieczka, 2019;

Pamplona et al., 2021). PBN relies on enabling technologies such as on-board

integrated navigation systems and GNSS receivers. The aircraft determines its
current latitude, longitude, and position relative to the desired flight route. As long
as the aircraft can determine the real-time positions, they may fly anywhere within

the GNSS system’s service area (Eldredge et al., 2010; Walter, 2017). In contrast,

non-directional beacons (NDB), Distance Measuring Equipment (DME), and
VHF omnidirectional range (VOR) are examples of traditional terrestrial
navigation aids that can only direct aircraft along specified routes (Skrypnik,
2019).

Surveillance

In addition to radar systems, the Automated Dependent Surveillance-Broadcast
(ADS-B), as an emerging surveillance technology, employs GNSS to calculate
longitude, latitude, altitude, and speed (Eskilsson et al., 2020). The onboard ADS-
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B Out system then broadcasts this information together with the aircraft’s
identification twice every second. This update interval is shorter than the radar

with an update interval of 4-15 seconds (Ali et al., 2017b). Therefore, ATCOs will

increase confidence in aircraft’s real-time positions, reducing the separation
between aircraft without compromising flight safety, which can optimize airspace

capacity and improve flight safety (Kunzi, 2013).

ATM benefits of CNS

The primary benefits of CNS for ATM include higher airspace capacity
particularly in crowded airspace, more schedule flexibility, improved flight path
efficiency, less disruption due to flight delays and diversions, and enhanced

efficiency from a lowered separation minimum (Kistan et al., 2017). Currently,

aircraft may fly closer together without compromising safety. Specifically, the
separation standards in oceanic airspace have decreased from 180 nautical miles

to 50 nautical miles and subsequently to 30 nm (Builta, 2016; Qing et al., 2022),

with the potential that ADS-B would permit a shorter separation standard of less
than 15 nautical miles (Marais, 2016).

1.1.3 Space Weather Effects on Aviation
Space Weather Effects on Communication
Space weather can have significant effects on communication systems,
particularly those that rely on radio waves and satellite technology. The ionosphere,
aregion of Earth’s upper atmosphere, plays a crucial role in reflecting radio signals

back to the surface (Atiq, 2018; Nielsen et al., 2007; Walsh et al., 2015). Space

weather can affect the ionosphere by causing ionization irregularities, electron

density fluctuations, and scintillation (Rodrigues and Moraes, 2019; Xiong et al.,

2016). These disturbances can lead to signal fading, signal absorption, and
increased errors in data transmission for high-frequency (HF) and very high-
frequency (VHF) radio communication systems (Goodman, 2005; Hapgood et al.,

2021; Maxama and Markus, 2018; Tao et al., 2020).

Geostationary satellites provide a wide range of communication services,
including television broadcasting, internet access, and long-distance telephony

(Su et al., 2019; Whalen, 2010). Space weather events, such as solar radiation
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storms and geomagnetic storms, can damage satellite electronics and disrupt

satellite communication links (Bothmer et al., 2007; Knipp et al., 2016; Moldwin,

2022). Operators may need to take protective measures to safeguard satellite
systems during such events. Moreover, geomagnetic storms, driven by solar
activity, can induce electric currents in power lines and pipelines on Earth’s

surface (Marshall et al., 2010; Pirjola, 2005). These induced currents can damage

transformers and other electrical equipment, leading to power outages (Panteli et

al., 2016; Schrijver et al., 2015). Additionally, ground-based communication

systems, such as undersea cables, may experience increased noise and signal

degradation during geomagnetic storms (Bothmer et al., 2007; Pirjola et al., 2005).

Space weather can also affect communication between aircraft and air traffic

control (Eastwood et al., 2017). Radio waves used for communication can

experience interference or signal fading due to ionospheric disturbances,
potentially impacting the safety and efficiency of aviation operations (Dave et al.

2022; Elmarady and Rahouma, 2021; Goodman, 2005; Li et al., 2006). Besides,

during geomagnetic storms, auroras become more prominent and extend to lower
latitudes. These beautiful natural phenomena can disrupt radio signals by ionizing
the atmosphere, causing absorption and signal fading in the affected regions

(Knipp et al., 2016; Smith et al., 2008).

To mitigate the effects of space weather on communication systems, operators and
agencies often monitor space weather conditions closely. They may implement
measures such as rerouting flights, temporarily shutting down sensitive equipment,
or using alternate communication frequencies or backup systems during periods
of heightened space weather activity. Additionally, advancements in technology
and research help improve our understanding of space weather and its potential

impacts, allowing for better preparedness and response.

Space Weather Effects on satellite navigation GNSS

Space weather can have significant effects on GNSS, such as the Global
Positioning System (GPS), Galileo, GLONASS, and BeiDou. These systems rely
on signals from satellites in orbit to provide accurate positioning, navigation, and

timing information (Hapgood, 2017; Sreeja, 2016a). The ionosphere, a region of




the Earth’s upper atmosphere, can be affected by space weather events such as

solar flares, solar radiation storms, and geomagnetic storms (Cander, 2019; Moen

etal., 2013; Yigit et al., 2016). These disturbances can lead to rapid changes in the

ionospheric electron density, causing fluctuations in the speed of radio signals

passing through it (Coster and Komjathy, 2008; Moen et al., 2013; Singh et al.,

2010). This results in errors in the calculation of signal travel time, which in turn

leads to positioning errors (Vankadara et al., 2022; Vesnin, 2022; Warnant et al.,

2007). Difterential GNSS techniques and real-time ionospheric modeling can help
mitigate these effects (Memarzadeh, 2009; Wang et al., 2022; Yasyukevich et al.,
2020).

Scintillation is a rapid and random fluctuation in the amplitude and phase of GNSS

signals as they pass through the ionosphere (Aquino et al., 2009; Kintner et al.,

2009; Pi et al., 2017; Vila-Valls et al., 2020). It is most common in equatorial and

high-latitude regions during geomagnetic storms (Andalsvik and Jacobsen, 2014;

Jiao and Morton, 2015). Scintillation can degrade the signal quality, making it

challenging to accurately track and decode the signals from satellites (Luo et al.

2020; Pietal., 2017; Romano et al., 2013). Specialized receivers with scintillation

monitoring capabilities can help mitigate the impact (Aquino et al., 2009; Nguyen

etal.. 2019; Zhao et al., 2022).

The ionosphere can introduce signal delays and dispersion in GNSS signals,

particularly at (Camps et al., 2016; Guo et al., 2014; Zhao and Lei, 2023). This

can result in errors in distance measurements, affecting position accuracy. Dual-
frequency GNSS receivers are less susceptible to these effects because they can
calculate and correct for ionospheric delays by comparing signals at different

frequencies (Glenn Lightsey et al., 2014; Luo et al., 2023; Nie et al., 2020; Sun et

al.. 2021a).

Space weather events, particularly solar radiation storms, can affect the onboard

electronics of GNSS satellites (Eastwood et al., 2017; Horne et al.. 2013; Roy and

Paul, 2013). High-energy particles can cause single-event upsets, latch-ups, or

other anomalies in satellite systems. When this occurs, satellite signals may

become less reliable, or certain satellites may go temporarily offline (Hapgood,



2017; Roy and Paul, 2013; Sreeja, 2016a). In addition, GNSS receivers on Earth

can also be affected by space weather events (Fajardo et al., 2019; Hapgood, 2017;

Ishii, 2017). Interference from solar radio bursts, for example, can disrupt the
receiver’s ability to track and decode satellite signals accurately. Modern GNSS
receivers often include features to mitigate interference and improve signal
tracking during adverse conditions. The cumulative effect of ionospheric
disturbances, scintillation, and other space weather-related issues can lead to
navigation errors in GNSS applications. These errors can impact industries such
as aviation, maritime navigation, agriculture, surveying, and emergency services

(Meehan, 2010; Pankratius et al., 2014; Rockville, 2019; Viereck et al., 2014).

To mitigate the effects of space weather on GNSS, various strategies and
technologies are employed. These include the development of more robust and
resilient GNSS receivers, the use of dual-frequency receivers, real-time
monitoring of ionospheric conditions, and the development of advanced
ionospheric models for real-time corrections. Additionally, users of GNSS data are
encouraged to remain aware of space weather forecasts and potential impacts on

their operations so that appropriate measures can be taken when necessary.

Space Weather Effects on cosmic radiation

Space weather can have significant effects on cosmic radiation in our solar system.
Cosmic radiation primarily consists of high-energy particles, primarily protons
and atomic nuclei, originating from various sources, including the sun, Galaxy,

and distant galaxies (Erlykin and Wolfendale, 2006; Schlickeiser, 2013). Solar

flares and coronal mass ejections are explosive events on the Sun that release a
burst of high-energy particles into space, including protons and heavier ions

(Durante and Kronenberg, 2005; Simonsen et al., 2020). These SEPs can

significantly enhance the flux of cosmic rays in the inner solar system. When SEPs
interact with Earth’s magnetic field, they can lead to geomagnetic storms (Kress

et al., 2010) and potentially disrupt satellite operations, aviation communication,

and power grids (Bothmer et al., 2007; Eastwood et al., 2017; Redmon et al., 2018).

The Sun’s activity, including its 11-year solar cycle, affects the strength of the
solar magnetic field and the solar wind (Ata¢ and Ozgiic, 2006; Schatten, 2003).

Therefore, during the solar activity maximum, the cosmic radiation intensity
9



increases significantly. Generally, the cosmic radiation rates are higher in the
higher altitudes and latitudes due to the less protection from atmosphere and

magnetosphere (Bottollier-Depois et al., 2003; Matthid et al., 2014).

When it comes to aviation, especially at high altitudes, such as during long-haul
flights, there are potential effects of cosmic radiation on both passengers and crew
members. As aircraft climb to higher altitudes, they enter the Earth’s stratosphere
and, eventually, the mesosphere, where they are exposed to cosmic radiation. At
cruising altitudes, the Earth’s atmosphere provides less shielding from cosmic
radiation compared to being at sea level (Almeida Filho et al., 2023; Matthié et al.,
2015).

The dose of cosmic radiation that passengers and crew members are exposed to
during a flight depends on several factors, including flight altitude, route, and

duration (Bottollier-Depois et al., 2003; Lee et al., 2015). Generally, the longer the

flight and the higher the altitude, the greater the radiation dose.

The health risks associated with exposure to cosmic radiation are a topic of
concern, especially for frequent flyers, flight crews, and airline personnel.
Prolonged exposure to high levels of cosmic radiation can increase the risk of

cancer over a person’s lifetime (Barcellos-Hoff et al., 2015). The risk is relatively

low for occasional air travelers but is of greater concern for those who spend

significant time in the air.

Aviation authorities, such as the Federal Aviation Administration (FAA) in the
United States and the International Commission on Radiological Protection
(ICRP), have established guidelines and regulations to limit the exposure of flight

crews to cosmic radiation (Friedberg et al., 2000; Lochard et al., 2016). Airlines

are required to monitor and record the radiation doses of their crews and provide

protection measures when necessary (Bartlett, 2004). Pregnant passengers and

crew members are typically more susceptible to the effects of cosmic radiation

(Barish, 2014). Airlines often have policies in place to provide alternative work

assignments for pregnant crew members or offer recommendations to pregnant
travelers. Airlines can take measures to reduce the exposure of passengers and

crew to cosmic radiation. This may include altering flight routes to avoid regions
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of increased cosmic radiation (e.g., polar routes), flying at lower altitudes when
possible, and limiting the time spent at higher altitudes during long-haul flights
(Di Trolio et al., 2015; Shouop et al., 2020; Xue et al., 2022¢). Some aircraft are

designed with features that provide additional shielding against cosmic radiation.
For example, certain materials and structures can help reduce radiation exposure

inside the aircraft (Gaisser et al., 2016).

In summary, while cosmic radiation is a concern in aviation, the associated health
risks are generally considered low for most passengers and crew members.
However, those who frequently fly at high altitudes may be exposed to higher
levels of radiation and should take precautions, such as following guidelines and

regulations set by aviation authorities and airlines.

1.14 Space Weather Service for Aviation
Although the Sun is far away from the Earth (about 150 million km), space
weather can affect a vast array of technologies and activities in space and on Earth

(Toth et al., 2012), such as critical national infrastructure such as power grids

(Watari, 2015), the oil and gas industry (Viljanen et al., 2006), communications

(Kelly et al., 2014), ground transportation (Eroshenko et al., 2010), satellite

infrastructure (Loto'aniu et al., 2015), and GNSS (Sreeja, 2016b). Solar storms

exist in three varieties and can have detectable effects on Earth’s atmosphere and
magnetosphere: a solar flare can produce a Radio Blackout, a disturbed solar wind
can cause a Geomagnetic Storm, and rapid solar particles can cause a Radiation
Storm. Therefore, the effects of space weather on aviation include degraded
radio/satellite communication, excessive radiation doses for aircrew and
passengers, and signal reception disturbances from navigation satellites. The
effects of space weather on aviation are summarized as follows from the
perspective of Solar Flare Radio Blackouts, Solar Radiation Storms, and

Geomagnetic Storms.

Solar Flare Radio Blackouts: ionospheric disruptions produced by solar X-ray
emissions, which can deteriorate HF radio communication at medium and

low latitudes (Reddybattula et al., 2020).

Solar Radiation Storms: increased levels of radiation due to an increase in the
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volume of energetic particles. Solar radiation storms typically impair
satellite tracking and power systems and pose radiation risks to humans in

flight at high altitudes or latitudes (Shea and Smart, 2012). In addition,

solar radiation storms may cause HF radio blackouts at high latitudes and

GNSS positioning errors (Yasyukevich et al., 2018).

Geomagnetic Storms: perturbations in the Earth’s geomagnetic field induced by

solar wind gusts (Rathore et al., 2011). Geomagnetic storms typically have

negative impacts on high-frequency radio communications, satellite

navigation, and low-frequency radio navigation systems (Gulati et al.

2019). In addition to disrupting electrical power networks, geomagnetic
storms can affect ATC facilities and other national air space components.
Geomagnetic storms diminish the Earth’s magnetic field capacity to

deflect incoming charged particles (Bamford et al., 2014).

To reduce the detrimental effects on aviation, space weather service is
implemented by the joint operation of three global space weather centers, i.e. the
Pan-European Consortium for Aviation Space weather User Services (PECASUS),
NOAA Space Weather Center (SWXC), and the consortium of Australia, Canada,
France, and Japan (ACFJ) (Hapgood, 2022), which have been operational since

November 2019 for providing information on space weather phenomena to the
aviation industry. The ICAO space weather service is operated jointly by three
global space weather centers, with each center delivering the service every two

weeks (Aleshin et al., 2021). One center is constantly on duty, while the other two

centers serve as backups. In addition, the Sino-Russian space weather monitoring
center has begun to provide services for global aviation operators since 16

November 2021 (Li, 2021). Detailed information is illustrated in Figure 1.4.

Specifically, PECASUS consists of ten ICAO members including Finland,
Belgium, the United Kingdom, Austria, Germany, Italy, the Netherlands, Poland,
Cyprus, and South Africa. PECASUS initiated the ICAO space weather service,
which was afterwards followed by the NOAA Space Weather Prediction Center

and the consortium of Australia, Canada, France, and Japan (ACFJ).
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Figure 1.4. The four ICAO Global Space Weather Centers (PECASUS, CRC,
SWXC, and ACFJ).

The National Oceanic and Atmospheric Administration (NOAA) Space Weather
Scales were developed as a means of sharing the present and future space weather
conditions with the general public. NOAA space weather scales describe the
effects of space weather from geomagnetic storms, solar radiation storms, and

radio blackouts (https://www.swpc.noaa.gov/noaa-scales-explanation).

The space weather advisory service focuses on three significant space weather
effect areas, which are related to aviation, i.e. HF Communications (HF COM),
GNSS-based navigation and surveillance, and radiation effects on avionics and
human health (RAD). A fourth effect area (Satellite Communication) has been
identified, but advisories for SATCOM will not be published until more work is
conducted to create and confirm operationally applicable advisory limits for this
impact area. Additional information is available in the Space Weather Hazard
companion pamphlet. There are two intensity criteria at which advisories are
issued: Moderate (MOD) and Severe (SEV). The related thresholds are listed in
Table 1.1. The ICAO Manual on Space Weather Information in Support of
International Air Navigation defines alerting criteria (ICAO Doc 10100) (ICAO
2018b).

13


https://www.swpc.noaa.gov/noaa-scales-explanation

Table 1.1. Effects of space weather and corresponding thresholds.

Effect Parameter MOD SEV
RAD Effective dose 30 uSv/h 80 uSv/h
GNSS
Amplitude Scintillation S4 0.5 0.8
Phase Scintillation Co 0.4 rad 0.7 rad
Total Electron Content TECU 125 175
HF COM
Auroral Absorption Kp 8 9
Polar Cap Absorption | Riometer abs. 2dB 5dB
Shortwave Fadeout Solar X-rays | 10*W/m? (X1) | 10°W/m? (X10)
Post Storm Depression MUF 30% 50%

1.2 Objectives and Methods

Routine aviation operations can be impeded by space weather effects such as HF
communication blackouts, GNSS-based navigation and surveillance failures, and
elevated cosmic radiation, which necessitates flight plan adjustments. Although
space weather effects have been heavily emphasized, the literature on the
economic effects on aviation is limited. That is due to a lack of flight data and/or
relatively weak space weather events in the past solar cycles. Therefore, this thesis
aims to explore the space weather effects on air traffic management and its cost
implication from the perspectives of communication blackout, satellite navigation
failure, GNSS-based surveillance failure, and elevated aviation radiation exposure.
We have suggested corresponding measures for solving the problems from the
standpoint of air traffic management. The induced economic costs are quantified
by considering flight delays, flight cancellations, flight rerouting, fuel

consumption, etc.

The probability that severe space weather events will occur is low, but statistically,
they will occur in the future. It is not a matter of if but when, and the issue cannot
be overlooked. Therefore, we simulated some scenarios using historical space

weather events and actual flight data. Specifically, the detailed methods are
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presented in Figure 1.5.

(1)

2)

€)

(4)

Communication blackouts: Solar energetic protons can penetrate the Earth
at the magnetic poles and create additional ionization, rendering High
Frequency (HF) radio communication impossible for several days, which
may affect the normal operation of polar flights. In response to HF
communication blackouts, airlines can cancel polar flights and reroute
flights to avoid HF communication failure. Therefore, we simulate a
scenario based on the Halloween storm in 2003 and polar flights in 2019

to quantify the economic costs (Xue et al., 2023).

Satellite navigation failure: Space weather can cause ionosphere storms
and consequently degrade the GNSS performance. As a result, aircraft
cannot rely on satellite navigation and instead have to use ground
navigation aids. To investigate the effects of satellite navigation failure on
flight operation, we simulate two scenarios. First, the effects on the
Continental United States (CONUS) flights are quantified in the
background of the Halloween storm in 2003 (Xue et al., 2023). Then, we

evaluate the future effects on Hong Kong flights in 2030 by presuming a
certain satellite navigation failure period caused by ionosphere storms

(Xue et al., 2022a).

GNSS-based surveillance failure: Due to the degraded GNSS performance,
ADS-B will also be out of work. As a result, Air Traffic Control Officers
(ATCOs) can only utilize surveillance radars to manage aircraft into and

out of crowded airspace (Xue et al., 2021a). Currently, radars are more

common at major airports due to their reliable performance. Therefore, we
explore the potential benefits of ADS-B and then make a comparison with

radar control to show the effect of ADS-B failure on air traffic management.

Elevated cosmic radiation: During radiation storms, aircraft need to take
some actions to avoid excessive aviation exposure. We discuss the effects
of elevated cosmic radiation on flight operation from two study scenarios.
First, we calculate the cosmic radiation dose of flights in the Northern

Hemisphere in the background of the Halloween storm in 2003 and
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evaluate the economic costs of flight cancellations and lowering flight

altitudes (Xue et al., 2023). Second, a multi-objective model is proposed

to minimize fuel consumption and cosmic radiation by optimizing flight

altitudes and flight speeds (Xue et al., 2022b).
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Figure 1.5. The effects of space weather on air traffic management from

communication blackout, satellite navigation failure, ADS-B failure, and massive

radiation dose.

The reason why the Halloween storm in 2003 is selected as the study background

is that this space weather event includes a series of solar flare eruptions,

Interplanetary Coronal Mass Ejections (ICME), and a two-dip super geomagnetic

storm (Gopalswamy et al., 2005). According to (NOAA, 2004), the impacts on

aviation are summarized from the perspectives of communication, navigation, and

cosmic radiation. Figure 1.6 shows the Dst index from 28 October 2003 to 31

October 2003.
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Figure 1.6. Dst index during the Halloween storm on 28-31 October 2003 (Sparks
et al., 2022).

1.3  Thesis Organization

This thesis has seven chapters. The remaining parts of this thesis are structured as

follows:

Chapter 2 introduces the air-ground communication methods, which mainly rely
on Very High Frequency (VHF). However, polar flights can only use HF when
flying over the polar region. When solar energetic particles reach the atmosphere
over the polar areas, there will be an increase in ionosphere ionization at altitudes
of 50-100 km. Consequently, HF radio signals will be absorbed, resulting in HF
communication blackouts in the polar regions. In order to quantify the
corresponding economic costs of HF communication blackouts caused by space
weather, a scenario was simulated by assuming an extremely strong space weather
event like the 2003 Halloween solar storm would have occurred in 2019. In
response to HF communication blackouts, airlines may choose to cancel polar
flights or design a new flight route (always longer flight distance). As a result, the
induced daily economic costs could be from €0.21 million (flight rerouting) to
€2.20 million (flight cancellation). This study has been published in Space

Weather with the title: Examining the economic costs of the 2003 Halloween
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storm effects on the North Hemisphere aviation using flight data in 2019 (Xue et
al., 2023).

Chapter 3 analyzes the effects of satellite navigation failure caused by space
weather on flight operations. Space weather can result in a considerable increase
in total electron contents and irregularities in the ionosphere, significantly
degrading GNSS positioning accuracy. Consequently, GNSS cannot navigate
aircraft, especially during the final approach and landing phases. Aircraft will not
operate the Continuous Descent Approach (CDA) or Area Navigation (RNAV). In
addition, the separation standards between any two aircraft will be enlarged for
flight safety concerns, increasing landing time intervals. To explore the impact of
satellite navigation failure on flight operation and estimate the induced economic
costs, we have finished two case studies. Firstly, we simulated a scenario by
assuming an extremely strong space weather event like the 2003 Halloween solar
storm would have occurred in 2019. We concluded that 2,705 flights in the
Continental United States (CONUS) would be affected by ionosphere disturbance.
The economic cost was estimated to be €2.43 million due to CDA failure and
RNAV failure. This study has been published in Space Weather with the title:
Examining the economic costs of the 2003 Halloween storm effects on the North

Hemisphere aviation using flight data in 2019 (Xue et al., 2023). Secondly, we

simulated a scenario by assuming a space weather event would occur in 2030. The
projected Hong Kong flight data in 2030 were used to evaluate the potential effects
of satellite navigation failure on flight operations. The simulation assumed
satellite navigation failure from 9 to 16 Local Time. Results suggest that if the
duration of satellite navigation failure cannot be forecast, the economic cost from
flight delays, flight cancellations, and flight diversions would be more than 2
million Euros. In contrast, if satellite navigation failure duration can be forecast,
the economic cost related to airlines can be reduced to €1 million. Another
conclusion is that increased forecast lead time would reduce the cost. Furthermore,
inaccurate forecasts can also cause additional costs. Therefore, it is crucially
important to improve the forecast accuracy and extend the forecast lead time of
satellite navigation failure to reduce impacts and economic costs on the aviation

industry during space weather events. This study has been published in Space
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Weather with the title: Potential Impact of GNSS Positioning Errors on Satellite-

Navigation-Based Air Traffic Management (Xue et al., 2022a).

Chapter 4 studies the effects of ADS-B failure on flight operation. Currently,
radar systems are widely used in major airports, especially in the terminal control
areas. ATCOs manage air traffic based on the blips on the radar screen. ADS-B is
a digital technology with many advantages based on the GNSS solution (e.g.
longitude, latitude, and altitude). However, space weather events can hinder the
normal operation of GNSS, and consequently cause the failure of ADS-B-based
surveillance. In response, the radar system will be the only surveillance technology.
Without the digital advantages of ADS-B, aircraft separation standards will be
enlarged, and simultaneously airspace capacity will decrease sharply. As we
cannot get the flight data during ADS-B failure caused by space weather, we have
to adopt another research method to explore the effects of ADS-B failure on flight
operation. The details are as follows. Firstly, we proposed a novel heuristic search
method for aircraft landing scheduling based on ADS-B digital technology
considering the time separation standards regulated by ICAO. Then improvement
in flight operation based on ADS-B can be obtained. After that, a scenario was
simulated by assuming ADS-B failure duration from 9 LT to 16 LT in Hong Kong.
Using the flight data of Hong Kong International Airport on 5 September 2018,
we calculated the economic costs caused by ADS-B failure to be €0.33 million.
Moreover, the increased workload of ATCOs and pilots cannot be ignored,
although we did not quantify or evaluate it. This study has been published in
Advanced Engineering Informatics with the title: Cooperative surveillance
systems and digital-technology enabler for a real-time standard terminal arrival

schedule displacement (Xue et al., 2021a).

Chapter 5 investigates the effects of solar radiation storms (elevated cosmic
radiation) on flight operation and potential economic costs for flight cancellations
and rerouting. During solar radiation storms, Solar Energetic Particles (SEP)
increase dramatically, and consequently, there will be a significant increase in
cosmic radiation levels. For the concern of the biological health of aircrew and
passengers, canceling flights, lowering flight altitudes, or changing flight routes

to lower-latitude areas can be adopted. However, these three methods sometimes
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may be not effective due to increased economic cost and/or environmental
pollution. To estimate the effects of elevated cosmic radiation during solar
radiation storms on flight operation and incurred economic costs, two case studies
were conducted. Firstly, assuming an extremely strong space weather event like
the 2003 Halloween solar storm would have occurred in 2019, the aviation
radiation exposures of the Northern hemisphere flights were calculated. If the
cosmic radiation dose limit for a given plan is set to be 100 uSv (or 1,000 uSv),
the economic cost of flight cancellations can be €48.97 million (or €2.77 million).
Then the cosmic radiation dose limit for one flight trip in Europe during severe
space weather events is estimated to be 400 uSv, which can be a guideline for
policy recommendations. Furthermore, a multi-objective optimization method is
presented to minimize aviation radiation exposure and fuel consumption by
assigning flight altitudes and speeds while maintaining normal flight operation.
Our research gives insight into future air transportation decisions during solar
radiation storms. The results of this chapter have been published in Space Weather
with the title: An optimized solution to long-distance flight routes under extreme

cosmic radiation (Xue et al., 2022b) and Examining the economic costs of the

2003 Halloween storm effects on the North Hemisphere aviation using flight data
in 2019 (Xue et al., 2023).

Chapter 6 discusses the possibility of space weather events and the economic
costs of other disasters, followed by the operational implication of GNSS integrity

monitoring procedures.

Chapter 7 gives a complete summary of findings based on the studies in this thesis,

as well as plans for future research.
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Chapter 2
Communication Blackouts Effects on Air Traffic

Management

Air traffic management relies on communications to send messages between the
air and the ground promptly, which plays a significant role in ensuring flight safety.
However, space weather can generate ionospheric disturbances that result in HF
communication blackouts. This issue can significantly impact flight operations,
particularly polar flights. This chapter studies the effects of HF communication

blackouts on air traffic management and assesses the incurred economic cost.

2.1 Introduction

High-Frequency (HF, 3-30 MHz) radio waves can be reflected to Earth by the
ionosphere, which is utilized for intercontinental communication. HF signals can
be prevented from reaching the intended receivers by several factors, such as solar
flares, ionospheric storms, geomagnetic storms, system failures, and frequency

selection.

Satellite Communication (SATCOM) systems mainly use Very High Frequency
(VHF, 30 to 300 MHz) and the lower portion of Ultra High Frequency (UHF, 300
MHz to 3 GHz), which can be impacted by even mild ionospheric scintillation. If
ionospheric scintillation is more severe, the L-band (1-2 GHz) for civilian satellite
communication systems will be affected, which is more prevalent when the signal
goes through the equatorial ionosphere or the polar ionosphere. Solar radio bursts
are capable of disrupting VHF, UHF, and L-band satellite communications.
During the equinox, when geostationary satellites are near the Sun’s direction at

specific times of the day, this phenomenon is more apparent.

Aircraft generally use VHF to communicate with ground stations. To be specific,
the Aircraft Communications Addressing and Reporting System (ACARS,
131.550 MHz) based on geostationary satellites is used to communicate between

pilots and airlines (Smith et al., 2018), while the Controller Pilot Data Link
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Communication (CPDLC, 118.000-136.975 MHz) is used to achieve the
communications between pilots and Air Traffic Control Officers (ATCOs) (Lin et
al., 2012). Polar flights departing from the origin airports communicate with ATC

through VHF. Before the flights enter the polar region, pilots will switch to Arctic
radio, which is responsible for delivering communications between aircrew and
ground stations. Initial communications using Arctic Radio are often conducted
on VHF, but pilots will soon migrate to HF. Although SATCOM can be a backup
for communications, it will be unavailable poleward of 82 degrees latitude (Sauer
and Wilkinson, 2008).

The ionosphere is utilized by several communication devices to reflect radio
communication across long distances. During space weather events, radio signals
will be absorbed, whilst others are reflected, resulting in fluctuating signals and
unanticipated propagation pathways. If the consequences become particularly
severe, total communication blackouts may be caused. Polar Cap Absorption
(PCA) is a sort of disruption caused by SPEs, which may last for several days.
When solar energetic particles enter the ionosphere over the pole regions, the
increased ionization produced at these low ionospheric altitudes (50-100 km)
would absorb HF radio signals, rendering HF communications in the polar regions
impossible. The ICAO requires that aircraft maintain continuous and effective

communications throughout their entire flight routes (ICAO, 2008).

Consequently, flights need to reroute, resulting in additional flight time and fuel
consumption. Delta Airline requires that all aircraft utilize HF radio as the primary
mode of communication when flying in the area where the latitudes are higher
than the latitude of waypoint ORVIT (79.00°N, 168.97°W). Figure 2.1 shows the
detailed information (Delta, 2010).
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Figure 2.1. Polar region and waypoints (Delta, 2010).

2.2 Communication Blackouts

Multiple forms of space weather can influence HF radio transmission. In the
normal course of space weather events, the initial effects are from the solar flares.
The Sun’s x-rays reach the ionosphere to a depth of around 80 kilometers above
the Earth’s surface, ionizing the atmosphere and raising the D layer of the
ionosphere. As a result, the improved D-layer functions as both a reflector and an
absorber of radio waves at different frequencies. Radio blackout caused by solar
flares happens on Earth’s dayside and is strongest when the sun is directly above.
In addition, the Radiation Storm, which is associated with a solar proton event,
may interfere with HF radio transmission. At the poles, the magnetic field of the
Earth leads protons to smash with the upper atmosphere. The fast-moving protons
have the same impact as the x-ray photons, enhancing the D-Layer and inhibiting
HF radio communications at high latitudes. Electrons that precipitate during
auroral displays can enhance other ionospheric layers and similarly disturb and

impede radio transmission. This is more prevalent on the night side of Earth’s

polar regions, where the aurora is the brightest and most frequent (Cameron et al.,

2022; Neal et al., 2013). PCA can disrupt HF communications in the polar regions,

and therefore aircraft in the polar regions cannot communicate with HF radio. On
the sunlit side of the Earth, solar flares can disable HF communications for a few

hours, while solar radiation storms can affect HF radios for several days (Rutledge
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and Desbios, 2018), depending on the size and location of the eruptions on the

Sun. Consequently, polar flights are required to reroute to latitudes below 82° to

keep the line of sight with the satellites (National Research Council, 2008). Figure

2.2 depicts a schematic of HF communication failure caused by space weather.
Variations in the density and structure of the ionosphere can completely impede

the HF radio transmissions, which are used by commercial flights.

Auroral particles
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Figure 2.2. HF communication blackout caused by solar flares and SEP.

According to the ICAO Manual on Space Weather Information in Support of
International Air Navigation (ICAO Doc 10100) (ICAO, 2018b), the space

weather advisories about HF communication degradation are provided as follows.

Inflight or enroute

HF MOD (moderate): Examine the conditions on all local frequencies and
select the optimal one.

HF SEV (severe): List the optimal HF frequencies. Ensure SATCOM is
available. No aircraft should be dispatched to locations where HF is
the primary mode of communication.

Dispatch or before departure

HF MOD: Examine the conditions on all local frequencies and select the

optimal one. If necessary, use datalink or SATCOM voice.

HF SEV: No aircraft should be dispatched to locations where HF is the
24



primary mode of communication. Consider adding 30 minutes of

extra fuel.

2.3 Economic Cost Caused by HF Communication Blackouts

From 19 October 2003 to 5 November 2003, communication disruption occurred
every day, posing a threat to regular flight operations (Horne et al., 2005;
Pulkkinen et al., 2005). Following an X1.1 (R3 [Strong]) solar flare during 16:29-

17:04 UT on 19 October 2003 (see Figure 2.3), HF service was impaired for more
than two hours, causing three polar trips (New York-Hong Kong) rerouting to
more favorable datalink and Satellite Communication (SATCOM) routes, which
resulted in the additional consumption of 26,600 pounds of fuel and the

confiscation of over 16,500 pounds of cargo (NOAA, 2004). In addition,

additional staff was required to handle air traffic due to poor communications on

October 30 (NOAA, 2004).

19 Oct. 04:00 08:00 12:00 16:00 20:00 20 Oct.

Figure 2.3. GOES X-ray satellite 1-minute solar X-ray average in the 1-8
Angstrom passband.

(https://www.spaceweatherlive.com/en/archive/2003/10/19/xray.html)
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In response to the communication blackout, airborne flights would reroute to the
destination airport or land at an alternative airport, but those flights on the ground

would probably not be allowed to take off as scheduled (Cannon et al., 2013).

Although airlines can reroute flights with the assistance of Air Navigation Service
Providers (ANSPs) to avoid the PCA region, it has several drawbacks from the
viewpoint of air traffic management. First, rerouting always causes increased fuel
consumption, aircraft emissions, and additional wear and tear on aircraft, which
can disturb normal aircrew schedules and contradict the green aviation concept.
Second, the temporary or unauthorized flight routes will infringe on the
sovereignty of the airspace. Third, communication blackouts are always
accompanied by increased cosmic radiation exposure, which can pose a threat to
the health of aircrew and passengers. Due to the aforementioned three reasons,
airlines would like to cancel polar flights justifiably, notwithstanding the

associated cancellation costs (Yamashiki et al., 2020).

We assume that a space weather event as strong as the Halloween storm will cause
the cancellations of polar flights for one entire day due to communication
blackouts. To quantify the costs associated with cancellations, the historical flight
data on 7 April 2019 is adopted in this simulation, which includes a total of 48
polar flights, 38 flights of 400 seats, 3 flights of 250 seats, and 7 flights of 180
seats. Figure 2.4 depicts the polar flight routes via the Arctic. Please note that we
do not consider polar flights via the Antarctic because no airline has scheduled
such a route. Space weather is classified as extraordinary circumstances, so
airlines are not required to compensate passengers. According to Table 2.1, the
projected daily cost of polar flight cancellations is about €2.20 million per day
((120,830-68,390)x38+(82,730-42,740)x3+(24,900-13,090)x7). If all polar
aircraft were to be rerouted, the total increased fuel cost would be €0.21 million
(26,600%0.4536+3x48x1.139) based on the additional fuel consumption caused
by flight rerouting (rerouting three polar flights causes an additional fuel
consumption of 26,600 pounds) (NOAA, 2004) and the price of €1139 per ton of
fuel (IATA, 2022).
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Figure 2.4. Polar flight routes. The red dots denote airports. Arctic polar routes are

now common to airlines connecting Asia to North America.

Table 2.1. EUROCONTROL
(EUROCONTROL, 2020).

recommended flight cancellation costs

Cancellation cost (€) Narrow-body aircraft Wide-body aircraft

Seats 50 120 180 250 400

Value (€) 6540 | 16,040 | 24,900 | 82.730 | 120.830
within passenger care | 4 a0y | 950 | 13000 | 42,740 | 68.390
and compensation (€)

2.4  Summary

Aircraft communications mainly rely on the VHF, but HF communication is the
only means of communication when flights fly over the poles. Space weather can
cause HF communication blackouts, affecting normal flight operations in the polar
region. In response, airlines may choose to cancel flights or reroute to low-latitude
airspace to achieve the SATCOM. To estimate the economic cost of HF
communication blackouts, we simulated a scenario by assuming an extremely

strong space weather event like the 2003 Halloween solar storm would have
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occurred in 2019. The results show that possible daily economic costs could range
from €0.21 million to €2.20 million caused by polar flight rerouting and

cancellations.
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Chapter 3
Satellite Navigation Failure Effects on Air Traffic

Management

Navigation is the base of the aircraft’s safe and efficient flying. Generally,
navigation methods include ground navigation and satellite navigation. Space
weather can degrade GNSS and lead to satellite navigation failure, and
consequently affect flight operation. This chapter describes the causes of satellite
navigation failure in detail and quantifies the incurred economic costs based on

simulated scenarios.

3.1 Introduction

Traditional ground-based navigational aids, such as VOR, DME, and NDB, are
widely used in the terminal control area of some major airports. In the concept of
CNS/ATM, satellite-based navigation via the GNSS will replace the traditional
ground navigation system as the primary source for aircraft navigation (Blanch et

al., 2012), as GNSS can provide more accurate lateral and vertical guidance during

enroute, terminal, and approach phases. Satellite-navigation-based aircraft can

even land on runways in poor meteorological conditions (Lee et al., 2016), and fly

along any desired flight paths instead of the traditional less efficient routes

between two ground-based radio navigation points (Enge et al., 2015). Therefore,

runway and airspace capacity can be improved due to the highly accurate and

reliable real-time, three-dimensional aircraft position.

GNSS is anticipated to offer aviation users extended satellite-based navigation. In
particular, the Wide Area Augmentation System (WAAS) started to work in 2003
through the deployment of the GNSS Approach with Vertical Guidance (APV),
providing aircraft with vertical guidance during the final approach phase even in
poor visibility conditions. The GPS service in WAAS is augmented based on time
correction, satellite orbit correction, and ionospheric correction. As a result, the

WAAS system can satisfy rigorous aviation standards for accuracy, availability,
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and reliability. The schematic diagram of satellite-based air traffic management is

shown in Figure 3.1.

Figure 3.1. Schematic diagram of satellite-navigation-based air traffic

management.

The operation of GNSS is based on the trilateration mathematical principle. The
accuracy of GNSS positioning depends on many factors, such as satellite clock
error (Guo and Geng, 2018), satellite orbit error (Zhang et al., 2019), ionospheric
delay (Yu and Liu, 2021b), tropospheric delay (Chen and Liu, 2015), receiver
noise (Kim et al., 2019), and multipath effect (Sun et al., 2019). The main

observation in GNSS positioning is the pseudorange measurements p from the

receiver () to the satellite (s) (Langley et al., 2017):

p=p+c(At, — AtS) + Ap; + Apr + ¢ (3.1)

where p is the geometric distance between the satellite and the receiver; c is the
speed of light in vacuum; At, is the offset of the receiver clock to GNSS time at
signal reception time; At® is the offset of the satellite clock to GNSS time at signal
emission time; Ap; is the ionospheric delay correction; Ap; is the tropospheric
delay correction; € is the measurement error of the observation. Among these
errors, the ionospheric delay is the most important factor ranging from a few

meters to tens of meters or even hundreds of meters (Hoque and Jakowski, 2012;

Yang et al., 2020). When GNSS signals propagate in the ionosphere, the

30



propagation speed is different from that in the vacuum. In addition, spatial
gradients in the refractive index cause a propagation curve. Both effects can lead
to increased vulnerability and degraded accuracy in satellite-based positioning and
navigation. The ionospheric delay error is proportional to the ionospheric total
electron content (TEC) along the propagation path and inversely proportional to

the square of the radio frequency f, which can be expressed as follows:

TEC
Apl = —K? (32)
where k ~ 40.3 m3s72, f is the radio frequency (in Hz), and TEC is the total
number of electrons integrated between two points along a tube with a one-meter
square cross section, measured in TEC units (1 TECU=10'° electron/m?) (Hoque

and Jakowski, 2012).

3.2 Satellite Navigation Failure

The increased TCE and irregularities in the ionosphere caused by space weather

can lead to ionospheric scintillation (Kintner et al., 2007). Severe scintillation

circumstances can make it difficult to determine a position and prohibit a GNSS

receiver from grabbing onto the signal (Seo et al., 2009). Less severe scintillation

circumstances may cause positioning results to be less accurate and confident (Xu
etal., 2015). Figure 3.2 illustrates the impacts of ionospheric scintillation of GNSS

(Peng and Scales, 2021).
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Figure 3.2. An illustration of ionospheric impacts on GNSS (Peng and Scales,
2021).
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Airspace management is dependent on the increased use of GNSS for airplane
navigation to minimize aircraft separation, position aircraft on approach, and land
in all weather conditions. Nevertheless, ionospheric disturbances caused by solar
and geomagnetic activity impact the accuracy of satellite signals. Currently, GNSS
can provide aircraft with a positioning accuracy of 5-20 meters in calm
geomagnetic conditions, which is insufficient for aircraft landing (Sharma and

Hablani, 2014). This is because GNSS satellite signals are affected by several

errors including satellite clock error (Guo and Geng, 2018), satellite orbit error

(Zhang et al., 2019), tropospheric delay error (Ziv et al., 2021), receiver noise

(Kim et al., 2019), multipath (Sun et al., 2019), and ionospheric error (Yu and Liu

2021a, b). Specifically, the positioning error caused by the ionosphere is one of
the most important factors and it is heavily affected by geomagnetic storms, one
kind of the most intense space weather events. The electric field, neutral wind, and
its composition in the ionosphere can be strongly disturbed during geomagnetic
storms. The low-latitude ionosphere is especially vulnerable due to the equatorial

plasma fountain effect (Tsurutani et al., 2004), which lifts the plasma to higher

altitudes by an eastward electric field and generates enhanced ionization regions
on the sides of the magnetic equator as the particles slide down along magnetic
field lines. Figure 3.3 shows the schematic of the effects of ionospheric storm on

aviation operations.
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Figure 3.3. Schematic of the effects of the ionospheric storm on aviation operation.
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Geomagnetic storms with minimum Dst <-250 nT are usually denoted as super
storms (Astafyeva et al., 2014). Several super storms occurred in the past such as
those on 13 March 1989, 15 July 2000, and 29 October 2003 with the minima
Dst=-589, -300, and -383 nT, respectively. The ionospheric storms in October

2003 caused vertical navigation guidance unavailable for aircraft precisely
approaching for a long time throughout most of the United States, leading to
considerable societal and economic consequences. The non-availability of vertical
service in WAAS on 29 October 2003 is shown in Figure 3.4 (National Research
Council, 2008).

120°W  110°W  100°W  90°W  80°W  70°W  VPL (m)

Figure 3.4. WAAS vertical service non-availability at the height of the storm on
29 October 2003 (National Research Council, 2008).

The ionospheric correction for single-frequency GNSS receivers usually uses a
thin shell model, which considers the three-dimensional ionosphere to condense

on a two-dimensional thin shell (Huang and Yuan, 2013). The accuracy of

positioning using the thin shell model is generally acceptable. However, during
periods of considerable ionospheric disturbance, the thin shell model may be
insufficient to describe the more complex three-dimensional fluctuations,
resulting in decreased positioning accuracy and possible loss of integrity. GNSS

positioning performance can be severely degraded during strong space weather
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periods, as illustrated in Table 3.1. Coster and Yizengaw (2021) summarized the

effects of geomagnetic storms in three categories: (1) large gradients in
ionospheric electron density can cause significant range errors and bend (Hoque

and Jakowski, 2011); (2) small-scale irregularities in the ionosphere can cause

GNSS signal fluctuations (or scintillation) or even loss of lock; and (3) solar radio
bursts can also cause notable effects on GNSS signals by raising the background

noise level (Cerruti et al., 2008). Therefore, to reduce the degradation effects of

space weather on the ionosphere, the ionospheric TEC forecast is vitally important
(Cesaroni et al., 2020; Tsagouri et al., 2018).

Table 3.1. Cases of large GNSS positioning errors caused by space weather events.

Time Geographical Condition Minimum Positioning Source
location Dst errors
Increase from
7-8 78.2°N Intense 2 meters to 6 (Linty
Sept. 16‘ 0°E’ geomagnetic | -122nT meters at etal.,
2017 ' condition Longyearbyen, | 2018)
Norway
Sept.
2002 . Exceed 10 (Phoom
to 13.7°N, S4 (~0.6) 181 nT meters at chusak
Apr. 100.8°E KMLT, etal.,
2003 Thailand 2013)
Reach 14
meters in
Jan. to 19.6°N longitude and | (Dubey
Dec. 99' 5°E’ S4 (>0.7) -387nT 22 min etal.,
2001 ' latitude at 2006)
Chiang Rai,
Thailand
Reach 4 meters
Apr _ Severe _ in vertical (Moren
2004 3.0°S, 40.2°E |opo§phe_r|c -117 nT compor_1en_ts at | oetal.,
scintillation Malindi, 2011)
Kenya

Note: The S4 index is derived from the detrended signal intensities of GNSS

signals.

Because the ground navigation systems such as the Instrument Landing System

(ILS) are widely utilized worldwide to provide accurate lateral and vertical
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approach guidance (Kim and Choi, 2016), flights have never officially suffered a

landing failure despite low GNSS positioning performance in space weather
circumstances. However, ATM is transitioning from ground-based navigation to
satellite-based navigation to meet the expected growth of flight demands.
Satellite-based navigation will become more common in the future. If a severe
geomagnetic storm occurs, GNSS positioning errors will increase due to the
increased ionospheric impacts, particularly in the low-altitude regions. As a result,
aircraft cannot perform a safe approach or land solely based on satellite
navigation, causing flight delays, flight diversions, and flight cancellations
(Pejovic et al., 2009). According to ICAO Manual on Space Weather Information
in Support of International Air Navigation (ICAO Doc 10100) (ICAO, 2018b), the
space weather advisories about GNSS degradation are provided as follows.

Inflight or enroute

GNSS MOD: Pilots need to verify additional navigation methods such as
DME, NDB, and VOR; check RNAV/RNP-capability and
requirements; check if conventional approach procedures at
destination and alternate may be employed and prepare appropriately.

GNSS SEV: Pilots need to verify additional navigation methods such as
DME, NDB, and VOR; check if conventional approach procedures
at the destination and alternate may be employed and prepared
appropriately. Ensure the accessibility of the intended
route/RNAV/RNP. Consider making a diversion and landing at an
available airport.

Dispatch or before departure

GNSS MOD: Pilots need to verify additional navigation methods such as
DME, NDB, and VOR. Ensure the accessibility of the intended
route/RNAV/RNP. Check whether standard approach procedures can
be employed at the destination and alternate, then prepare the second
alternate. Consider adding 30 minutes of extra fuel for unanticipated
circumstances.

GNSS SEV: Pilots need to verify additional navigation methods such as
DME, NDB, and VOR. Check whether standard approach
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procedures can be employed at the destination and alternate, then
prepare the second alternate. Check the availability of airspace and
routes (RNAV/RNP). Consider including a 1-hour fuel reserve for

unanticipated circumstances. Consider flight cancellations.

3.3 Economic Cost Caused by Satellite Navigation Failure

Under normal circumstances after sunset, the recombination of free electrons and
positive ions reduces the background ionization. However, during space weather
events, plasma density structures displaying substantial TEC gradients remained
for many hours into the night after the sunsets. Ionospheric irregularity occurring
on the morning of 31 October 2003 had TEC levels that were more than 60 TECU.
This intense plasma formation arose over northern Florida and was subsequently
designated the Florida Event. Figure 3.5 illustrates the temporal and spatial
distribution of TEC at 00 UCT on 31 October 2003.
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180°  120°W  60°W  0°  60°E  120°E  180°

Figure 3.5. TEC map at 00:00 UTC on 31 October 2003. Data source: Global
Ionosphere Maps (GIM).

According to (Doherty et al., 2004), the WAAS was affected severely by the

Halloween storm in 2003, prohibiting aircraft from utilizing WAAS for precise

approaches in Continental United States (CONUS). The greatest effect of the
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ionospheric storm on WAAS was the loss of Localizer Performance with Vertical
Guidance (LPV) service. LPV service was stopped for ~15 hours from 17:00 UTC
on 29 October 2003 to 8:00 UTC on 30 October 2003. The second LPV service
disruption lasted ~11.3 hours from 19:00 UTC on 30 October 2003 to 6:20 UTC
on 31 October 2003. (FAA/William J. Hughes Technical Center, 2004)

In this thesis, we focus on the top 50 busiest airports in the CONUS and select
corresponding Continuously Operating Reference Stations (CORS) to quantify the
GNSS positioning errors. Figure 3.6 shows that positioning errors of nine GNSS
stations are correlated with the Dst index. It is required that GPS Standard Position
Service (SPS) positioning errors for aviation operations should not exceed 17 m

horizontally and 37 m vertically (ICAO, 2018a). As a result, we can calculate the

duration of satellite navigation failure (Table 3.2). Due to onboard data restrictions,
we characterize satellite navigation failure only in terms of accuracy rather than
integrity, continuity, or availability. The affected airports are denoted ‘Y’ in Figure

3.7 based on the Single Point Positioning (SPP) method results.

'400 T T T T i 1
10/28 10/29 10/30 10/31 11/1
35r@) - ALBH - MHCB CNPP | )
30 - TMGO TXAU - BRTW ﬂ {v

H-errors (m)

V-errors (m)

40 f
-60
UT:10/28 10/29 10/30 10/31 11/1

Figure 3.6. (a) The time-series Dst, (b) GNSS positioning horizontal errors, and
(c) GNSS positioning vertical errors of nine CORS.
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Table 3.2. Satellite navigation failure duration (in the form of DDHHMM) of each

GNSS station.

ICAO City CORS Lat°N | Lon °w Satell_ite navigation failure
code Code duration
KPDX | Portland | ALBH | 48.39 | 123.49 gg%g;:ggggg; E?gSmniq”iZ])
KSEA | Seatfle | ALBH | 4839 | 12349 | 5005730000 Eigsmr:]r:ﬁfft?s)
(50 | st | ovin | s | smar | 22 1080
KOAK | Oakland | OHLN | 38.01 | 122.27 ggggig:gggégg gg? m:gﬂig
KSIC | Sanlose |MHCB | 37.34 | 12164 | 500000 So0ts 882 Qlﬂﬂig
KSMF | Sacramento | SUTB | 39.21 | 121.82 ggggig:gggggg ggg m:gﬂig
|, | o | s | i | S0 o e
KSNA | SantaAna | CNPP | 33.86 | 117.61 gg;ggg:g?gégg 882 m:gﬂig
KSAN | SanDiego | BILL | 3358 | 117.06 gggggg:ggggig ggg Q:mgg
KLAS | LasVegas | BKAP | 35.29 | 116.08 gg;ggg:ggggig ggf m:gzig
KPHX | Phoenix | AZGB | 33.40 | 110.77 égggég:ggg%‘?‘ ggg Q:Eﬂig
e | PR | oo s | ma | SO B is min
KDEN | Denver |TMGO | 40.13 | 105.23 gggggg:ggggj& 823 Q:Eﬂig
cont | o, | poan | sn | sese | SR
KAUS | Austin | TXAU | 3031 | 97.76 ?;833521?;3322‘3 Eigg Q:Eﬂig
KDEW | Dallas | TXAU | 3031 | 97.76 gggégg:ggggfé ggg m:mgg
KIAH | Houston | TXAU | 30.31 | 97.76 gggéég:ggggﬁ 822 m:gﬂig
KHOU | Houston | TXAU | 30.31 | 97.76 gggégg:ggggfé ggg m:mgg
sy | oo | s | e | SR Bt is s
KTPA | Tampa | BKVL | 28.47 | 82.45 ggégié:ggéggg 82 m:mgg
202024-292208 (104 minutes)
KRSW | FortMyers | NAPL | 26.15 | 81.78 | 300207-300332 (85 minutes)
300600-300612 (12 minutes)
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302119-302131 (12 minutes)

292019-292155 (96 minutes)
292337-292346 (9 minutes)
300159-300303 (64 minutes)
310155-310204 (9 minutes)
292020-292201 (101 minutes)
KMCO | Orlando BRTW | 27.95 | 81.78 | 292330-292341 (11 minutes)
300221-300307 (46 minutes)

KMIA Miami MTNT | 25.87 | 80.91 | 292024-292207 (103 minutes)
KFLL Miami MTNT | 25.87 | 80.91 | 292024-292207 (103 minutes)

292021-292159 (98 minutes)
300224-300301 (37 minutes)

KJAX | Jacksonville | PLTK | 29.66 81.69

KPBI | Palm Beach | OKCB | 27.27 | 80.86

48°N L 'Portland

42°N . Denver

' l3ESan Francisco Tll\_/I_C_}IO NG

36°N

30°N

24°N

120°W 108°W 96°W 84°W 72°W

Figure 3.7. Locations of the top 50 busiest airports (red circles) and International
GNSS Service (IGS) stations (blue squares) in the CONUS. The areas affected by

satellite navigation failure are labelled with ‘Y’. Otherwise, labelled with ‘N’.

The traditional ground-based navigational aids, such as VOR, DME, and NDB,
will be employed as a backup in the absence of GNSS-based navigation. The flight
distance and time will rise since ground navigational routes are typically curved
due to the outage of Area Navigation (RNAV). Taking the Jackson Hole airport as
an example, the flight route based on ground navigation is 14 miles and 3 minutes
longer than the satellite navigation router (Enge et al., 2015)._According to the

Base of Aircraft Data (BADA) (Nuic, 2010), it would take an average of 105 kg

of fuel for each aircraft during a three-minute approaching flight. Besides, satellite
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navigation failure will hinder the Continuous Descent Approach (CDA), which
will increase fuel consumption by 147 kg during the descent phase for each flight
at the Hartsfield-Jackson Atlanta International Airport (Cao et al., 2014). Figure

3.8(a) illustrates the comparison between RNAV and conventional flight routes.
Aircraft can fly directly from one waypoint to another waypoint based on satellite
navigation. However, aircraft have to fly along the ground navigation aids without
satellite navigation. Figure 3.8(b) shows that aircraft can achieve CDA from cruise
altitude to the runway in a smooth glide trajectory using low power based on
satellite navigation, reducing fuel consumption and noise pollution. During
satellite navigation failure, step down approach will minimize the volume of

protected airspace around the airport.

(a) _@VORDME —
il %— ------ N :-‘:-‘-:7.
e N
. e o
Waypoint 1 @0&5\ P
% @) VOR/DME
(b)

Figure 3.8. The schematic of RNAV and CDA.

The induced economic costs are assessed from the perspectives of several
stakeholders, including airlines, passengers, and the environment. The fuel cost is

the top expenditure of airlines (Wen et al., 2022), with fuel price Cr=€1139/ton

(IATA, 2022). Passengers need to spend more time in flight. For a typical B757

configuration with an occupancy of 80%, the unit time cost for all onboard

passengers Cr is equal to €93/min (Xue et al., 2022a). Additionally, environmental

impacts such as the greenhouse effect of CO; are significant. The social cost of
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COsz is C¢p,=€417/ton (Ricke et al., 2018). On average, aircraft burning 1 kg of

fuel will emit 3.15 kg of CO: during flight (Xue et al., 2021b). Therefore, the

average total induced cost for one aircraft is AC = Cp - AF + Cp - AT + C¢o, °

ACO,=€897, with fuel cost (€287), time cost (€279), and environmental cost
(€331). There was a total of 17,922 flights arriving at these top 50 busiest airport
on 7 April 2019 (UT). Based on satellite navigation failure durations in Table 3.2,
we can conclude that 2,705 flights would be affected during the whole space

weather events, leading to an economic cost of €2.43 million.

3.4  Satellite navigation failure effects on future aviation

CNS/ATM, which is replacing traditional ATM, depends on precise GNSS
navigation service, especially during the final approach and landing stages. But if
there is severe space weather, there may be a substantial increase in TEC and
irregularities in the ionosphere, which can increase GNSS positioning errors. As
a consequence, satellite navigation mode will be replaced by ground navigation
mode, lowering the airport acceptance rate and causing an imbalance problem
between flight demands and airport capacity. To solve this problem, some ATM
methods are necessary, such as flight rescheduling and flight cancellations. As one
of the busiest airports in the world, Hong Kong International Airport (HKIA) is
located in the equatorial ionosphere anomaly region and is prone to space weather
effects. In this study, we used the predicted flight data from the HKIA during a
simulated geomagnetic storm to create a hypothesis scenario. Calculations show
that if there is not an ionospheric delay forecast, the costs of flight delays, flight
cancellations, and flight rerouting could be more than €2 million. If the lead time
of ionospheric delay forecast can be increased, these related economic costs will
decrease significantly. Besides, an inaccurate ionospheric delay forecast can also

cause significant costs.

3.4.1 Scenario assumptions and air traffic management methodology

As shown in Figure 3.9(a), a two-dip intense geomagnetic storm occurred during
8-11 September 2017, with the minima Dst = -122 nT at Hong Kong 10:00 local
time (LT) on 8 September and -109 nT at 01:00 LT on 9 September. Figure 3.9(b)

shows that there was a sharp increase in the ionospheric TEC towards ~12:00 LT.
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The two vertical lines denote T4,=09:00 LT and T,=16:00 LT on 8 September 2017.
The ionospheric delay error T (in the unit of meters) is proportional to the TEC
and can be calculated using Eq. (3.2). The ionospheric delay reaches the maximum
(~4.8 m) at 12:00 LT on 8 September 2017. We assume a space weather event like
the 8-11 September 2017 one to occur in the future. We will study the elevated
satellite-based positioning errors resulting from such a space weather event, and

the consequent impact on the operational capacity at HKIA.
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Figure 3.9. (a) The provisional Dst and (b) the TEC variation and ionospheric

delay in the Hong Kong area during an intense geomagnetic storm.

We can obtain the flight data during the 8-11 September 2017 geomagnetic storm.
However, no data about the aircraft final approach and landing failure caused by
GNSS positioning errors are available to us. We will base our study on a projection
of the future flight demand at the HKIA, and the steps for simulating the future
flight demand are as follows. The hourly arrival flight demand is first captured
using flight data from the HKIA on 8 September 2019. Then, based on an annual
growth rate of 5% in the Asia Pacific region for passenger air traffic from 2019 to

2040 (Mazareanu, 2021), the hourly arrival demand in 2030 is estimated.
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Considering the landing separation standards, the landing time of arrival flights is
simulated together with other information, such as callsign, scheduled departure
time, planned enroute time, scheduled landing time, etc. Figure 3.10 depicts the

historical and predicted hourly arrival demand of the HKIA.
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Figure 3.10. The red histograms denote the hourly arrival demand of the HKIA on
8 September 2019. The green histograms denote the predicted hourly arrival
demand in the year 2030.

Currently, the airport acceptance rate (AAR), which is defined as the number of

flights allowed to land at a given airport within one hour (Mukherjee et al., 2012),

is 30, i.e. two-minute arrival slot interval for a single-runway airport (ICAO

2016a). This is based on the ground navigation system such as the ILS.
Considering the limitation of AAR based on ground navigation and booming flight
demand, the ICAO introduced satellite navigation to boost airspace capacity and
flight efficiency by lowering minimum separation standards. With satellite

navigation, the AAR is assumed to be 60, with a one-minute arrival slot interval.

We assume that ground navigation will be used to replace satellite navigation
during the final approach and landing phases between T4=09:00 and T,=16:00 LT
during such a geomagnetic storm when the space weather impact is substantial.

Thus, AAR will be reduced from 60 to 30 during the period Ty to T,. Figure 3.10
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shows that during peak hours, the estimated arrival demand exceeds 30 flights per
hour, implying that some arrival flights may need to be rescheduled (including
delay, cancellation, and diversion). The assumptions for the simulated scenario are
summarized in Table 3.3. In our study, we also assume the departure flights from
the airport will not be affected by space weather, since the aircraft does not rely

on GNSS navigation to take off.

Table 3.3. Summary of key assumptions.

Index Explanation

Predicted arrival demand in green histograms of

Avrrival flight demand Figure 3.10.

Airport arrival rate 60 per hour based on satellite navigation.

Satellite navigation failure

. 09:00-16:00 LT.
time

There will be an imbalance between arrival flight demands and airport capacity
when the navigation mode switches from satellite navigation (AAR=60) to ground

navigation (AAR=30). Ground Delay Programs (GDP) (Glover and Ball, 2013),

which is a safe and cost-effective means of shifting predicted airborne delay to
ground delay, is the most comprehensive traffic flow management strategy for
solving such an imbalance problem. From the standpoint of fairness among
different airlines, the arrival time for each flight is assigned in the ascending order

of the Original Time of Arrival (OTA) (Vossen and Ball, 2006), i.e., flights having

earlier OTAs receive an earlier Controlled Time of Arrival (CTA) than flights with
later OTAs. Figure 3.11 demonstrates the change in the arrival flight schedule.
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Figure 3.11. Switch from satellite-navigation-based arrival flight schedule (upper
time axis: every one minute) to ground-navigation-based arrival flight schedule

(lower time axis: every two minutes).

We design a revised air traffic management rule based on whether or not the
ionospheric delay can be forecast. This can also be interpreted as whether or not

the duration of satellite navigation failure can be forecast.

Condition 1: without ionospheric delay forecast.
If we are unable to forecast the large ionospheric error caused by space weather
events, air traffic controllers (ATCs) are informed only when the space weather

event commences at Tg. The rescheduling rules are thus as follows.

(1) Flights with OTD/OTA (OTD: Original Time of Departure) before Ty depart
from their original airports and land at HKIA as scheduled.

(2) Because airborne flights have a higher priority of landing than the ones on the
ground, ATCs assign CTA for each airborne flight in ascending order of their OTA
considering the available landing slots. If the CTA minus the OTA for a specific
airborne flight is longer than 40 minutes, this flight will be diverted to an alternate

airport due to the fuel consumption constraint.

(3) ATCs will then assign the CTA (remaining landing time slots) to each flight on
the ground in ascending order according to their OTA. If the difference between
CTD (Controlled Time of Departure) and OTD for a specific flight on the ground
1s more than 100 minutes, this flight will be canceled, and the corresponding time

slot will be available for other flights.
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(4) At T,, ATCs are informed that the AAR of HKIA recovers to 60, and then ATCs

reschedule flights based on the updated information.

Condition 2: with ionospheric delay forecast.

If we can forecast the ionospheric delay with a forecast lead time (FLT) of 6 (6 #
0, in the unit of hours), ATCs will determine the flight arrivals ahead of the
development of a space weather event, i.e., at (T; — §) ATCs will be informed that
the AAR will decrease to 30 starting from Ty. According to the availability of the
common inputs of space weather forecast models and their computational
capabilities, we assume four different specific cases with §=1, 2, 4, and 24 hours,
denoted as FLT1, FLT2, FLT4, and FLTL, respectively. Note that FLTL (with “L”
denoting “long hours”) represents the case with a 24-hour forecast lead time. Lead
time longer than 24 hours has not been considered as no civil flight flies longer

than 24 hours. The rescheduling rules are as follows.

(1) Flights with OTD/OTA before (Ts — &) depart from their original airports and
land at HKIA as scheduled. ATCs will assign CTA for each airborne flight, whose
OTA is later than Tg.

(2) to (3) are the same as described for Condition 1.

(4) At (T, — 6), ATCs are informed that the AAR will recover to 60 from T, on,
and ATCs will reschedule flights based on the updated information.

Let I be the set of airborne flights in the ascending order of their OTA indexed by
i and let ] be the set of flights on the ground in the ascending order of their OTA
indexed by j. In the ATM rules, each airborne flight i may be assigned some
airborne delays (x;* = 1) or divert to land at an alternate airport (x? = 1).
Similarly, each flight j on the ground may be assigned some ground delays (xf =
1) or be canceled (xjc = 1). Just as shown in Figure 3.12, the detailed steps of
solution methodology for ATM during space weather are presented. When satellite
navigation is out of work and AAR reduces from 60 to 30, the assignments for
these airborne flights will be conducted first because airborne fights receive a
priority of landing. For each airborne flight i, the OTA and CTA are denoted by q;
and a], respectively. If the assigned airborne delay time T/ = a} — a; < 40, this
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flight i will accept the assigned airborne delay and will land at the HKIA at a;, =
xlA = 1; otherwise, i.c. TiA > 40, flight { will land at an alternate airport without

any airborne delay, = xP = 1.

After giving directions to airborne flights, the assignments for flights on the
ground will then be carried out. For each flight j on the ground, the OTA, CTA,
OTD, and CTD are denoted as a;, a;, d;, and d;, respectively. ATCs would assign

a; to each flight j on the ground using the rest of the available arrival time slots.
Assuming that the enroute flight time L; is known and deterministic, the CTD can
be calculated by d; = a; — L; and the assigned ground delay is ch; =d;j—d;. If
TjG < 100, this flight j will accept the assigned ground delay and will depart from
the origin airport at d;, = ij = 1; otherwise, i.e. TjG > 100, flight j will be

canceled without any ground delay, = xjc = 1.
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| Satellite navigation failure |

HDAA485 13:46 13:46 i =l 0 min

CPAS03 14:13 14:14 =1 1 min

AAR721 12:31 14:10 xf = 99 min
KAL613 12:33 14:12 xf =1 99 min
INA113 12:34 X xf =1 0 min
KAL613 12:35 X xf = 0 min
EVA867 12:36 14:16 xf =1 100 min

Figure 3.12. Flowchart for the calculation of landing times in ATM (above
flowchart and results of calculation examples (below table)). Please note that the
landing time 14:14 is not available in the second step of ATM rules (flights on the
ground assignments), as this time (14:14) has already been assigned to the airborne

flight CPA503 due to the landing priority of CPA503.

Table 3.4. Defined notations and explanations.

Notation Explanation

Set of airborne flights in the ascending order of their OTA
(indexed by i).

I
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] S_et of flights_on the ground in the ascending order of their OTA
(indexed by j).

a; The original time of arrival of airborne flight i.

a; The control time of arrival of airborne flight i.

a; The original time of arrival of flight j on the ground.

a]f The control time of arrival of flight j on the ground.

d; The original time of departure of flight j on the ground.

d; The control time of departure of flight j on the ground.

L; The enroute flight time of flight j, L; = a; — d; = a; — d;.

TjG Ground delay time (in the units of minutes), TjG = d; —d;.

TA Airborne delay time (in the units of minutes), T = a] — a;.

We The average cost of a canceled flight.

Wp The average cost of a diverted flight.

We The average cost of ground delay per minute.

Wy The average cost of airborne delay per minute.

xi xf =1,if T < 40; x{* = 0, otherwise.

xP xP =1,if TA > 40; xP = 0, otherwise.

ij ij =1, iijG < 100; x]-G = 0, otherwise.

xjc xjc =1, if TjG > 100; xjc = 0, otherwise.

Given the notations listed in Table 3.4, the total airborne delay time is Y;¢; x/ T;

the number of diverted flights is };¢; x”; the total ground delay time is Y, jes ij TjG;
the number of canceled flights is Y ¢, x]-c. Thus, the financial costs related to

airlines induced by space weather can be expressed below:

cost = Z(WAxlATiA + WDx{J) + Z(WijGTjG + chjc) (33)

i€l J€J
s.t.

TE = d} - d; (3.4)
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TA =a} — q; (3.5)

L l

xt +xl +xf +xf =1 (3.6)
xP =1|TP > 40 (3.7)

x{ = 1|T# < 40 (3.8)

xP +xft=1 (3.9)

x{ = 1|Tf > 100 (3.10)
xf =1|Tf <100 (3.11)
xf+xf =1 (3.12)

The ground delay and airborne delay can be calculated by (3.4) and (3.5),
respectively. Constraint (3.6) ensures that each flight can only have one
assignment case. Constraints (3.7) and (3.8) illustrate the conditions of diverted
flights and airborne delay flights. For each airborne flight i, it may be a diverted
flight (x? = 1) or an airborne delay flight (x/* = 1), expressed in constraint (3.9).
Similarly, constraints (3.10) and (3.11) illustrate the conditions of canceled flights
and ground delay flights. For each flight j on the ground, it may be a canceled
flight (xjc = 1) or a ground delay flight (ij = 1), expressed in constraint (3.12).

3.4.2 Impact of forecast lead times

Figure 3.13(a) shows the simulated landing time of each flight corresponding to
various forecast lead times based on the above-defined ATM rules. Although the
satellite navigation failure duration is from 09:00 LT to 16:00 LT, the recovery
time is actually after 22:00 LT, indicating the long-time effect of space weather. In
theory, the CTA of a specific flight would have a longer delay if the forecast lead
time is shorter. This is because air traffic would be more jammed when space
weather information is obtained with a shorter lead time. In addition, flights with
OTA before (T; — &) would depart from their original airports as scheduled.
Therefore, there would be more flights taking off if the forecast lead time § is
shorter, causing more airborne delays. A trend of longer airborne delay can be seen

at the beginning of the peak hour (Figure 3.13(b)), with simulated flights in FLTO
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scenario generally experiencing the longest delays, followed by flights in FLT1,
FLT2, FLT4, and FLTL scenarios. FLTO denotes the scenario in condition 1, i.e.,
no forecast. Herein, we did not calculate the results under FLT3. Such a trend is
more remarkable in Figure 3.13(c) when the delay effects are accumulating. The
simulated CTA distribution is more complicated than the ideal case, considering
that different flights have different origins and thus different enroute times. Figure
3.13(b) illustrates that the number of canceled flights decreases as the forecast lead
time grows. The canceled flights predominantly cluster during peak hours (13:00-
15:00 LT). This is because the assigned ground delay for each flight starts to
accumulate after 09:00 LT. A substantial number of flights are delayed on the
ground for more than 100 minutes during peak hours, which will be canceled. If
ATCs are unable to get information on the upcoming space weather, they prefer to
canceling the flights. Note that a few flights are canceled before 11:00 LT under
scenarios FLTO and FLT1. Some flights still on the ground with short enroute
times can also be delayed or canceled. This is a result of a substantially reduced
number of available landing slots because landing intervals are increased from 1

minute to 2 minutes, and airborne flights receive a priority of landing.
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Figure 3.13. (a) The CTA under different forecast scenarios. Each dot represents
one flight. (b) The detailed CTA distribution at the beginning of space weather. (c)
The detailed CTA distribution after space weather. (d) The distribution of the total

number of canceled flights versus OTA.

3.4.3 Economic cost of different forecast lead times

The direct costs related to airline flight delays, cancellations, and diversions
resulting from space weather events are also estimated. The average cost of flight
cancellation is W= €18,570; the average cost of flight diversion is W,=€7,800;
the average cost of ground delay is W;=€16/min; and the average cost of airborne

delay is W= €74/min (EUROCONTROL, 2020). Figure 3.14 shows the impact

of different forecast lead times on flight assignments and extra financial costs

related to airlines. As indicated in Figure 3.14(a), with the increase in forecast lead
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time, the airborne delays drop dramatically from 2,558 minutes (FLTO) to 0
minutes (FLTL); while the ground delays increase dramatically from 17,324
minutes (FLTO) to 31,950 minutes (FLTL). Ground delay is defined as the
difference between the CTD and OTD for a grounded flight and airborne delay is
defined as the difference between the CTA and OTA for an airborne flight. Because
ATCs have enough time to make decisions under scenario FLTL, flights will be
rescheduled well ahead of the occurrence of the space weather event and thus they
are delayed on the ground. However, without a forecast (FLTO), significant air
traffic congestion will result in massive airborne delays. In addition, if there is no
forecast (FLTO), 5 diverted flights will land at other alternate airports near Hong
Kong. This is because more flights will depart from their origin airports before T
in the case of no forecast FLTO, compared to the case with a forecast, which
increases the possibility of flight diversion. In our simulation, there is no flight
diversion under other forecast scenarios because there are not too many flights in
the air during this event. Figure 3.14(b) indicates that as forecast capabilities
improve, the number of canceled flights decreases. ATCs have less confidence in
the future AAR when the forecast lead time is shorter. Therefore, they prefer to
cancel flights to avoid unexpected problems like airborne holding or flight
diversions. If a flight is canceled, there will be no ground delay for this flight, and
the time slot associated with this flight can be utilized by other planes. This also
helps to explain why, in Figure 3.14(a), the overall ground delays are lower when
the forecast lead time is smaller. Figure 3.14(c) shows that without space weather
forecasting the extra financial cost related to airlines is 2.23 million Euros and that

the cost decreases as the forecast lead time grows.

In addition, the cost associated with the time delay for each passenger is estimated

to be about €35.0/hour (Ball et al., 2010). Hence, assuming 200 seats in a typical

B757 configuration with an occupancy factor of 80%, the unit delay cost for all
passengers is 200 * 80% * 35.0/60 = 93 €/min. Based on the ground delay
time and airborne delay time in Figure 3.14a, the passenger delay cost can be 1.85
million Euros (FLTO), 1.81 million Euros (FLT1), 1.76 million Euros (FLT2), 2.13
million Euros (FLT4), and 2.97 million Euros (FLTL) (shown in Figure 3.14c). On

an aggregate basis, the adverse effects of flight delays can be various such as
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reducing passenger demand and changing airline scheduling plans (Britto et al.

2012), which may introduce additional indirect economical loss and affect the

aggregate economy.
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Figure 3.14. The impact of different forecast scenarios on the total ground delay
time, total airborne delay time, the number of flight cancellations, extra financial

costs for airlines, and passenger time costs caused by flight delays.

3.4.4 Accuracy of satellite navigation failure forecast effects

We also investigate how forecast accuracy affects air traffic management by
simulating two more scenarios. In the optimistic forecast, we assume that the
adverse event would end two hours earlier than it does, i.e. T, =09:00 and
T,=14:00. In the pessimistic forecast, we assume that an adverse event would end
two hours later than it does, i.e. T;=09:00 and T,=18:00. We also assume the
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forecast capabilities are set to FLTL. As shown in Table 3.5, the optimistic
forecast results in much fewer ground delays than the accurate forecast, but
significantly more airborne delays, flight cancellations, and diversions. The
induced cost for airlines (1.85 million Euros) is about 83% more than the accurate
forecast (1.01 million Euros). Because more flights will be optimistically
scheduled to be in the air if the space weather event is expected to end earlier than
it does, generating traffic congestion and hence flight diversion. On the other hand,
the pessimistic forecast results in more ground delays and more flight
cancellations than the accurate forecast. The induced cost (1.72 million Euros) is
70% more than the accurate forecast. If the space weather event is predicted to
linger longer than it does, more flights will be grounded pessimistically. The
findings show that reliable forecasting is crucial for air traffic management and
cost savings. It also implies that an optimistic forecast has a more harmful impact
than a pessimistic forecast. The cost resulting from an optimistic forecast is 1.08

times of that from a pessimistic forecast.

Table 3.5. Comparison of the impact of the accuracy of the forecast.

Optimistic Pessimistic Accurate
forecast: forecast: forecast:
09:00-14:00 (LT) | 09:00-18:00 (LT) | 09:00-16:00 (LT)
Ground delay 12.739 38,000 31,950
(minutes)
Airborne delay
(minutes) 4,184 0 0
No. of canceled
flights 56 60 27
No. of Diverted
flights 38 0 0
Cost for airlines
(million Euros) 1.85 1.72 1.01

3.5 Summary

During the final approach and landing phases, aircraft navigation now primarily
relies on ground facilities. To meet the growing need for civil aviation, the ICAO

promotes satellite navigation to increase airspace capacity and flight efficiency.
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As a result, aircraft will navigate using the GNSS. However, due to the
considerable increase in total electron contents and irregularities in the ionosphere,
GNSS positioning accuracy will be degraded significantly during severe space
weather, which can impact satellite-based aircraft operations.

To explore the impact of GNSS positioning errors on satellite-based air traffic
management and induced economic costs, we made two studies. To be specific,
we selected the historical Halloween storm in 2003 to quantify the effects on the
Continental United States (CONUS) flights from the perspective of CDA failure
and RNAV failure. It is estimated that 2,705 flights would be affected during the

whole space weather event, causing an economic cost of €2.43 million.

Then, we evaluated the future effects on Hong Kong flights in 2030 by simulating
a certain satellite navigation failure period caused by ionosphere storms. In the
analysis, the factors such as distribution of arrival flight demand, the duration of
satellite navigation failures, and space weather forecast capabilities, have been
considered. Our simulation results suggest that if the ionospheric impact on GNSS
navigation cannot be predicted, the cost related to airlines incurred to arrival
flights at HKIA would be more than €2 million. This cost is reduced to €1 million
if the ionospheric impact is precisely predicted. In addition, the time costs for
passengers caused by flight delays can reach nearly €3 million. We also show that
the cost of an optimistic forecast and a pessimistic forecast is 1.83 times and 1.70
times of an accurate forecast, respectively. The cost related to airlines reduces as
forecast lead time increases. Therefore, improving the accuracy and extending the
lead time of ionospheric impact forecast on GNSS navigation are crucially
important for the aviation industry to reduce impacts and costs during space

weather events.
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Chapter 4
ADS-B Failure Effects on Air Traffic Management

ADS-B is a digital surveillance technology, which is primarily based on GNSS
technology. Taking advantage of ADS-B, flight efficiency can be improved
significantly. However, space weather can degrade GNSS performance and
consequently cause ADS-B failure. This chapter introduces the difference in air
traffic control methods. Then a heuristic algorithm based on ADS-B advantages is
proposed to assign landing times for arrival flights. To estimate the ADS-B failure
effects on economic cost, an ADS-B failure scenario is simulated using the Hong

Kong International Airport as an example.

4.1 Introduction

Traditional surveillance methods for air traffic management include Primary
Surveillance Radar (PSR) and Secondary Surveillance Radar (SSR). An emerging
surveillance technology is ADS-B.

4.1.1 Primary Surveillance Radar

The radar antenna of PSR revolves (often between 5 and 12 revolutions per minute)
and emits a radio pulse. When the wave reaches an aircraft (or another object), it

is reflected, and a portion of its energy is returned to the antenna. Figure 4.1

depicts the schematic diagram of the PSR operation principle. PSR is the first civil

aviation surveillance sensor that does not require any onboard equipment for

aircraft location. In addition, unlike SSR or ADS-B, PSR can detect an aircraft

with transponder failure or an intruder. However, PSR still has many drawbacks

such as flight altitude data missing, difficult automatic correlation, and the

minimum range limit.
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Figure 4.1. Schematic diagram of PSR operation principle.

4.1.2 Secondary Surveillance Radar

The SSR radar antenna revolves (often at 5 to 12 revolutions per minute) and
transmits a pulse that is received by onboard electronics (transponder). The
transponder returns a reply comprising at least a code (if operating in Mode A),
but this is more commonly combined with level (Mode C) or other data, such as
aircraft identity, flight level, etc. (Mode S). Figure 4.2 depicts the schematic
diagram of the SSR operation principle. SSR takes significantly less power to
accomplish the desired range than PSR, as the signal simply needs to reach the
aircraft. In addition to the range and heading information from the antenna, SSR
can also offer flight-level data. In addition, SSR is immune to interference since
its interrogation (1030 MHz) and response frequencies are distinct (1090 MHz).
The limitations of SSR include heavily relying on onboard equipment, fake

detection, and shadowed onboard antenna.

Figure 4.2. Schematic diagram of SSR operation principle.

4.1.3 Automatic Dependent Surveillance-Broadcast

As an indispensable part of the Next Generation Air Transportation System, ADS-
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B as a surveillance technology determines aircraft real-time positions via the

GNSS (Li et al., 2020). ADS-B can replace traditional radar systems such as
Primary Surveillance Radar (PSR) and Secondary Surveillance Radar (SSR)
because the onboard ADS-B Out system can broadcast their real-time positions

together with other information in 1090 MHz with an update rate of 0.5-2 seconds.

As shown in Figure 4.3(a), an aircraft with ADS-B capability determines its
position using the GNSS (Asari et al., 2020). The Mode S transponder at the

frequency 1090 MHz then continually broadcasts aircraft position, identity,
velocity, and other information, which can be received by other aircraft equipped
with ADS-B In systems and ADS-B receivers at the ground station (Jheng et al.,
2020). After that, ADS-B data are relayed to the air traffic control center for
precise tracking of the aircraft, as in Figure 4.3(b) (Chen et al., 2020). In the space

segment, GNSS signals propagate from satellites to aircraft to determine aircraft
positions. In the air segment, many aircraft share airspace and periodically
broadcast ADS-B messages using the same frequency. Hence, ADS-B messages

may suffer severe collisions and crowdedness in the channel (Su et al., 2020). In

the ground segment, ADS-B receiver performance varies with different
manufacturers and system designs, which also affects the quality of received ADS-

B messages. The description of ADS-B data is shown in Table 4.1.

(2) \& u& \& (b)
Sgni?s / /A\ce segment v

T

Air segment . ADS-B message

Ground \ User segment
segment
ADS-B data

Yy

ADS-B ground station Air traffic control center

Figure 4.3. Schematic diagram of ADS-B application to ATM.

Table 4.1. ADS-B data description.

Notation Description
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ALT Barometric altitude (ft)

SPD Ground Speed (kt)

LON Longitude (-180° to 180°)
TIM Universal Time Coordinated
VRT Vertical Rate (ft/min)
DAT Date in UTC

LAT Latitude (-90° to 90°)

TRK True track (0° to 360°)

FLI Flight identification

DIS Distance to ADS-B receiver (km)

Air traffic control stations can receive ADS-B information and monitor real-time
flight situations. Figure 4.4 depicts the context diagram exhibiting the data sources,

elements, and data flow (Ali et al., 2016).

) GNSS Receiver / IRS
Pilot

/ DME
‘ » Aircraft Aircraft Position
Flight Identity Position Speed Vector
(Callsign) HFOM HPL g0 otric Air Data

Altitude Computer /
ADS-B emitter / 1 (Flight Level) | Standalone

FMS / Transponder | |

Control Panel Mode S transponder J Barometric
24-bit address Pressure
Flight Identity ~ Aircraft position Encoder

(Callsign) NAC, NIC, SIL
derived from HPL
and other data Cat-21

(ASTERIX Format) ATC
System

ADS-B ground station

Figure 4.4. Context diagram for ADS-B working principle (Ali et al., 2016).

ADS-B performance parameters are summarized by Ali (2013).

o ADS-B accuracy is defined as the difference between the reported aircraft
position in the ADS-B messages and the true position.

o ADS-B integrity is the level of trust that errors will be correctly detected.

o ADS-B continuity is the probability that the system achieves its desired
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performance without unexpected interruptions, given the system is ready
when the procedure starts.

o ADS-B availability is the system ability to achieve the desired functions at
the start of the anticipated operation.

o ADS-B latency denotes the time difference between the time when aircraft
position is determined by GNSS and the time when ADS-B signal is
received by the ground ADS-B station. Figure 4.5 shows the functional
architecture of a transmitting aircraft and a ground ADS-B receiver. Based
on the notations, the total latency can be represented as TL =
TOAg-TOA, (RTCA, 2009), and total latency can and should be limited
to 1.5 seconds (Levitt, 2012).

Aircraft System Ground System
| 1 | |
Measuring Data Transfer ADS.- B ADS-B
. — . Transmitting —< >— Ground [~ Computer
Equipment | | and Processing . :
Equipment Receiver
TOA, TOAg TOA. TOAp TOAg TOAg TOAg

TOA: Time of Applicability

Figure 4.5. Functional architecture diagram of TOA. TOA,: aircraft positions are
determined by GPS. TOAp: GPS receiver outputs aircraft positions. TOA¢ :
aircraft position information reaches ADS-B transponder. TOAp : ADS-B
transponder broadcasts signals. TOAg: ADS-B signal is received by ground
receiver. TOAR: ground receiver outputs ADS-B information. TOA : aircraft

positions are displayed on the computer.

4.2 Surveillance failure

4.2.1 Radar failure

In the afternoon of 4 November 2015, an extraordinarily powerful solar burst at
radio wavelengths of approximately 1 GHz occurred, causing severe disturbances
to those air traffic control radars whose antennas were aimed at the Sun in Sweden

and other European countries (Marqué et al., 2018). This occurrence finally
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necessitated the deployment of a bulk of radars. Figure 4.6 shows the false echoes
observed in the direction of the Sun at a Belgian A/C radar station. Consequently,
the entire southern Swedish airspace was forced to close to arrival flights and

departure flights for nearly two hours (Opgenoorth et al., 2016). Other systems in

other European countries also experienced some radio disturbances during this

extraordinary event, although the effects were not as severe as those in Sweden.

¥

Figure 4.6. False echoes (in green) observed at a Belgian radar station in the upper

right corner (Marqué et al., 2018).

4.2.2 ADS-B failure
Each part of the ADS-B system shown in Figure 4.4 may experience failure. A
thorough understanding of each failure mode is necessary to ensure flight safety.

Ali et al. (2017a) summarized the potential reasons for ADS-B system failure as

follows.

The causes of the corruption of ADS-B data for all aircraft are illustrated in Figure
4.7, which can mainly be attributed to the degradation and reduced integrity of
ADS-B ground stations and airborne systems. The total causes can be summarized
into environmental impact, lack of maintenance, errors in GPS, etc. The corruption

of ADS-B data for one single aircraft in Figure 4.8 is explained by the deterioration
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and low integrity of airborne equipment of a particular aircraft. The deterioration
and low integrity of the onboard navigation system, which provides the aircraft
position information to the ADS-B transponder, can lead to the corruption of
position data for one single aircraft in Figure 4.9. If there are some problems
related to the ground station, the ADS-B data source from all aircraft can be
affected, which is shown in Figure 4.10. The loss of ADS-B data from one aircraft
is due to human errors (by the pilot) and failure of onboard ADS-B equipment.
Detailed information is illustrated in Figure 4.11. At last, the reasons for the failure
of ADS-B In in Figure 4.12 include the failure of ADS-B In applications and the

failure of ADS-B Out service from other aircraft.

I Corruption of ADS -B data for all aircraft I

1
I |

I Fault in ADS -B ground station I Fault in airborne systems
i
I I I | | |
Ground Failure of ground comm. Reduced ADS-B Errorin || Jamming of GPS || Interference
equipment link between ground receiver GPS Time transmission (Intentional /
degradation station and CWP integrity System from satellite || Unintentional)
Ground ADS-B receiver Fault in ADS-B Fault in ADS-B
antenna degradation due to report assembly Receiver
degradation | | lack of maintenance module Equipment
I
| |
Environment Lack of Data Data Bugin
impact (rain, maintenance decoding processing module
snow, aging) error error

Figure 4.7. Analysis of corruption of ADS-B data for all aircraft. The ADS-B
signals from all the aircraft can be received by the ground ADS-B receiver but the

data are corrupted.
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’ Corruption of ADS -B data for single aircraft ‘

Figure 4.8. Analysis of corruption of ADS-B data for single aircraft. Only the

ADS-B signals from single aircraft are corrupted although the data can be received

ADS-B OUT Signal (1030/1090 Reduced ADS-B Wrong 24
antenna deterioration MHz) degradation emitter integrity bit-code
Lack of Environmental impact | | Environmental impact || Fault in ADS-B report Fault in

maintenance (rain, snow) (rain, snow) signal development ADS-B
module transponder
error
I T 1
Data encoding | | Data processing Bugin
error error module

by the ground ADS-B receiver.

Corruption of ADS -B position data for single aircraft

Navigational equipment
degradation

Reduced GPS
receiver integrity

GPS receiver

GPS antenna

’ WAAS inaccuracy ‘ ’ Signal processing error H RAIM error

Figure 4.9. Analysis of corruption of ADS-B position data for single aircraft. The
position data (longitude, latitude, and altitude) in ADS-B signals from single
aircraft are corrupted although the data can be received by the ground ADS-B

receiver.

aging)
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’ Loss of ADS -B data for all aircraft ‘

I

Failure of ADS-B

Failure of ground comm. Link between ground

Failure of airborne

ground station station and controller working position ( CWP) ADS-B system
Failure of Data Failure of Failure of Processing
ground decoding ADS-B ADS-B unit failure
station error ground receiving
power supply receiver antenna
1030/1090 MHz Jamming Failure of
frequency of GPS satellite
jamming deliberate | | transmission
or non-deliberate from satellite

Figure 4.10. Analysis of loss of ADS-B data for all aircraft. The ADS-B signals

from all aircraft cannot be received by the ground ADS-B receiver.

’ Loss of ADS -B data from single aircraft ‘

I

|
Human Error

Failure of ADS-B
capable transponder

ADS-B OUT
antenna failure

Loss of ADS -B
position data

Pilot forgot to turn| | Pilot turned on Main Backup Failure Failure of connection
on ADS-B capable transponder on | | transponder| | transponder | | of GPS between GPS receiver and
transponder wrong mode fail fail receiver ADS-B capable transponder
i
| | I I |
Loss of geometry GPS receiver GPS antenna Jamming of GPS Satellite
from satellite malfunction failure transmission from satellite failure

Figure 4.11. Analysis of loss of ADS-B data from single aircraft. The ADS-B

signals from single aircraft cannot be received by the ground ADS-B receiver.
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Failure of ADS -B In

f
| |
Failure of ADS-B In Failure of ADS-B Out (loss of
client applications ADS-B data from one aircraft)

i
| [ [ [ |
Failure of connection| Failure of report || System hang due Inadequate knowledge Bug in module
between ADS-B assembly function || to insufficient /experience on the system
receiver and ADS-B memory for the functionalities (HMI)
In applications ‘ application to run

Failure of message
exchange function

f

Failure of report assembly module‘ ’ Failure of onboard ADSB receiver ‘

Figure 4.12. Analysis of failure reasons of ADS-B In system.

4.3  Air traffic control method

4.3.1 Radar control

ADS-B is expected to reduce aircraft separation standards, but the current aircraft
separation standards based on ADS-B are still the same as those based on radar.
By definition, radar control is a technique to deliver air traffic control services

utilizing radar and ADS-B (Strohmeier et al., 2014). The risk of aircraft collisions

in air traffic control is managed by implementing separation regulations. These
regulations stipulate that aircraft must be separated by either a minimum vertical
distance or by a minimum horizontal distance determined by a variety of
techniques, which is known as radar separation. Standard radar separations are 3
nm in terminal airspace and 5 nm in enroute airspace. In airspace with less traftic,
controllers will demand pilots to follow published routes that have been
established to separate aircraft. To maintain separation between aircraft on these

routes, controllers may require pilots to fly their aircraft at specific speeds.

4.3.2 Procedural control

Procedural control is a method of controlling air traffic without using radar or
ADS-B. It is particularly used in the areas out of radar coverage, such as sparsely
inhabited land and ocean areas. Additionally, it may also be employed at airports
with extremely little traffic flows, e.g. at night or as a backup system in the event

of radar failure.
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For aircraft that are not vertically separated, procedural control is performed by
establishing horizontal separations based on time intervals, the geography of
predetermined routes, or aircraft position reports based on ground navigation aids.
When procedural control is performed, ATCOs are required to maintain a mental

picture of the position of each aircraft based on the flight progress strip.

The most obvious difference between procedural control and radar control is the
difference in the minimum horizontal spacing allowed between aircraft. A
schematic is illustrated in Figure 4.13. Radar and ADS-B are utilized in a very
similar manner. ADS-B equipped aircraft may maintain a minimum separation of
5 nautical miles, on condition that the integrity value must essentially ensure that
the aircraft is within 0.5 miles of where it reports. On the basis of satellite geometry,
the position integrity is also offered. In the absence of ADS-B, procedural

separation will be used.

Within the area control, the procedure control requires a minimum horizontal
interval of 10 minutes between the same route and the same altitude (equivalent
to a distance of about 150 km for large and medium-sized aircraft), while the
interval based on radar control is only 20 km. A smaller minimum allowable
interval can achieve better utilization of airspace, a larger airspace capacity, a more
conducive to maintaining smooth air route command, and more conducive to

improving flight safety rate and flight normality rate.

ADS-B ADS-B
o e i S NAUtICAI MilE L
et 3 i
Non ADS-B ADS-B
— f’ 4 Procedural Separation Standard { d

Figure 4.13. The difference in separations between ADS-B surveillance and

procedural control.

4.4  Potential benefits of ADS-B in aircraft landing scheduling

Currently, ATCOs rely on the aircraft’s radar contacts on the radar screen (Argyle
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et al., 2018; Ruffner et al., 2003) to maintain safe separation between aircraft.

According to (ICAO, 2007), “a minimum of 300 m vertical separation or a
minimum of 5.6 km radar separation shall be provided between aircraft during
turn-on to parallel ILS localizer courses and/or microwave landing system (MLS)
final approach tracks in the terminal area airspace”. However, radar performance
is related to the power density at the target position, the reflected power, and the

antenna gain (Zhang and Mahadevan, 2017), causing high uncertainty in aircraft

positions. If the aircraft’s positions cannot be obtained accurately, ATCOs would
enlarge the separation distance between aircraft to ensure safe operation.
Consequently, there will be a reduction in airspace capacity and flight efficiency

(Ng et al., 2020). Besides, ATCOs suffer from eye fatigue after focusing on the

eye-tracking system for a long time (Wee et al., 2019). In light of potential human

failures and operational errors, virtual assistance systems have appeared in the

cockpit and on the ground (Ng et al., 2017) to provide tactical decision support

and alert potential aircraft conflicts.

Therefore, the use of ADS-B can increase ATCOs’ confidence in aircraft's real-
time positions, reducing the separation between aircraft without compromising
flight safety, which can optimize airspace capacity and improve flight safety

(Kunzi, 2013). Nowadays, pilots are required to report to ATCOs when entering a

new airspace sector, such as “CCA101, 9,500 meters maintaining, squawk 1234,
6 miles to FYG”. After that, ATCOs will need to acknowledge said report (Li et
al., 2019), replying with “CCA101, Shanghai control, radar contact”. In contrast,
this communication procedure can be eliminated by using ADS-B, which can save

time and energy for both ATCOs and pilots.

The transformation to using ADS-B can allow close monitoring of real-time flight
activities in the Terminal Maneuvering Area (TMA). This modern design

application supports both the separation distance measurement between aircraft

and runway schedule displacement under dynamic situations (Ng et al., 2018).
One crucial issue is that the flight speed and arrival time on the waypoints and
runway is subjected to wind direction and intensity, leading to uncertain ground

speed measurements of approaching flights (Huo et al., 2020). Therefore, it is

necessary to combine ATM with contemporary technologies and digital-
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technology enablers for flight tracking with information from the aircraft’s avionic
system. With accessibility to real-time flight information using ADS-B, data-
driven decisions and flight safety can be significantly improved (Lee et al., 2020).

The real-time position information is more accurate than that from current radar-
based systems with an update rate of 4-12 seconds. With more accurate
information, Air Traffic Control Officers (ATCOs) can guide aircraft into and out
of crowded airspace with smaller separation standards without compromising
flight safety. By reducing separation standards between aircraft, airspace capacity
can be increased even with safer, more efficient, and more predictable flying. The
broadcast ADS-B information can also be received by the aircraft equipped with
ADS-B In system, which can achieve improved situational awareness and allow

self-separation.

ADS-B data provides the real-time geodetic positions (LLA: Longitude, latitude,
and Altitude) positions with ground speed (v in km/h), vertical rate (p in ft/min),
and flight heading (6 in degree). The LLA coordinate system is first converted to
the Earth-Centered Earth-Fixed (ECEF) coordinate system, and then the ECEF
coordinate is converted to the ENU (East, North, Up) coordinate system, achieving
all aircraft in a unified coordinate system (ENU) (Drake, 2002; King, 2003). The
geodetic positions (LLA) of flights are determined by the GNSS and denoted by
(lon, lat, h). Using below formulation, (X, Y, Z) in ECEF can be obtained.

X = (N + h) cos(lon) cos(lat)
Y = (N + h) cos(lon) sin(lat) 4.1)
Z = (N x (1 —e?) + h)sin(lon)

where e is the first eccentricity of the earth, e? = (a? —b?)/a?, N =

a/\/1—e?sin2(lon) , a and b are the equatorial radius and polar radius,
respectively. The local acrodrome center is denoted by (lony, laty, hy) in LLA and
can be converted to ECEF (X, Yy, Z,) using Eq. (4.1). We set the aerodrome as

the origin point (0, 0, 0). The observation vector can be expressed as:
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The observation vector is then transferred into the ENU coordinate system (unit
in m) based on the following equation. The ENU coordinate system is illustrated

in Figure 4.14.

X
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Z__
—sin(lon,) cos(lony) 0 Ax1 (43)
= | —sin(laty) cos(lony) —sin(lat,)sin(lon,) cos(laty) Ay]
| cos(laty) cos(lony)  cos(laty)sin(long)  sin(laty) | LAz
H .
caven (X, Y, Z)(-;w‘:;a{
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U
S
East

(X0, Y0, Zo)

Figure 4.14. The ENU coordinate system.

4.4.1 Problem definition

Aircraft Landing Problem (ALP) is a dynamic problem at the tactical level which
involves sequencing the optimal landing order for arriving flights. Lieder et al.
(2015) indicated that “7o date, no efficient methods have been proposed in the
reviewed literature for the multi-runway ALP that is capable of solving large
problem instances” and summarized the related works before 2015. Therefore, this
thesis provides an overview of related articles from 2015, which is listed in Table

4.2. The most common objectives can be classified into four parts: (1) minimizing
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the total deviation time from target time; (2) minimizing the total flight delay; (3)

maximizing the total airport throughput; (4) minimizing the makespan for all

landing aircraft.

Table 4.2. Overview of ALP articles from 2015.

Source

Objective

Solution method

Lieder et al. (2015)

min total delay

Dynamic programming

Ng and Lee (2016)

min makespan

Artificial bee colony

algorithm

Rodriguez-Diaz et al. min total dela Simulated annealing
(2017) y algorithm

Xu (2017) min makespan Ant colony algorithm

Hong et al. (2018)

min total flight time

Particle swarm
optimization

Mahmud and Jeberson

(2018)

min total deviation
time

Flower pollination
algorithm

Prakash et al. (2018)

max total throughput

Data-splitting algorithm

Ikli et al. (2019)

min total deviation
time

Mixed-integer
programming

Luetal. (2019)

min total delay

Genetic algorithm

Wu et al. (2019)

min total waiting
time

Ant colony algorithm

Salehipour (2020)

min total deviation
time

Heuristic solution method

Vincent et al. (2021)

min total delay

Mixed-integer

programming

As mentioned above, previous articles about ALP mainly focus on optimizing
algorithms without considering aircraft conflict detection or the common
operational failure events such as missed approach. Although there is some

research on Unmanned Aerial Vehicles (UAV) using ADS-B (Pierpaoli and

Rahmani, 2018; Zhang et al., 2018), research gaps exist in ADS-B application to

civil aviation. To better understand digital transformation (Vial, 2019; Zheng et al.,

2019) and satisfy the rapid evolution of new service systems (Wang et al., 2017),

a novel heuristic search method based on ADS-B technology is proposed to
achieve continuous and real-time aircraft landing time updates and assignments

considering the minimum time separation standards induced by wake turbulence.
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When a new flight enters the Terminal Maneuvering Area (TMA), the heuristic
search method can immediately generate an aircraft landing time with the
objective of minimizing the total flight time. Based on the novel and powerful
digital technologies, digital platforms, and digital infrastructures, three

contributions are summarized as follows:

o Leverage ADS-B data: ADS-B is adopted to solve ALP by reducing
communication time and monitoring aircraft's real-time positions.

o Continuous and dynamic scheduling for schedule displacement: The
heuristic search method is a fast and effective method for continuous and
real-time ALP updates.

. Consideration of operational failure events: The heuristic search method
can update landing time when an aircraft is assigned a higher landing

priority due to operational failure.

The proposed heuristic search for ALP is illustrated herein with some of its basic
properties. We have considered a single-runway ALP model, which can be applied
to a multi-airport TMA, on the condition that flight altitude regulations in flight
routes are issued. The scheduling assignment for each flight is determined using
the proposed heuristic, considering the hard constraint of sufficient time
separation. The following three assumptions are made. First, all flights approach
using the standard terminal arrival routes. Second, all flights descend in altitude
by a standard rate of descent, aiming to keep a vertical separation between flights
and guarantee no conflicts among different flight routes. Third, there is no conflict

between arrival flights and departure flights.

For ease of explanation, a schematic diagram of ALP is presented in Figure 4.15

(Toratani, 2019). There are three arrival routes from entry points to the runway.

The target is to sequence all flights and assign their respective landing time
considering the sufficient time separation constraint between two adjacent flights.
After detecting flights entering TMA from the entry points using ADS-B, the
heuristic solves ALP based on the current flight situation and updates aircraft
landing time for all flights within the TMA. The detailed instructions generated

from the heuristic are conveyed to pilots to manage air traffic flow.
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Figure 4.15. The schematic diagram of single-runway ALP.

The ALP mathematical model takes the following input data. Let I be the set of
aircraft, and two neighboring flights are indexed by i and j, respectively. The
number of flights landing on a single runway is denoted by |N|. According to
ICAO regulations, there should be a minimum time separation (Sj;) between two
consecutive flights (preceding flight j and following flight i) to avoid the wake
turbulence effect generated by the preceding aircraft. According to the Maximum
Take-off Weight (MTOW), aircraft categories are divided into light aircraft
(MTOW < 7t), medium aircraft (7t < MTOW < 136t), and heavy aircraft
(MTOW = 136 t) (Tobisova et al., 2018). The minimum time separation standard

S;; relies on the aircraft types and the values indicated in Table 4.3. The arrival
route of flight i is predefined according to the flight plan, and the flight time F; is
related to flight speed and the distance from the entry point to the runway. From
the historical data, F; is between F™™ and F/"®* where F/™" is the shortest flight
time and F{™** is the longest flight time. The time when flight i arrives at the entry
point (T;) can be obtained from ADS-B. Therefore, the assigned landing time is
t; = T; + F;, which should be within the earliest landing time (tf = T; + F/™")
and the latest landing time (t} = T; + F/"%). Every time when a new flight enters
the TMA, the proposed heuristic would solve the ALP and output the updated
landing time for each flight, so the decision valuable (t;) may change several times.
The binary decision variable y;; represents the sequence of the schedule. If the
landing time of flight j is before flight i, y;; is equal to 1; otherwise y;; is equal to
0.
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Table 4.3. The minimum time separation standard between two consecutive
landing flights (in minutes) (ICAO, 2007).

Following aircraft

Heavy Medium Light

Heavy 2 2 3

Preceding Medium 2 2 3
aircraft

Light 2 2 2

Table 4.4. Notations and decision variables.

Sets with indices Explanation
I A set of approaching flights (index i, j)
Parameters Explanation
i,j Flight IDi,j €N
F; Flight time of flight i from an entry point to landing.
Fmin The ;hortest flight time of flight i from an entry point to
L landing.
pmax The _Iongest flight time of flight i from an entry point to
) landing.
T; The arrival time at the entry point for flight i.
M Large artificial variable.
e; The earliest landing time.
l; The latest landing time.
S;i The minimum time separation between aircraft j and i.
Decision variables Explanation
t; The landing time of flight i, t; > 0,V i € N.
1, if flight j lands before flight i (not necessarily
Yji immediately); 0, otherwise.

Given the notations for parameters and decision variables listed in Table 4.4, we
presented the nominal formulation of ALP and assumed all parameters to be

deterministic. The objective function (4.4) is to minimize the total landing time of
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all arrival flights.

min Z t; (4.4)

i€l

s.t.

FF=t,—T,VieN (4.5)
ti>t+S;—M(1—y;),Vi,jEN, i+ (4.6)
ity =LViLjEN,i+#]j 4.7
e;<t;<l,VieN (4.8)
t;>0,ViEN (4.9)
yji E{0,1}L,Vi,jEN,i #j (4.10)

Flight time from entry points to the runway is calculated using constraint (4.5).
Inequality equation (4.6) indicates that the landing time of the following aircraft i
must be larger or equal to the summation of the preceding time t; and the
minimum time separation requirement S;;. Constraint (4.7) ensures either y;; =
1,y;j=0o0ry; =0,y;; = 1. The landing time ¢t; of each flight must be in the
time window ([e;, [;]) in constraint (4.8). Constraints (4.9) and (4.10) express three

decision variables for t; and y;.

4.4.2 Solution approach

As expressed above, the ALP is a real-time dynamic problem, necessitating a
continuous and efficient solution approach. However, it always takes a relatively
long time to locate an ALP solution because ALP is an NP-hardness (non-

deterministic polynomial-time hardness) problem (Kwasiborska, 2017; Lieder et

al., 2015; Rodriguez-Diaz et al., 2017). In mathematical programming, a heuristic

algorithm can determine near-optimal solutions to an optimization problem, and
therefore a novel heuristic search algorithm is proposed to solve the ALP
efficiently. The heuristic workflow is shown in Figure 4.16, containing the

initialization step and continuous update step.
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Figure 4.16. Heuristic search workflow for aircraft landing schedule.

This section introduces the algorithm of the aircraft landing problem in detail.
Firstly, the initialization of the first two flights is introduced, followed by the

continuous update of the heuristic algorithm.

Algorithm 1. Initialization of the first two flights in the decision horizon.

Information of the first two flights j* and i’ in the decision horizon:

InpUt T}',, Ti,,j' =1 andj’ = 1.

Output | Assigned landing time ¢t;,, t;,

1 The 1st flight enters TMA at T;.

2 Calculate e;, = Tj, + F/"'™, and set t;, = ;.

3 The 2nd flight enters TMA at T;,.

4 Calculate e;, = T;, + Fl-’,”i", and compare e;, and e;,.

5 If ej, < €, set tj, = ej,, and til = max{ei,, tj, + Sjlil}'

6 If € < ej,, set til = €, and tj, = max{ej,, til + Siljl}'

After initialization, we introduce the continuous update algorithm for ALP when
anew flight i enters TMA at the time T;. Figure 4.17 shows the schematic diagram.
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Algorithm 2. Continuous update heuristics.

Input | Information of a new coming flight i: T;

Output | Assigned landing time on ¢;

1 | Flight i enters TMA at T;. Calculate e; = T; + F/™™.

2 There are two conditions, i.e. (1) or (2). Please see Figure 4.17.

Condition (1): find a landing time interval (t;, t;,) satisfying t; <
e; < tjy1; sett; = max{e;, t; + Sj;}. Re-schedule the landing time for
flights m + 1 to n, if the landing time separations between two
adjacent flights are less than the minimum time separation standards.

4 Condition (2) if e > tj, set t; = max{el-, t] + S]l}

T e T S

Runway

L L

Runway

Figure 4.17. Schematic diagram of continuous update heuristics.

In this part, we introduce the ALP algorithm with operational failure events (OFE),
e.g., aircraft missing approach. If a flight i cannot land on the runway due to some
operational failure problems at T, we will give this flight a higher priority. Based
on its current position and speed limit, the earliest landing time is denoted as ;.
The optimal scheduled landing time in the deterministic solution t; will now be
landing time £; in the rescheduling heuristics. £; will then be updated when an
operational failure event occurs. We define the real-time landing sequence

decision as Jj;, where y;;=1, if flight j lands before flight i (not necessarily
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immediately); §;; = 0, otherwise.

Algorithm 3. Rescheduling heuristics under operational failure events (OFE).

Input The earliest landing time of OFE-flight (*): £;

Output Landing time for all flights.
Find an interval satisfying: 7 < t; <7, where 7 =
1 max{tjyﬁ,‘v’j €l,j+ i|yﬁ = 1} andt =
max{tjyij,‘v’j €l,j+ i|yij = 1}.

If +S;; < &;, insert flight i after flight j. The schematic diagram is

shown in Figure 4.18 condition (1).

The landing time of the upcoming flights will be set as £; =
min{¢;, T + S;;} for all the subsequence flights.

If £ < Nz+S;; = £, swap the positions of flights j and i, and thus,
y;ji sets to be 0 and ;; = 1. The updated landing time £; of a certain
4 flight i remains unchanged and the updated landing time of flight j
will be {; = 7 4+ Sj;. The schematic diagram is shown in Figure 4.18
condition (2). Update all the subsequence flights in rules 3 and 4.

5 Check until no violation of minimum time separation standards.

Runway j
( 1) T +Sj[ < fl

D M Mt S e St
Runway j i

Figure 4.18. Schematic diagram of rescheduling heuristics under OFE.

As mentioned above, some operational failure events may occur during practical
operations and cause flights not to be in the expected position, which increases the
risk of violating aircraft separation requirements. Taking advantage of ADS-B,
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real-time aircraft positions can be monitored. Pilots can then control flight

situations to reduce the deviation from target landing time and target flight routes.

4.4.3 Case study results

To test the feasibility and effectiveness of the proposed algorithm, we use the
Hong Kong flight data on 5 September 2018 for the study. There were 420 arrival
flights at the Hong Kong airport on that day. The layout of arrival routes and
waypoints is shown in Figure 4.19. The proposed method implementation is
carried out in the personal computer with Intel(R) Core (TM) 17-10510U CPU @
1.80 GHz 2.30 GHz RAM 4.00 GB and Windows 10 OS. As mentioned in Section
2.2, the method runs and updates once when a new flight enters TMA. Results
show that it takes less than one millisecond for each step to update, demonstrating

the high efficiency of this method.
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A
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GINJA ACORNA KT A
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<O> Initial Approach Fix
Hong Kong Airport
AIDOSI DUNIOLA ASABNO ‘

Figure 4.19. Arrival routes of the Hong Kong airport (Jeppesen, 2008).

Based on the numerical results generated from the proposed algorithm, we have
compared them with the original historical data and defined an equation below to

measure the improvement in flight time.
improvement = (Z FPRI — Z FiOPT)/Z FPRI
i€l iel iel

where FP®" and FPPT are the history original flight time and the optimized flight
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time of arrival flight i, respectively, calculated by (t; — T;). Figure 4.20 shows the
saved flight time (F2®" — FPPT) of each flight. It is obvious that most flights can
save flight time by 5-15 minutes, except for only six flights enduring longer flight
times. These six flights are sacrificed for global objective function optimization.

The improvement can be calculated as (16337-11875)/16337=27.3%.
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Figure 4.20. The saved flight time of each arrival flight at HKIA in different local
hours based on the proposed method for ALP.

Here, we also define another two parameters: (1) delay time of flight i: D; = F; —
Fimin, where F; and Fl-mi" are the practical and minimum flight time from an entry
point to the runway, respectively; (2) landing time interval between flight i and
flight i +1: L; ;41 = t;441 — t;, where t; 1s the landing time of flight i. Figure
4.21(a) and (b) show delay time distribution and the number of arrival aircraft in
terms of local hours, respectively. We can notice that there are more arrival flights
during the peak hours (local hour: 10-13), which causes a long delay time if the
separation time standard is satisfied. Figure 4.21(c) presents the landing time
interval. Most values of L; ;1 range from 3-9 minutes. In theory, thirty flights can
land in an hour period with a two-minute separation time interval without any
delay time. Figure 4.21 (b) shows that the number of landing aircraft is generally
less than thirty, but the delay time still widely exists, which is because many flights
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are planned to land within a short time slot, which causes the crowdedness of
runway allocation. Therefore, some flights are asked to join holding patterns and
make circles to maintain safe separation, which causes long flight times and high

fuel consumption (Xue et al., 2020a) and pose a threat to flight safety.
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Figure 4.21. Simulation results based on HKIA flight data on 5 September 2018
(a) Delay time of arrival aircraft; (b) the number of arrival aircraft; (c) the landing

time interval between two adjacent aircraft.

4.4.4 Discussion

For traditional radar-based ATC, many unnecessary communications commonly
exist, increasing the workload of both ATCOs and pilots. ADS-B signals can solve
this problem. Except for the graphical information (blips on the screen), ADS-B
can provide ATCOs with digital information (longitude, latitude, and altitude),

which can increase the confidence level of aircraft positions. On this condition,
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ATCOs can reduce the distances among aircraft without violating separation
standards, improving situational awareness and airspace capacity utilization (Ali

etal., 2017b). Using the historical flight data in Shanghai TMA, we can summarize

the relations between ground speed and flight altitude (Figure 4.22(a)). The update
rate of ADS-B and radar is assumed to be one second and five seconds,
respectively. The average position uncertainty at different flight altitudes can be
calculated and is shown in Figure 4.22(b). However, the drawbacks of ADS-B
should also be noted. ADS-B performance relies greatly on the GNSS, which can

be degraded by space weather and ionospheric scintillation (Xue et al., 2020b), so

improving GNSS positioning accuracy is significant (Sun et al., 2020).
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Figure 4.22. (a). Ground speed in terms of different flight altitudes. (b). Average
position uncertainty based on a one-second update interval for ADS-B and a five-

second update interval for radar.

At the strategic level, ADS-B has a promising applicability. The ground stations
can combine the ADS-B data globally and adjust flight plans to avoid unnecessary
flight delays and conflicts. As shown in Figure 4.21 (c), many flights are delayed
because the landing times of these flights are clustered together without satisfying
the time separation standard. To be exact, that is due to the unreasonable arrival
time (T;) at entry point. That is also to say if T; is assigned reasonably, flight delays
can be eliminated. Radar has a limited coverage area (~400 km), so it is
challenging to combine real-time flight data in remote, oceanic, and low-altitude
areas. On the other hand, ADS-B integration can be achieved based on the ADS-

B information-sharing system utilizing receivers in low earth orbit satellites and
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on the ground. Herein, we propose a concept based on ADS-B integration to
optimize ATM thoroughly, which requires cooperation among ATCs, airlines, and

airports. It involves multiple stakeholders and requires further study.

However, in the case of ADS-B failure, the advantages of ADS-B cannot be
applied to air traffic management. The increased flight time in each hour due to
ADS-B failure is shown in Figure 4.23. Assuming the failure duration time is from
9 LT to 16 LT, the total increased flight time is 1,864 minutes, causing additional
fuel of 65.24 tons (35 kg/minx1,864 min) and accordingly CO, emission of
205.51 tons. Therefore, the additional economic cost is €333,358, including fuel
cost €74,308, CO» cost €85,698, and time cost €173,352.
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Figure 4.23. The increased flight time in each hour due to ADS-B failure based on
the HKIA historical flight data on 5 September 2018.

4.5 Summary

Surveillance technology, including radar and ADS-B, is a significant part of air
traffic management, based on which ATCOs can guide aircraft and maintain
smooth flight flow. However, space weather events can affect the normal operation
of surveillance systems. In the case of ADS-B failure, radar is used for surveillance,
although the advantages of ADS-B are unavailable. Likewise, procedure control

will be used as a backup system when both radar and ADS-B are unavailable,
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which can result in higher aircraft separation standards, less airspace capacity, and

more workload for air traffic controllers (ICAO, 2016b). Massive workload during
particular work periods may cause fatigue, posing a threat to flight safety

(Wingelaar-Jagt et al., 2021).

In order to achieve continuous and real-time aircraft landing time updates and
assignments, taking into account the minimum time separation criteria caused by
wake turbulence, a unique heuristic search approach based on ADS-B is proposed.
The heuristic search approach may instantly provide an aircraft landing time when
anew flight reaches the Terminal Maneuvering Area (TMA), to reduce the overall
flight time. Compared to radar-based surveillance, ADS-B-based surveillance can
reduce flight time for arrival flights significantly. We simulated a scenario by
assuming an ADS-B failure duration of 9-16 LT in Hong Kong under the impact
of space weather. Using the historical flight data on 5 September 2018, simulation
results show that there is an increase in flight time of 1,864 minutes, fuel
consumption of 65.24 tons, and CO; emission of 205.51 tons. The economic cost
caused by ADS-B failure is estimated to be €0.33 million, including fuel cost
€74,308, CO; cost €85,698, and time cost related to onboard passengers €173,352.
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Chapter 5
Elevated Cosmic Radiation Effects on Air Traffic

Management

Cosmic radiation poses a threat to the health of aircrew and passengers. As the
radiation dose increases with altitude and latitude, one feasible option is to
decrease the flight altitude or latitude. Currently, airlines do not fly polar routes
during strong radiation storms. These responses to significant cosmic radiation
will result in significant costs. This chapter discusses the sources of cosmic
radiation and several cosmic radiation systems. Then the cosmic radiation limit
for one flight during solar radiation storms is estimated for European airlines.
Finally, a multi-objective approach to plan flight altitudes and flight speeds to

reduce cosmic radiation and fuel consumption is developed.

5.1 Introduction

5.1.1 Cosmic Radiation Sources

Humans are exposed to a variety of radiation sources with an estimated annual
total effective radiation dose of 2.4 mSv per capita, including inhalation (primarily
radon) (1.26 mSv), ingestion of food and water (0.29 mSv), cosmic radiation (0.39

mSv), and terrestrial radiation (0.48 mSv) (World Health Organization, 2011).

According to the International Commission on Radiological Protection (ICRP),
for every 1 Sv increase in effective radiation exposure, the cancer risk increases

by 1.65% (Ma et al., 2013).

Cosmic radiation is made up of high-energy protons and atomic nuclei that move
through space at nearly the speed of light, originating from the Sun and distant
galaxies. Two sources of cosmic radiation are Galactic Cosmic Radiation (GCR)

and Solar Energetic Particles (SEP) (Sato et al., 2019). During solar quiet periods,

GCR is the primary source of cosmic-ray exposure. The radiation dose rates
fluctuate throughout the course of the 11-year solar cycle. In contrast, SEP is an

atmospheric incident only when a major solar flare occurs, but the radiation
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dosage rates are possibly more than two orders of magnitude higher than those of
GCR. National Aeronautics and Space Administration (NASA) has reported that
excessive cosmic radiation exposure can potentially induce diseases and
biological consequences such as cancer, damage to the central nervous system,

and damage to DNA (NASA, 2017). A previous study has found that aircrew

members have approximately twice the rate of melanoma as the general
population, which could attribute to in-flight exposure to UV rays and cosmic

radiation (Sanlorenzo et al., 2015). The guidelines established in NASA-STD-

3001 stipulate that the cumulative effective radiation dose for each crew member
over their entire spaceflight career should not surpass 600 mSv. Furthermore, in
order to mitigate immediate adverse effects, the effective dose limit for short-term
radiation exposure resulting from solar particle events is set at 250 mSv per event

(Francisco, 2021).

Cosmic radiation can be measured by ground-based neutron monitors. During a
powerful Solar Radiation Storm, energetic particles strike our atmosphere and
produce secondary particles that may be detected by neutron detectors. When
more than three stations detect an increase in radiation, it is classified as a Ground
Level Event, which entails an increase in radiation exposure for aircraft in flight.
The effect is proportional to height and latitude: the higher the altitude and/or
latitude, the greater the impact. Figure 5.1 shows the schematic of the effects of

SEP on aviation operations.
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Figure 5.1. Schematic of the effects of SEP on aviation operation.

5.1.2 Cosmic Radiation Calculation Systems
Large Solar Proton Events (SPE) are recognized as a severe hazard to aircrew and

passengers in civil aviation (Kataoka, 2011; Tobiska et al., 2015). Thus, the

detection and alert of SPE are important. This work can be performed in two
approaches: high-energy proton detectors on Geostationary Operational

Environmental Satellites (GOES) or neutron monitors on the ground (Sato, 2020).

To mitigate exposure to a high level of cosmic radiation, several systems have
been developed to issue SEP exposure alerts for the commercial airline industry,
such as Warning System for AVlation Exposure to Solar energetic particle
(WASAVIES), Aviation Dosimetry (AVIDOS), and Nowcast of Aerospace
lonizing Radiation System (NAIRAS). The detailed descriptions of these three
systems are provided as follows.

WASAVIES is a system that assesses the cosmic radiation rate at flight altitudes
in real-time and generates an alarm when a rapid increase in the dose rate is
observed. WASAVIES was developed by the National Institute of Information
and Communications Technology (NICT), Japan Atomic Energy Agency (JAEA),
National Institute of Polar Research (NIPR), Hiroshima University, National
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Institute of Technology Ibaraki College, and Nagoya University. WASAVIES
interpolates the cosmic ray intensity data obtained on the ground and in
geostationary orbit using a physical model to calculate the cosmic ray exposure
dose at flight altitudes in real time. During quiet space weather days, cosmic
radiation intensities do not change significantly. In the case of Ground Level
Enhancement (GLE), the data is updated at the interval of 5 minutes (Sato et al.
2014). Figure 5.2 shows the Exposure dose rate map at 12 km altitude at 00:05 UT
updated on 12 November 2022 (https://wasavies.nict.go.jp/WorldDose.html).
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Figure 5.2. Exposure dose rate map at 12 km altitude at 00:05 UT updated on 12
November 2022 from WASAVIES.

AVIDOS is a computer algorithm designed to estimate the exposure of cosmic
radiation on aircrew. The algorithm implements a multiparameter model derived
from FLUKA (FLUktuierende KAskade) Monte Carlo simulations of cosmic
radiation exposure. AVIDOS calculates the ambient dose equivalent and the
effective dose. The dose assessment process utilizing AVIDOS has been validated
by the Austrian accreditation agency following European laws and is valid across
Europe (Latocha et al., 2009). As an example, Figure 5.3 shows the effective dose
rate at 11.0 km on 3 November 2022.

(https://www.seibersdorf-laboratories.at/en/products/ionizing-radiation/dosimetr

y/avidos/current-exposure).
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Figure 5.3. The effective dose rate at 11.0 km on 3 November 2022 from AVIDOS.

NAIRAS is a NASA-funded Applied Sciences Program for assessing aviation
radiation exposure. The NAIRAS model forecasts atmospheric radiation exposure
caused by GCR and SEP. The propagation of GCR particles from space to Earth
Is modeled based on the Badhwar and O'Neill model (Slaba and Whitman, 2020),
with the solar modulation parameterized using high-latitude real-time neutron

monitor readings from Oulu, Tomnicki, and Moscow (Ghelfi et al., 2017). During

radiation storms, the SEP spectrum is calculated using NOAA/GOES and
NASA/ACE satellite ion flux observations. The GCR and SEP transport through
the magnetosphere is calculated using the CISM-Dartmouth particle trajectory
geomagnetic cutoff rigidity algorithm (Mertens et al., 2013). Figure 5.4 shows the
effective dose rate at 11 km at 03:00 UT on 3 November 2022
(https://sol.spacenvironment.net/nairas/Dose_Rates.html).
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Effective dose rate 2022-11-03 03:00 UT at 11.0 km

Figure 5.4. The effective dose rate at 11 km at 03:00 UT on 3 November 2022
from NAIRAS.

5.1.3 Aviation Radiation Exposure

Pilots are regarded as occupational radiation workers by the Federal Aviation
Administration (FAA) because they can absorb significant cosmic radiation doses
when flying high above the Earth with inadequate atmospheric protection

(Bagshaw, 2008). Therefore, airline dispatchers are obligated to account for the

cumulative cosmic radiation of flight crew while making flight plans. The
International Commission on Radiological Protection (ICRP), the FAA, and the
Council of the European Union (EU) recommend effective cosmic radiation dose
limits for aircrew of 20 mSv/year averaged over five years (a total of 100 mSv in

five years) and 1 mSv/year for the general public (Bagshaw, 2008). The ICRP

recommends a dose limit of 1 mSv for radiation-related pregnant workers

throughout their pregnancy (ICRP, 2016). The National Council on Radiation

Protection and Measurements (NCRP) also recommends a monthly radiation limit

of 0.5 mSv during pregnancy (NCRP, 2013).

The cosmic radiation intensity is related to altitude, geomagnetic latitude, and

solar activity (Yang and Sheu, 2020). The Earth’s atmosphere and magnetic field

can shield the Earth’s surface from cosmic radiation (Parker, 2006), with the
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protective effect being greatest at the equator at lower altitudes and weakest
towards the poles at higher altitudes. As a result, people on the ground are

generally protected against the biological effects of cosmic radiation (Tuo et al.

2012). Due to less protection from the Earth’s atmosphere and magnetic field,
cosmic radiation rates are stronger at aircraft cruising altitudes and high latitudes

than those at low altitudes and low latitudes.

Solar activity is a crucial contributor to the transitory elevation of cosmic radiation

(Hapgood et al., 2021; Pesnell, 2012). On a calm space weather day (e.g., 15

March 2013), the total effective cosmic radiation doses along a transequatorial
flight (Colombo-Jakarta), a transatlantic flight (Paris-New York), and a transpolar
flight (Beijing-Chicago) are estimated to be 9.7, 60 and 82 pSv, respectively
(Lochard et al., 2016). During extraordinary Solar Particle Events (SPE), SEP-

caused cosmic radiation increases dramatically (Meier and Matthi&, 2014). Table

5.1 lists the total effective doses along specific flight routes on several severe
space weather days. Note that the estimated total effective doses for the same flight
during the same SPE can be different, e.g. London-New York on 14 July 2000.
This is because different cutoff rigidity thresholds are used in different studies. To
be specific, the cosmic radiation dose rates decrease with the increase of the cut-

off rigidity threshold.

Table 5.1. The total effective doses along specific flight routes under different
Ground Level Enhancement (GLE) events. The GLE peak increase rates are from

the neutron monitors of the worldwide network (Firoz et al.., 2010).

GLE peak Total
increase Date Flight route effective Source
rate dose
London-Los
14 July 2000 Angeles 24 uSv
29.46%
14 July 2000 | London-New York | 10 uSv
(Clucas et
London-Los al., 2005)

15 April 2001 51 pSv

Angeles

57.02%
15 April 2001 | London-New York | 22 uSv
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29 September

173.80% 1989 Continuous 10- S7T0 uSv | (Copeland
hour high-latitude etal.,
269.57% | 20 ;ggléary flightat12km | 3905y |  2008)

Frankfurt-Los
20 January Angeles 168 uSv | (Matthii et

2005 al., 2009)
New York-Beijing | 189 uSv

London-New York | 633 uSv | (Anderson

29.46% 14 July 2000 ) etal.,
Paris-San Jose 202 pSv 2014)

269.57%

(Copeland
511706 | 23 FEDMUAY | ey vork-London | 2,670 psv | 2
1956 ’ Atwell
2019)

According to ICAO Manual on Space Weather Information in Support of
International Air Navigation (ICAO Doc 10100) (ICAO, 2018b), the space

weather advisories about radiation are provided as follows.

Inflight or enroute

RAD MOD: Aircraft cannot perform any planned step-climbs. If the current
flight level is above the flight level designated in the RAD MOD
message, the aircraft are requested to descend to 3,000 ft below that
flight level using normal procedures.

RAD SEYV: If the current flight level is above the flight level designated in
the RAD SEV message, the aircraft are requested to descend to 3,000
ft below that flight level using normal procedures. If no clearance is
provided within 30 minutes, aircraft can consider descent to 3,000

feet below the RAD SEV message FL at 1,000-1,500 ft/min.

Dispatch or before departure
RAD MOD: Restrict maximum FL to 3,000 ft below the flight level
specified in the RAD MOD message. Apply for 12 hours following

the last message.
RAD SEV: There should be no dispatch into RAD SEV areas for 12 hours

following the last message.

92



5.2 Economic Cost Caused by Massive Cosmic Radiation

5.2.1 Cosmic radiation dose
The FAA released a solar radiation alert on 28-29 October 2003, indicating that
flights going north or south of 35 degrees latitude were susceptible to high

radiation doses (NOAA. 2004). To restrict aviation radiation exposure during the

Halloween storm, some polar flights were rerouted to non-polar routes, despite
necessitating fuel stops in Japan. Besides, flights between the U.S. and Europe
also lowered flight altitudes. The cosmic radiation rates at 11 km from 27 October
2003 to 31 October 2003 were calculated by the Nowcast of Aerospace lonizing
Radiation System (NAIRS), as shown in Figure 5.5. The movie can be found at

http://sol.spacenvironment.net/~nairas/Gallery.html.

uSv/hr
150
100
50
35
25
20
15
10

Figure 5.5. Effective dose (galactic cosmic radiation and solar energetic particles)
at the altitude of 11 km at UT=12:00 on 28 October 2003. Source:

http://sol.spacenvironment.net/~nairas/Gallery.html.

5.2.2 Aviation radiation exposure calculation method
The cosmic radiation rate at a given longitude x and latitude y at time ¢t is denoted
by 7xy¢ (in the unit of pSv/min), which is obtained from the NAIRAS. For

simplicity, the Great circle routes are assumed to be the real flight routes. We
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assume that the first and last 30 minutes are used for aircraft climbing and
descending, we only consider the cruising period from Tg = T; + 30to T, = T; —
30 as the total exposure time of cosmic radiation. Here, T; and T; are the
departure time at the origin airport and the landing time at the arrival airport,

respectively. The total aviation cosmic radiation R; of a certain flight i is given as

Te
R; = f Teye dt (5.1)

5.2.3 Economic cost of flight cancellations

We assume that if R; is above a critical limit, the airlines will choose to cancel the
flight, which is one of the most conservative but reliable measures (Jiao et al.,
2013). To date, there is still no regulation about the cosmic radiation limits for one
flight plan, and it is each airline’s responsibility to assess the radiation threat and
take appropriate action. We calculated the number of flights whose aviation
radiation exposures exceed some specific radiation doses and assumed that
airlines would cancel flights in this case. Figure 5.6 shows the number of flight
cancellations and corresponding costs for different cosmic radiation limits ranging
from 100 uSv to 1,000 uSv. It is obvious the number of flight cancellations during
28-29 October 2003 was higher, which can be explained by the elevated cosmic
radiation during these two days. For detailed information about the spatial and
temporal distribution of cosmic radiation rates during the Halloween storm, please

visit http://sol.spacenvironment.net/~nairas/Gallery.html. To the best of our

knowledge, there is still not specific regulation about the cosmic radiation limits
for one flight plan. NCRP (2013) mandates that the monthly radiation during
pregnancy cannot exceed 0.5 uSv. Consequently, if we set the cosmic radiation
limit to 500 uSv, the cancellation costs would be €30.06 million on October 28,
€18.56 million on October 29, and €0.35 million on October 30. In contrast, if the

limit is set to 1,000 pSv, the total flight cancellation cost would be €2.77 million.
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Figure 5.6. The number of canceled flights (a) and the corresponding cancellation

costs (b) under different cosmic radiation dose limits for one flight plan.

5.2.4 Economic cost of flight rerouting and lowering altitudes
Apart from canceling flights, airlines can reroute flight paths and lower flight

altitudes in reaction to extremely high cosmic radiation (Saito et al., 2021).

Rerouting is not considered in this study due to the possibility of increased fuel
consumption and possible airspace rights infringement. Lowering flight altitudes
is another approach to reduce aviation exposure due to atmosphere protection.
Herein, we assume that we do not get cosmic radiation at the height of 9 km.
Therefore, we propose a hypothetical scenario and assume that flights can avoid
exceeding the cosmic radiation threshold by lowering flight altitude to 9 km.
According to Table 5.2, the additional fuel costs caused by lowering flight
altitudes would be €5.24 million on October 28, €3.15 million on October 29, and
€0.07 million on October 30. It seems that lowering flight altitudes is a better
choice because the expenses are much less than canceling flights. However,

airspace capacity in each flight level needs to be considered during real operations,
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as it may cause air traffic congestion and flight safety problem.

Table 5.2. The nominal fuel consumption at two different Flight Levels (1 FL=100
ft) according to the Base of Aircraft Data (BADA).

Fuel consumption rate (kg/min)
Aircraft types Capacity seats

291 FL 361 FL
A332 250 110.7 91.75
A333 290 108.7 87.75
A350 350 119.4 102.8
A388 520 240.8 213.1
B744 420 179.4 155.9
B763 260 89.1 77.3
B772 360 115.3 104.35
B773 380 125.4 118.7
B788 240 92.9 82.55
B789 195 97.7 88

5.3 Cosmic Radiation Limit Estimation for European Airlines

According to Bundesamt flr Strahlenschutz (2022), the occupational group with

the highest radiation exposure in 2019 is aircrew, with an average annual effective
dose of 1.82 mSv. Comparatively, the average yearly radiation exposure of
medical personnel is far lower, at 0.32 mSv. Detailed information is shown in
Figure 5.7 (Bundesamt fiir Strahlenschutz, 2022).
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Figure 5.7. Average annual radiation doses in different occupational groups (n:

number of radiation-exposed individuals per occupational group) (Bundesamt fiir

Strahlenschutz, 2022).

The EU mandated that aircrew should conduct radiation protection monitoring.
With the amendment of the German Radiation Protection Ordinance (Palm, 2002),

this requirement has become national law in Germany ever since, which states that
aircrew needs mandatory monitoring if they receive more than 1 mSv of effective
dose from cosmic radiation during flights. The radiation exposure must be
monitored, limited, and reduced based on an individual case. Airlines are required
to establish the radiation dose levels and minimize aviation radiation exposure
through aircrew scheduling and flight routes. Civil Aviation Research Institute
(CARI) series models can calculate the aviation radiation exposure of each flight
based on flight data (origin and destination airport, flight duration and altitude,

date) and known physical conditions (e.g., neutron flux density) (Copeland, 2017).

The variation in the distribution of doses for aircrew is shown in Figure 5.8

(Bundesamt fiir Strahlenschutz, 2022). Annual dose levels in the interval of 1.5-

2.0 mSv are the highest, while the others form a broadly symmetrical distribution
around this group. Besides, there is no aircrew with an annual dose of more than

6 mSv.
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Figure 5.8. The frequency distribution of the annual doses of aviation staffin 2019

in Germany (Bundesamt fiir Strahlenschutz, 2022).

Cosmic radiation is more severe in Europe due to weaker shielding of the magnetic
field in higher latitude regions than in the lower latitude regions. Considering

aircrew health, the EU recommends a cosmic radiation control level C* of 6 mSv

per year for aircrew (Bagshaw, 2008; Thierfeldt et al., 2009). Aviation radiation
exposure is also related to the total flight time, and it is estimated that the average
annual flight time D for airline pilots is ~700 hours (Flying Staff, 2022). Based on
WASAVIES or NAIRAS model, the cosmic radiation rates r in Europe during

quiet space weather days can be ~8 uSv/h. Therefore, the cosmic radiation dose
limit for one flight trip during the elevated cosmic radiation period is estimated to
be Cax = C* — Dr=6,000 puSv-8 puSv/hx700 h=400 pSv. That is to say if the
anticipated cosmic radiation dose of one flight trip exceeds Cp,,x=400 uSv, the
flight should be canceled. We believe the policy recommendations can serve as a
criterion for airline decision-makers to assure financial profit meanwhile without
jeopardizing aircrew health, by not exceeding the cosmic radiation exposure
threshold.

This investigation would greatly benefit the airline industry by protecting airlines

from exceeding EU radiation protection standards when extreme space events
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occur. Aircrew scheduling is a critical and challenging task for airlines (Quesnel

et al., 2020), as aircrew cost is the second-largest component of an airline’s total

operating cost, just after fuel consumption cost (Wen et al., 2022). If the aircrew

IS expected to experience massive cosmic radiation for a particular flight route,
airlines will have to take certain actions to reschedule flight plans, and sometimes
it may disrupt the whole aircrew scheduling. This may hinder airlines to maintain

profitability in the competitive market (Lopes et al., 2016; O'Connell et al., 2020).

5.4 Flight Altitude Assignments during Solar Radiation Storm

In response to SPE-caused high cosmic radiation alerts, airlines may lower flight

altitudes or reroute flights to lower latitudes (Matthié et al., 2015), which can result

in increased fuel consumption and aircraft emissions (Fujita et al., 2021; Saito et

al., 2021). Particularly, flight rerouting is sometimes constrained by air traffic

management regulations. Therefore, airlines may inevitably cancel flights, which

can cause additional financial costs (Taylor et al., 2021; Yamashiki et al., 2020)

and disrupt passenger itineraries (Hu et al., 2021). To the best of our knowledge,

the cosmic radiation threshold for any given flight trip has not been established.
Considering these issues, we first analyze the cosmic radiation of one flight trip
of a European airline during a space weather event. We then propose a multi-
objective optimization model based on Mixed-Integer Linear Programming
(MILP) to assign the optimal flight altitudes and speed with the objective of
minimizing fuel consumption and cosmic radiation. In addition, the Pareto frontier
representing the best trade-off between cosmic radiation and fuel consumption is
provided as a guideline for tactical ATM based on various preferences and

intentions.

5.4.1 Flight Information

A long-distance international flight from Tokyo Narita Airport (NRT) to London
Heathrow Airport (LHR) on 6 October 2018 is selected as the case study subject.
The historical flight data (https://opensky-network.org/) indicate that: (1) the

aircraft type is B787-900; (2) enroute time is ~12.5 hours with a cruising speed of
850 km/h (460 knots); (3) the most representative flight altitude is 12,200 m

(40,100 ft); and (4) the great circle route is assumed to represent the actual flight
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route with a distance of about 9,600 km (Figure 5.9). We assume the climbing and
descending segments are each 300 km and thus set the cruising distance to be
9,000 km and divide it into nine flight segments with 1,000 km for each segment.
For example, the first flight segment (i = 1) is 300-1,300 km from NRT, and the
ninth flight segment (i = 9) is 8,300-9,300 km from NRT. Most of the flight route
is in high latitude regions and therefore is susceptible to a high level of cosmic

radiation.

75°N

60°N

0° 40°E 80°E 120°E

Figure 5.9. The great circle route from NRT (35.765°N, 140.386°E) to LHR
(51.477°N, 0.461°W). The cruise phase distance is 9,000 km, and the rest 600 km

is for the climbing and descending phases.

5.4.2 Radiation data
The SPE on 20 January 2005 was one of the largest GLE events ever recorded in

the neutron monitors of the worldwide network since 1956 (Plainaki et al., 2007;

Saito et al., 2021). During this event, the effects of the radiation exposure at
altitudes of 12 km were estimated to be ~1.8 mSv/h during 0650-0655 UTC in the
Antarctic region and about 0.1 mSv/h at a latitude of 70° in the Northern
Hemisphere during 0710-0715 UTC (Matthid et al., 2009; Mishev et al., 2015).

WASAVIES is a physics-based forecast model that computes global cosmic
radiation dose rates at different altitudes (Kataoka et al., 2014; Kataoka et al., 2018;
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Sato et al., 2018). We use their modeling results to estimate the cosmic radiation

information along NRT-LHR during this strong space weather event when a
remarkable increase in cosmic radiation rate is obtained in the simulation (Figure
5.10a). For comparison, the radiation is significantly lower during a quiet space
weather day on, e.g. 16 March 2022 (Figure 5.10b). Constrained by flight altitude
regulation (ICAQ, 2016a), six flight altitudes from 301 FL to 401 FL (1 FL=100

ft) with a vertical separation of 20 FL are considered and are indexed by j =
1,2,..,6. For example, j = 1 indicates 301 FL, and j = 6 indicates 401 FL.
Based on WASAVIES simulation results, cosmic radiation rates ¢;; in flight
segment i at flight altitude j are shown in Table 5.3. If the aircraft flies as usual at
the altitude of 401 FL without any response to the increased cosmic radiation on
20 January 2005, the total effective cosmic radiation dose would be over 700 puSv
assuming that the global effective dose rate distribution in Figure 5.10(a) lasted
over the entire flight time. Consequently, the radiation dose for this flight journey

will exceed the Cpp,,4x=400 puSv threshold.
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Figure 5.10. WASAVIES simulation results of radiation dose rate along the NRT-
LHR flight route on (a) a severe space weather day like 20 January 2005 and (b)
a quiet space weather day (16 March 2022). Purple lines outline the schematic
diagram of the flight profile from NRT to LHR with the cruising altitude at 401
FL.

Table 5.3. WASAVIES simulation results of average effective radiation dose rate
(uSv/h) along the NRT-LHR flight route at different flight levels and at different

flight segments.
Flight Flight segment i
level | ¢ 8 | 7 | 6 | 5| 4 | 3| 2|1

401 33.8 60 118 | 120 | 120 84 | 221 | 45 2.5

381 25 60 96 120 | 120 72 | 20.3 4 2.5

361 21.7 52 78 120 | 108 56 15 3.5 2.5
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341 19 39 60 60 60 49 | 133 3 2.5

321 14.8 28 50 60 60 40 | 104 | 25 2.5

301 12 21 32 52 35 27 9.5 2.5 2.5

5.4.3 Wind speed data

Wind can play an important role in flight time and fuel consumption, and
dispatchers in airlines need to consider the effects of wind while making flight
plans. In this study, we use wind data from the National Centers for Environmental
Prediction (NCEP) of the United States, which can provide national and global
weather, water, climate, and space weather guidance, forecasts, and warnings. The
adopted wind speed data are at 12 UT on 1 March 2022. The average headwind
speeds in each flight segment and flight altitude are shown in Figure 5.11
(https://rda.ucar.edu/datasets/ds083.2/index.html#sfol-fw?g=22022).

T\”\ 60 m 401FL e 381FL 361 FL

£ 5oL | ¥ 341FL 321FL <« 301FL ) 4

% I

— 40

%) vv

= 30l ¥ L I

e

g 20

= o -

D 10}

=2 § n

- Of H T

=

% '10 T 1I' T T T 4
E LHR8800 7800 6800 5800 4800 3800 2800 1800 800 NRT

Distance from NRT (km)

Figure 5.11. The average wind speed at different flight altitudes used for our

modelling.

5.4.4 Fuel consumption model

According to the Base of Aircraft Data (BADA) (EUROCONTROL, 2022), the

nominal fuel flow f;; (kg/min) in flight segment i at flight altitude j is related to
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true airspeed (TAS) v;; and the standard air density p;;. The wind speed w;; in

flight segment i at flight altitude j also plays an important role in flight time and
consequently affects fuel consumption. The ground speed g;; vector can be
expressed as g;; = w;j + v;; . Therefore, the ground speed (km/h) can be
expressed by g;; = |w,-]- + vi]-|. For a given flight route of distance L (km), the
fuel consumption F;; (kg) in flight segment i at flight altitude j can be expressed
as:
Fl-j=60-fij-i (5.2)
Yij
where the nominal fuel flow f;; (kg/min) in flight segment i at flight altitude j,
which is defined as a function of thrust-specific fuel consumption 7;;
(kg/(min-kN)) and engine thrust T;; (N).
i~ Tij

fii = To00 (53)

where 7;; is related to the thrust-specific fuel consumption coefficients
Cr,=0.5466, C£,=1198.1, and the true airspeed (TAS) v;; (km/h).
ni; = Cr (1+L> (5.4)
l - .
J ! 1.852 - Cy,
During the cruise phase, the thrust is assumed to be equal to the drag force D;; (N)

in (5.5), and the drag force can be calculated using the formula (5.6)-(5.8)
(EUROCONTROL, 2022).

(5.5)
Tij = Dy
1 vij 2
Dij =5Coijpy - (g) *S (5.6)
2
Cp.ij = Cpycr + Cp,cr (CL.ij) (5.7)
2-m-g
Crij = : (5.8)

pij " vij*+S-cosf
where Cp ;; is the standard drag coefficient; p;; is the standard air density (kg/m>);

S =360.5 m? is the wing reference area (m?); Cp,cr =0.021871 and
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Cp,.cr=0.034141 are drag coefficients; Cy ;; is the lift coefficient, which is related
to the aircraft mass (m=213,220 kg) and bank angle 6=0°.

5.4.5 Multi-objective optimization model

We use a multi-objective optimization model based on MILP to quantify the
optimal values for both flight altitude j and true airspeed v;;. This optimization is
performed based on the following assumptions. First, we use the WASAVIES
simulation results to specify the distribution of the global effective dose rates.
Then we assume that distribution does not change during the whole flight time,

which is similar to (Saito et al., 2021). Second, we ignore the impact of altitude-

changing phases between 301 FL and 401 FL on final results since these two
phases (i.e. climbing from 300 FL to 400 FL and descending from 400 FL to 300
FL) contribute less than 1% to the total effective radiation doses and fuel
consumption. Our modeling is to minimize the objective function (5.9) of the total

weighted radiation dose and fuel consumption.

Z=zzzxijv<aag_?+ﬁ%> (5.9)

i€l jEJ veV;

where I=9 is the total number of flight segments indexed by i; /=6 is the total
number of feasible flight altitudes indexed by j; V; is the feasible TAS at flight
altitude j constrained by the flight envelope; x;j, is a binary decision variable; a

and 8 are the weights of radiation dose and fuel consumption, respectively; &
represents the error in the global cosmic radiation calculation, defined as the ratio
of the True cosmic radiation to the Forecast cosmic radiation (RTF); Cj, is the
WASAVIES simulated cosmic radiation dose in flight segment i at flight altitude
j with TAS v;;; F;j, is the corresponding fuel consumption; =100 pSv is the
referential cosmic radiation dose from NRT to LHR; F.=60 tons is the referential
fuel consumption from NRT to LHR. The detailed flowchart of the proposed

model is illustrated in Figure 5.12.
The constraints are listed as follows:

a+pf=1with0<a<land0<p <1 (5.10)
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Jj€EJ veV;

ZZ Z 8%ij5Ciju < Crmax (5.12)

i€l jej vev;

ZZ Z xiijijv = Fmax (5_13)

i€l j€J vev;

Xijp € {0,1} (5.14)
Constraint (5.10) defines the cosmic radiation weight « and fuel consumption
weight . Constraint (5.11) states that each flight segment i should be assigned
only one flight altitude j with only one TAS (v;;). Constraint (5.12) indicates that
the total cosmic radiation dose cannot exceed Cy,,,=400 uSv. Constraint (5.13)
indicates that the total fuel consumption cannot exceed Fy,,,=90 tons based on
aircraft fuel tank capacity. Constraint (5.14) indicates that if a TAS v;; is set for

flight segment i and flight altitude j, x;;,=1, otherwise, x;;,=0.

Flight envelope — v;; Base of Aircraft Data

lWind speed: wy;

Ground speed: g;; Fuel flow: f;;,
Flight distance: L
Fllght time: tijv

Forecast CR rate — ¢;;

RTF- §
Cosmic radiation: §Cj;,, Fuel consumption: Fj;,
C, E|

l

. .. . 8C;j Fij
Multi-objective function: « % + B %
T T

Figure 5.12. Multi-objective optimization model flowchart. Considering the
specific TAS v;;, and wind speed w;;, and flight distance L, we can obtain flight
time t;;, = L/g;;. Then the cosmic radiation dose C;;,, in flight section i at flight
altitude j can be calculated by C;j,, = &¢;;t;j,, based on the WASAVIES simulated

cosmic radiation rate ¢;; and RTF §. The fuel consumption F;j, in flight segment
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[ at flight altitude j can be calculated by F;j, = fij,t;j,, where the fuel flow f;j,

is based on BADA.

5.4.6 Results

Traditional solutions for reducing cosmic radiation

Similar to the two traditional solutions (lower flight altitude and reroute) proposed

in (Saito et al., 2021), the results for this case study are as follows.

1)

@)

Lower flight altitude while maintaining the same flight route and speed as
the original flight plan. The new flight altitudes for the test are 301, 321,
341, 361, and 381 FL. Considering different &, the final results of cosmic
radiation dose and fuel consumption are summarized in Table 5.4. The
calculated cosmic radiation dose with §=1.0 is less than C,,,x only when
the flight altitude decreases to 341 FL or below. However, fuel

consumption is 66 tons at 341 FL or more at lower altitudes.

Reroute while maintaining the same flight altitude and speed as the
original flight plan. Referring to the rerouting method proposed for
theoretical analysis in (Saito et al., 2021), Figure 5.13 outlines the new
flight route: first from NRT (35.765°N, 140.386°E) to T (35.765°N,
0.461°W) along the same latitude, and then from T (35.765°N, 0.461°W)
to LHR (51.477°N, 0.461°W) along the same longitude. The cosmic

radiation rates can be estimated using Figure 5.13 and RTF §. In the first

segment, the distance from NRT to T IS
211 %c0s(35.765°)%(0.461°+140.386°)/360°=12,708 km, where r is the
mean radius of the Earth, equal to 6,371 km. Accordingly, the flight time
from NRT to T is 12,708 km/(460%1.852 km/h)=14.91 h. The cosmic
radiation is 36 uSv/hx14.91 h=44.766 pSv. In the second segment, the
distance from T to LHR is 2arx(51.477°-35.765°)/360°=1,747 km. The
flight time from T to LHR is 1,747 km/(460x1.852 km/h)=2.05 h. The
cosmic radiation is about 3 § pSv/hx2.05 hx2/3+15 § pSv/hx2.05
hx1/3=14.356 pSv. Thus, the total cosmic radiation is 598 pSv, and the
total fuel consumption is (14.91 h+2.05 h)x60 min/hxf=89 tons, where
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f=87.66 kg/min is the nominal fuel flow at 401 FL at a cruising speed of
460 kt. Therefore, it can be concluded that rerouting can reduce the cosmic
radiation dose to 598 uSv, unlikely to exceed Cp,,x=400 uSv; but it will
increase fuel consumption by about 50%, nearly approaching the
maximum fuel tank capacity (90 tons), and also produce more aircraft
emissions. In practice, Air Navigation Service Providers (ANSPS) can
assist with flight rerouting in reaction to such space weather events.
However, airlines may also decide not to accept the re-designed flight
route based on considerations such as flight duration, aircraft, and crew
allocation, and additional crew expenses (Britto et al., 2012).

Table 5.4. Results of fuel consumption and cosmic radiation dose in two traditional

solutions: lowering flight altitudes vs. rerouting.

Methods 'T(L i\?ehlt Consll:Jl:T?[I)tion . COSTiC radiafion dosci (uSv) .
(ton) 6=0.8 | 6=0.9 | 6=1.0 | §=1.1 | 6=1.2
401 61 579 652 724 796 869
381 62 531 | 598 | 664 | 730 | 797
LOV\_/ering 361 64 469 527 586 645 703
aﬁ.;ﬁgtes 341 66 319 | 359 | 399 | 439 | 479
321 68 278 312 347 382 416
301 70 199 224 249 274 299
Rerouting | 401 89 47 53 59 65 71
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Figure 5.13. Worldwide map of calculated dose rate during GLE69 (7:00 UT, 20
January 2005) from WASAVIES (https://wasavies.nict.go.jp/about_e.html).

Optimized solutions for reducing cosmic radiation

Compared to traditional solutions, this section introduces the advantages of our
proposed optimized solutions. In the objective function (equation 5.9), « and 8
are the weights of cosmic radiation and fuel consumption, respectively. As airlines
may have different preferences about cosmic radiation and fuel consumption,
airline dispatchers can assign various weights to these two parameters. Sensitivity
analysis is conducted to provide dispatchers with sensible decisions about flight
planning. Taking the cosmic radiation forecast error into consideration, Table 5.5
lists the detailed results of cosmic radiation and fuel consumption under various
weighting values a. For a given a, the fuel consumption increases with the
increased &, because aircraft has to fly at lower altitudes to satisfy the constraint
of total cosmic radiation dose. As the accuracy of forecast models will be

determined more precisely, airlines may set a more sensible value of &.

Table 5.5. Results of cosmic radiation (CR) and fuel consumption (FC) under

various weighting values « in the case of different RTF 6.

6=0.8 6=0.9 6=1.0 6=1.1 6=1.2
a CR | FC | CR|FC|CR|F|CR|F | CR|EFC
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0 [399.9|60.3 |399.9|61.1 |399.9|62.0 | 399.9 | 62.9 | 399.8 | 63.6

0.01 | 399.9 | 60.3 | 399.9 | 61.1 | 399.9 | 62.0 | 399.8 | 62.9 | 399.8 | 63.6

0.02 | 399.9 | 60.3 | 399.5 | 61.1 | 399.9 | 62.0 | 397.9 | 62.9 | 398.8 | 63.6

0.03 | 393.6 | 60.4 | 398.3 | 61.1 | 399.9 | 62.0 | 391.3 | 63.0 | 393.2 | 63.7

0.04 | 332.2 | 61.6 | 373.7 | 61.6 | 323.7 | 63.8 | 355.6 | 63.8 | 365.9 | 64.3

0.05 | 259.0 | 63.8 | 289.5 | 63.8 | 303.5 | 64.4 | 331.5 | 64.4 | 321.0 | 65.7

0.06 | 244.0 | 64.3 | 271.2 | 64.4 | 266.9 | 65.7 | 292.1 | 65.8 | 315.6 | 65.9

0.07 | 240.2 | 64.5 | 239.0 | 65.8 | 264.1 | 65.8 | 286.9 | 66.0 | 310.8 | 66.1

0.08 | 212.5 | 65.8 | 234.7 | 66.0 | 260.8 | 66.0 | 281.8 | 66.3 | 302.3 | 66.5

0.09 | 208.6 | 66.0 | 233.6 | 66.1 | 254.0 | 66.4 | 276.4 | 66.5 | 298.9 | 66.7

0.1 |207.6 | 66.1 | 228.5 | 66.4 | 251.2 | 66.5 | 272.5 | 66.8 | 295.0 | 66.9

0.2 |176.2|69.5|196.5 | 69.8 | 216.2 | 70.1 | 235.4 | 70.4 | 255.4 | 70.7

03 |168.6 | 71.1 | 1894 | 71.1 | 210.1 | 71.2 | 230.1 | 71.4 | 250.4 | 71.6

04 |166.9| 716 |187.3 | 71.8 | 207.5 | 72.0 | 228.2 | 72.0 | 248.7 | 72.1

0.5 [165.8 | 72.1 | 184.9 | 73.0 | 205.3 | 73.1 | 225.6 | 73.2 | 245.6 | 73.6

0.6 [163.9|73.3 |184.4 | 73.4 |204.8 | 73.4 | 2252 | 73.5 | 2454 | 73.8

0.7 | 163.7 | 73.6 | 184.1 | 73.7 | 2045 | 73.7 | 225.0 | 73.7 | 245.2 | 74.0

0.8 [ 1635 | 74.0 | 183.9 | 74.0 | 204.4 | 74.0 | 2248 | 74.0 | 245.2 | 74.0

0.9 | 1635|740 |183.9 | 74.0 | 204.4 | 74.0 | 224.8 | 74.0 | 245.2 | 74.0

1 |1635|74.0 1839 | 74.0 | 204.4| 74.0 | 224.8 | 74.0 | 245.2 | 74.0

Taking 6 =1.0 (accurate forecast) as an example, Figure 5.14 illustrates the
assigned optimal flight altitudes in the case of C,,,x=400 uSv and F,,,,=90 tons.
An obvious trend is that the optimal flight altitudes decrease with the increased «,
especially for flight segments i=5, 6, 7 due to these segments in high latitudes with
considerable cosmic radiation rates (Figure 5.10a). According to the B789 flight
envelope, the feasible TAS at various flight altitudes j may range from 400+(j-
1)x10 kt to 550+(j-1)x10 kt. The speeds are assigned in discrete increment of 10
kt to reduce the calculation time of the proposed model, which is reasonable and
practical in air traffic management. Thus, the number of available TAS at each

flight level is 16. Figure 5.15 shows the optimal assigned TAS v;; in each flight

segment under various a. When « is in a lower range, i.e. when the target function
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emphasizes more on fuel savings, the aircraft will fly at higher altitudes at fuel-
saving speeds. Consequently, the assigned speeds vary greatly when a=0-0.03.
When « is larger than 0.2, the priority is to minimize cosmic radiation. Thus,
aircraft would fly at greater speeds at lower altitudes. Specifically, the assigned

speed at 301 FL is 550 kt.

Flight direction

LHR+————NRT
a=0—0.03 a = 0.09;0.1
LHR a = 0.04 NRT a=0.2: 03
6 a = 0.05 a=0.4
5
i3
2
1
a = 0.06;0.07;0.08 a>0.5
—
(&
()
S

. : 9 8 7 6 5 4 3 2 1,
9,000 km i

Figure 5.14. The optimal flight altitude assignment in each flight segment under
different weights assigned to radiation dose. The flight direction is from NRT to
LHR with a cruising distance of 9,000 km, labeled by i. The range of the change
of flight altitudes is 100 FL, labeled by ;.
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Figure 5.15. The optimal TAS v;; in each flight segment under various weighting

values a assigned to cosmic radiation.

Pareto frontier results based on the proposed model

The Pareto frontier representing the best trade-off between the cosmic radiation
dose and fuel consumption is presented in Figure 5.16. In multi-objective
optimization, the Pareto frontier is the set of all Pareto efficient solutions.
Therefore, the selection of the optimal solution is dependent on the criteria of the
decision-makers. Rather than evaluate the whole range of every parameter,
decision-makers just need to make tradeoffs within this set. To the best of our
knowledge, airlines have not yet implemented multi-objective optimization that
considers both fuel consumption and cosmic radiation dose. Dispatchers do not
make tactical flight plans for fuel consumption or cosmic radiation dose from
quantitative perspectives. There may be various preferences among airlines
regarding fuel usage and aviation radiation exposure. Consequently, we believe
that the Pareto frontier may help airlines make timely and efficient decisions based

on their unique operational conditions.

The extreme points at « = 0 and @ = 1 correspond to only considering fuel
consumption and only considering cosmic radiation dose, respectively. The
cosmic radiation dose decreases from 399.96 uSv to 204.37 uSv with a increasing

from O to 1. In contrast, fuel consumption shows an opposite trend, increasing
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from 67.78 tons to 74.01 tons, which indicates that F,, ., ranging from 75 tons to
90 tons does not affect the final optimal solutions. We divide the weights of cosmic
radiation dose into three classes, i.e. lower a (0-0.05), medium a (0.06-0.1), and
higher a (0.2-1). Compared to the results at =0, the cosmic radiation dose at
a=0.05 decreases by 24.1%, and fuel consumption increases only by 3.8%. When
a increases from 0.2 to 1, fuel consumption increases from 70.1 tons to 74.0 tons,

while cosmic radiation doses only decrease from 216.2 uSv to 204.4 uSv.

a0l W03
P ‘Lower

350 |
a=0.04m

300 ..0=0.05 w

Medium a

250 +

Cosmic radiation dose (uSv)

N

o

o
T

60 63 66 69 72 75
Fuel consumption (ton)

Figure 5.16. Pareto frontier for the cosmic radiation dose versus fuel consumption.
The optimized solutions are mainly classified into three classes, i.e., lower «a,

medium «, and higher a.

Advantages of the proposed model

Supposing that the aircraft just lowers flight altitude to 341 FL in response to high
cosmic radiation, fuel consumption is 66 tons and cosmic radiation dose is 399
uSv according to Table 5.4. Obviously, the optimized results under «=0-0.08 in
Figure 5.16 can reduce both cosmic radiation and fuel consumption. Specifically,
the fuel consumption under a=0-0.03 is only 62 tons, reducing fuel by 4 tons. The
cosmic radiation under «=0.08 is 261 pSv, which is only 65.4% of 399 uSv. If the
aircraft lowers flight altitude to 321 FL, fuel consumption is 68 tons and cosmic

radiation dose is 347 uSv, which is inferior to the optimized results under ¢=0.04-
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0.1. Similarly, if the aircraft lowers flight altitude to 301 FL, fuel consumption is
70 tons and cosmic radiation dose is 249 uSv, while the optimized result under
a=0.15 is 68 tons & 233uSv. These positive outcomes validate the value of our

work.
Economic Benefits

Assuming a 250-seat B789 aircraft with an occupancy of 80%, there will be 200

passengers. According to www.google.com/travel/flights, the airfare for a one-

way direct flight from Tokyo to London in August 2022 is about $2,000 for
economy class, which means the total ticket price is $400,000. The B789 flight
cancellation cost is $82,730, of which $ 42,740 is allocated to passenger care and

compensation (EUROCONTROL, 2020). As space weather is classified as an

exceptional occurrence, airlines are not compelled to compensate passengers.
Therefore, the cancellation cost is about $0.44 million (400,000+82,730-42,740).
If the flight plan is executed, the fuel cost is about $85,425 ($1,139/tonx75 tons)
(IATA, 2022). Accordingly, the economic benefit for airlines might be up to $0.44

million-$85,425=$0.35 million compared to flight cancellations. In addition,
flight cancellations can change passenger itineraries, and the indirect costs to
passengers are considerable. Compared to lowering flight altitudes to 341 FL, the
optimized solutions can save fuel at least 4 tons, resulting in a saving of $4,556.
Compared to rerouting, the economic benefit is ($1,139/tonx(89-62)
tons=$30,753, where 89 tons is from Table 5.4 and 62 tons is from Table 5.5. This

1s more substantial than lowering flight altitudes.

5.4.7 Discussions

According to average pilot working hours, background cosmic radiation, and
regulations of the European Union, we set C,,,x = 400 uSv as the upper threshold
of cosmic radiation dose per flight in our case study. Under this threshold, the
optimal flight profiles and true airspeed can be obtained by using the proposed
multi-objective optimization approach. The basis of scenario generation is mainly
based on cosmic radiation forecast models such as WASAVIES and NAIRAS. As
a result, the final objective function relies heavily on forecast accuracy. In tactical

air traffic management, the forecast lead time is equally crucial. Furthermore, air-
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ground communications can also be problematic in high-latitude regions during

strong space weather events (Kubo et al., 2015), which is especially prevalent for

polar flights (Shea and Smart, 2012). Although the issue of communication failure

Is not considered in this study, it is still important when choosing an alternative

flight route.

The assigned flight profiles show that aircraft need to change flight altitude several
times during long-distance travel, which may cause passenger discomfort

(Bagshaw and Illig, 2019; Muhm et al., 2007), increase the workload of pilots and

air traffic controllers ATC, and affect flight safety (Bongo and Seva, 2022).

However, please note that the distance of each flight segment is 1,000 km, which
is equivalent to the distance of typical flight routes such as Beijing-Shanghai,
London-Madrid, or Atlanta-Houston. That is to say, the discomfort is not

significant.

During a space weather event, cosmic radiation can rise dramatically and pose a
threat to aircrew health. To reduce the massive aviation radiation exposure,
traditionally airlines may cancel flights, lower flight altitudes, or reroute flights,
which can cause increased fuel consumption and financial costs. After
investigating a long-distance flight during an extreme cosmic radiation event
using the multi-objective optimization approach, our study suggests that: (1)
traditional solutions may either exceed the radiological protection
recommendations or be uneconomical; (2) a multi-segment flying profile with
varying flight altitudes and speed can protect the aircrew and passengers from
radiation at a safe radiation dose level and simultaneously have an economically
acceptable fuel consumption; (3) the economic benefits of the proposed method
may range from $4,556 to $0.35 million for a single long-distance flight, e.g. from
Tokyo to London.

5.5 Summary

Aircrews receive more cosmic radiation due to their long-term exposure at high
altitudes, especially during the severe space weather events when the radiation

rates always increase significantly. Currently, it is technically impossible to shield
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aircraft from cosmic radiation. Flying at lower altitudes or routing with less
radiation is not the most effective in many circumstances as it increases costs,

carbon emissions, and other pollution.

To explore the effect of elevated cosmic radiation caused by space weather on
aviation, we first calculated the aviation radiation exposure, assuming an
extremely strong space weather event like the 2003 Halloween solar storm would
have occurred in 2019. The results show that the economic costs of flight
cancellations can be from €2.77 million to €48.97 million to prevent massive
cosmic radiation exposure, depending on the cosmic radiation dose limits for a
given plan. Then we tried to estimate the cosmic radiation dose limit for one flight
trip in Europe during space weather, and this limit is estimated to be 400 uSv,
which can serve as the policy recommendations for airline decision-makers to

assure financial profit meanwhile without jeopardizing aircrew health regulations.

We also presented a multi-objective optimization model to assign flight altitudes
and speeds throughout a multi-segment route to minimize both aviation radiation
exposure and fuel consumption while maintaining normal aircraft performance.
The study is based on a Tokyo-to-London international flight under the
assumption that a space weather event comparable to the solar radiation storm on
20 January 2005 occurred. We showed that the proposed flying paths may
successfully reduce fuel usage while adhering to cosmic radiation restriction
regulations. Our research gives insight into future air transportation decisions

amid adverse space weather conditions.
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Chapter 6

Discussions and Implications

The economic costs of HF communication blackouts, satellite navigation failure,
ADS-B failure, and increased cosmic radiation on aviation industry are related to
space weather intensities and the number of flights. This chapter discusses the
possibility of space weather events and the economic costs of various disasters.
Subsequently, the benefits of GNSS integrity monitoring procedures on air traffic

management are presented from the standpoint of real operation.

6.1 Space Weather Possibility

Estimating the probability of a solar storm similar to the Halloween solar storm
occurring in a given year involves assessing historical data and statistical analysis.
It is important to note that predicting individual solar storms with specific
characteristics is extremely challenging due to the complexity and variability of
the Sun’s behavior. The estimation of probabilities is based on historical data and
statistical analysis, which provides a probabilistic assessment of the likelihood of
similar events happening in the future. However, the actual occurrence of such

events cannot be predicted with certainty.

Space weather forecasts and predictions are regularly monitored by global space
weather centers. They analyze data from solar observatories, satellites, and
ground-based instruments to assess the probability of space weather events
occurring. By analyzing historical data and using predictive models, they can
estimate the likelihood of specific space weather events and their potential impact

on aviation operations.

Air traffic management and aviation authorities also consider space weather
forecasts when planning and managing flights. They may reroute aircraft away
from regions with high space weather risk or take other precautionary measures to
ensure aviation safety during space weather events. Overall, considering the

likelihood and probability of space weather events is essential for ensuring
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aviation safety and minimizing potential disruptions caused by space weather

phenomena.

The space weather event selected in this study is the Halloween solar storm of

2003, which may occur once each solar cycle (Xue et al., 2023). If a 1-in-100-year

solar storm (e.g. 1859 Carrington event) occurs in the future, the economic effects
on air traffic will likely be much more significant. During such an event, the
majority of satellites, such as navigation satellites and communication satellites,

may be inoperable, and widespread power outages may emerge (Eastwood et al.,

2017; Ritter et al., 2020). As a result, from the perspective of air traffic

management, the number of flight cancellations will likely be substantially greater
than those in this study and they are requested to remain on the ground until all
systems recover. This is of great interest for future study. It is worth mentioning
that our methodology can also be useful for estimating the economic costs of weak

and moderate space weather events, as a routine assessment of air traffic.

The solar activity has demonstrated a 11-year cycle. Figure 6.1 shows the annual

mean total sunspot number since 1900 (https://www.sidc.be/silso/datafiles#total).

The year 2025 is expected to be the upcoming solar maximum in Solar Cycle 25
(Hapgood et al., 2022), with the predicted maximum sunspot number with 122.1
(+18.2) in January 2025 (£6 months) (Okoh et al., 2018). Due to the increasing
flight demand after the COVID-19 pandemic (IATA, 2023; Sun et al., 2021b),

space weather-caused air traffic disruptions have been a challenging problem.
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Figure 6.1. Yearly mean total sunspot number denoted by blue squares and the
Solar Cycle indexed from 14 to 25 since 1900. Data source: the Sunspot Index and
Long-term Solar Observations (SILSO).

To inform the general public about both current and future space weather
conditions and their potential impact on individuals and various systems, the space
weather intensity is indicated by the Space Weather scales provided by NOAA.
Table 6.1 lists the scales of geomagnetic storms (measured by Kp values), solar
radiation storms (measured by Flux level > 10 MeV particles), and radio blackouts

(https://www.swpc.noaa.gov/noaa-scales-explanation). In addition, the average

frequency of space weather events in different scales is quantified.

Table 6.1. NOAA space weather scales of Geomagnetic storms, Solar radiation

storms, and Radio blackouts (1 cycle=11 years).

Description Scale Physical measure Average Frequency
Extreme G5 Kp=9 4 per cycle
S5 10° Fewer than 1 per cycle
R5 X20 Fewer than 1 per cycle
Severe G4 Kp=8 or 9- 100 per cycle
S4 10* 3 per cycle
R4 X10 8 per cycle
Strong G3 Kp=7 200 per cycle
S3 10° 10 per cycle
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R3 X1 175 per cycle
Moderate G2 Kp=6 600 per cycle
S2 10? 25 per cycle
R2 M5 350 per cycle

Minor Gl Kp=5 1,700 per cycle
S1 10 50 per cycle

R1 Ml 2,000 per cycle

With the development of modern models and technologies, if the probability of

severe space weather events can be assumed, such information would be highly

useful in evaluating the potential space weather effects on air traffic management.

Understanding the likelihood of severe space weather events allows air traffic

management authorities to proactively prepare and plan for potential disruptions

and safety concerns. With this information, air traffic management can take the

following actions:

>

Preemptive Planning: Air traffic management can develop contingency plans
and procedures to mitigate the impact of severe space weather events. This
includes rerouting flights, adjusting flight altitudes, and coordinating with
airlines to ensure the safety of passengers and crew.

Communication and Alerting: Air traffic management can communicate with
airlines and pilots, providing them with real-time information on space
weather conditions and potential hazards. This enables pilots to make
informed decisions and take necessary precautions during flights.
Ground-based Navigation and Communication: Severe space weather events
can disrupt global navigation satellite systems (GNSS) and communication
systems. Air traffic management can implement alternative ground-based
navigation and communication systems to maintain safe and efficient
operations during space weather disturbances.

Space Weather Monitoring: Air traffic management can monitor space weather
forecasts and real-time data from space weather agencies. This allows them to
continuously assess the evolving situation and make dynamic adjustments to

flight routes and operations.
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» Collaborative Decision-Making: Air traffic management can collaborate with
space weather agencies, airlines, and other aviation stakeholders to exchange
information and coordinate responses to severe space weather events
effectively.

By taking these measures, air traffic management can minimize the impact of

severe space weather events on aviation operations, enhance safety, and maintain

the efficiency of air traffic flow. Early awareness and proactive planning based on
the assumed probability of such events are vital for ensuring the resilience and

safety of air traffic management systems in the face of space weather challenges.

6.2 Economic Costs of Other Disasters

After evaluating the economic costs due to space weather, this part aims to present
to economic costs related to other events or disasters. For example, the direct
demand losses of air transportation services induced by the terrorist attack on 11
September 2001 ranged from $214.3 billion to $420.5 billion (Gordon et al., 2007).

The 2010 Eyjafjallajokull eruption in Iceland resulted in the closure of over 300

European airports during 15-21 April 2010, which caused an economic loss of 1.7-
3.3 billion Euros (Alexander, 2013; Mazzocchi et al., 2010). In the 2001 and 2010

extreme cases, a large number of airports were completely closed, and all flights

were cancelled.

Furthermore, Typhoon Mangkhut caused the closure of Hong Kong International
Airport, resulting in the cancellation of the majority of scheduled flights. Figure
6.2 shows the Mangkhut trajectory during 7-17 September 2018. It is evident that
on 16 September, the typhoon was near Hong Kong. Figure 6.3 shows the daily
number of flights landing on and taking off from the Hong Kong International
Airport, with an average of 950 flights per day. Notably, the number of flights on
16 September 2018 reduced significantly, with only 45 departure flights and 4
arrival flights. Based on the cancellation costs in Table 2.1, the economic cost of

flight cancellations caused by this typhoon is about €36 million.
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Figure 6.3. The daily number of flights during 5-19 September 2018.

In summary, compared to these three events, it can be concluded that the 2003

Halloween storm would have relatively low economic effects on aviation. That

can be explained by the fundamental properties of space weather effects on

aviation and the resilience of the air traffic management system. The effects of
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space weather include high-frequency communication blackouts, GNSS-based
navigation and surveillance failure, and massive cosmic radiation. However,
aviation communications rely primarily on VHF (only HF communications in the
polar region); aircraft navigation can be accomplished using ground navigation
aids, which cover the majority of terminal maneuvering areas; radar systems have
always been used for real-time surveillance; the majority of cosmic radiation can
be shielded by the Earth’s atmosphere and magnetic field, and only a few dozens
of flights at high latitudes may be affected.

6.3 Benefits of GNSS Integrity Monitoring Procedures

Considering the harmful effects of space weather on aviation, space weather
centers have been providing space weather advisories for the aviation sector. As
an example, Table 6.2 shows a space weather advisory for the effect of space
weather on GNSS. The forecast indicates that the GNSS-based operations within
the High latitudes of the Northern Hemisphere (HNH) spanning from WO015° to
E015° will not be available for the subsequent 6, 12, 18, and 24 hours.

Table 6.2. An example of space weather advisory for GNSS.

DTG: 20221107/1058Z

SWXC: PECASUS

ADVISORY NR: 2022/56

SWX EFFECT: GNSS SEV

OBS SWX: 07/1042Z HNH WO015-E015

FCST SWX +6 HR: | 07/1700 NOT AVBL

FCST SWX +12 HR: | 07/2300 NOT AVBL

FCST SWX +18 HR: | 08/0500 NOT AVBL

FCST SWX +24 HR: | 08/1100 NOT AVBL

RMK: Space weather event (ionospheric disturbance) in
progress. Impact on GNSS performance possibly leads
to loss of GNSS signals and degradation of timing and
positioning performance.

NXT ADVISORY Will be issued by 20221107/1642Z=
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However, in a practical situation, the effects of space weather on GNSS may be
different from the forecasted information in the advisory, which can cause
unnecessary flight delays and flight cancellations, causing additional economic
costs. This highlights the importance of GNSS monitoring procedures in aviation
for ensuring the accuracy and reliability of satellite-based navigation systems.
Two commonly used GNSS integrity monitoring procedures in aviation are

Receiver Autonomous Integrity Monitoring (RAIM) and the WAAS.

RAIM is a technique that allows a GNSS receiver to check the integrity of the
satellite signals it receives (El-Mowatfy et al., 2019; Fu et al., 2015). If any signal

anomalies or inconsistencies are detected, the receiver can provide an alert or
exclude unreliable satellite signals from navigation calculations. This helps pilots
and air traffic controllers ensure the accuracy and reliability of navigation

information even in the presence of space weather effects on GNSS signals.

WAAS is another integrity monitoring system used in the United States and other
regions (Demyanov et al., 2019; SenthamilSelvan et al., 2022). It provides

corrections and integrity monitoring over a wide area, improving the accuracy and
reliability of GNSS for aviation. WAAS helps mitigate the effects of space weather

events on GNSS by providing augmentation and monitoring services.

Both RAIM and WAAS play crucial roles in ensuring the safety and reliability of
GNSS-based navigation in aviation. RAIM is primarily used as an onboard
integrity monitoring technique, while WAAS 1is a ground-based augmentation
system that enhances GNSS performance across a broader geographic area. These
systems help pilots maintain accurate navigation, especially during critical phases

of flight such as takeoff, landing, and approach.

In summary, integrity monitoring procedures designed for aviation can be adapted
and utilized in air traffic management during space weather events to monitor and
mitigate the impact of GNSS disruptions. These procedures help ensure the safety
and efficiency of air traffic operations by providing timely information, alerts, and

alternative navigation solutions when space weather events affect GNSS accuracy.
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Chapter 7

Conclusions and Future Work

Intense solar activity may result in a variety of space weather events, such as solar
flares, coronal mass ejections, and solar energetic particles, which pose a grave
threat to the aviation sector and cause a substantial economic cost. This thesis
estimates the economic costs associated with four factors: HF communication
outages, satellite navigation failure, ADS-B failure, and significant cosmic
radiation. This chapter gives a comprehensive conclusion to the thesis. From the
perspective of air traffic management, some future work for mitigating space

weather effects is presented at the end.

7.1 Conclusions

Technologies on Earth and in orbit may be affected by space weather events such
as CMEs and solar flares, which can interact with the ionosphere and
magnetosphere. To be specific, GNSS and HF radio signals are disrupted by CMEs
and solar flares, and radiation from these events can cause harm to human health
and satellite electronics. CMEs and solar flares can also increase the atmospheric
drag on satellites. Due to the reliance on these technologies for vital infrastructure
and operations, the effect of solar storms on technologies is of great concern in
modern society. When combined, interruption of electrical grid services, satellite
damage, loss of GPS and HF radio communications, and radiation exposure
caused by solar storms would have serious negative effects on the economy,

national security, and human health.

Air traffic relies heavily on communication, navigation, and surveillance
technologies. Space weather events can degrade the performance of these
technologies, and increased cosmic radiation caused by solar radiation storms can
harm the health of passengers and aircrew. All of these can impede normal flight
operations and necessitate flight plan adjustments. This thesis discusses the effects
of space weather on flight operation and quantifies the induced economic costs.

Our results provide a benchmark for the community to study the space weather
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effects on aviation despite we have made some assumptions and simulations.

We assume that a space weather event as intense as the Halloween solar storm of
2003 would have occurred in 2019. After studying the effects of the Halloween
solar storm on flight operations from the perspective of air traffic management,
we can get several results. Especially, the potential daily economic losses
associated with polar aircraft rerouting and cancellations caused by HF
communication blackouts vary from €0.21 million to €2.20 million. In addition,
this Halloween solar storm can cause failures in continuous descent approach and
area navigation, resulting in a cost of up to €2.43 million. Besides, the economic
costs of flight cancellations can be from €2.77 million (if the cosmic radiation
dose limit for a given flight plan is 1,000 puSv) to €48.97 million (if the cosmic
radiation dose limit for a given flight plan is 100 uSv). These results are from

simulation models.

We also simulated a period (9-16 LT) with satellite navigation failure to investigate
the potential effects of a moderate ionosphere storm event on Hong Kong flights
in 2030. The economic costs can exceed 2 million Euros if the duration of satellite
navigation cannot be forecast. In contrast, the cost can decrease to 1 million Euros

if the ionospheric impact can be accurately forecasted.

ADS-B can enhance flight efficiency. Thus, we proposed a method to schedule
aircraft landings using a heuristic algorithm. Based on the proposed model, the
overall flight time for all arriving aircraft can be greatly decreased. We studied one
example based on the historical Hong Kong flight data of 2018. We assumed that
HKIA experienced an ADS-B failure from 9 LT to 16 LT on 5 September 2018.
The total flight duration of all arrival flights at HKIA will increase by 1,864
minutes per day, leading to an increase in fuel consumption of 65.24 tons. The
daily economic cost including fuel cost, CO2 cost, and time cost related to onboard

passengers will increase by €0.33 million.

The cosmic radiation dose limit for one flight trip in Europe during space weather
is estimated to be 400 uSv, which is used to serve as the policy recommendations
for airline decision-making. In addition, a multi-objective optimization model is

proposed to assign flight altitudes and speeds to minimize aviation radiation
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exposure and fuel consumption. We selected an international flight from Tokyo to
London as an example. It was assumed that a space weather event comparable to
the solar radiation storm on 20 January 2005 occurred and affected the Tokyo to
London flight. The results indicate that the traditional solutions may either violate
the radiological protection recommendations or be uneconomic, and the proposed
method can reduce fuel consumption efficiently without exceeding cosmic
radiation restriction regulations. Additionally, the economic benefits of the

proposed method may range from $4,556 to $0.35 million.

The problem caused by space weather can be significant. Space weather events
may disrupt regular flight operations and result in significant economic losses. Our
work provides a comprehensive estimate of economic costs due to space weather
effects on global aviation. To protect technologies from the impacts of solar storms,
resilience strategies may be undertaken to safeguard the earth- and space-based
systems and infrastructure against the effects of solar storms. Improved solar
storm models will aid in the development of more accurate solar storm forecasts
and give a deeper knowledge of the effects of solar storms on space and terrestrial

technologies.

7.2 Future work

This thesis mainly focuses on the study of space weather effects on air traffic
management and quantifies the corresponding economic cost from the perspective
of air traffic management based on some proposed models and necessary
assumptions. Some related future work can be further conducted to reduce space

weather effects and increase the resilience of the air traffic management system.

Propose rerouting model for HF communication blackouts

In this study, the proposed air traffic management response to HF communication
blackouts is the cancellation of polar flights. However, in practical terms,
canceling polar flights may not be the most optimal solution. Consequently, it
becomes imperative to develop a rerouting model for polar flights aimed at
avoiding HF communication blackout areas. Moreover, adjusting the schedules of

polar flights based on space weather advisories regarding HF communication
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blackout durations should also be considered.

Quantify aircraft separation standards in CNS/ATM

Currently, ADS-B separation criteria are identical to radar separation standards.
However, it is expected that aircraft separation standard distances based on ADS-
B should be reduced compared to those based on radar. CNS/ATM is proposed,
and Communication, Navigation, and Surveillance seem to be at the same level,
but this is not the reality. Required Communication Performance (RCP), Required
Navigation Performance (RNP), and Required Surveillance Performance (RSP)
are three essential principles that should be comprehended thoroughly. Another
point needing to be considered is ADS-B latency. The relationship may be
represented mathematically as follows: RSP? = RCP? + RNP? + (Latency X
GS)?2, where GS is the Ground Speed of the aircraft. Therefore, the updated aircraft
minimum separation standards will be evaluated and quantified in a variety of
circumstances, which is the backbone of CNS/ATM, especially during space

weather events.

Evaluate satellite navigation-based flight efficiency

Satellite navigation can enhance flight efficiency and increase airspace capacity.
However, it has to be determined how much satellite navigation can improve flight
efficiency. Some major airports provide ground navigation aids in the terminal
area, so ground navigation can be utilized as a backup if satellite navigation fails.
However, to what extent flight efficiency will decline is currently unknown, as it
depends on many factors, such as airspace configuration, onboard navigation
systems performance, wake turbulence, etc. In our study, there are several
assumptions about the AAR based on satellite navigation and ground navigation,
which is the benchmark for tactical ATM according to space weather service for

aviation.

Assess biological effects of cosmic radiation

Although it is commonly acknowledged that massive cosmic radiation dose is
harmful to human health, there are no specific guidelines regarding the
consequences of cosmic radiation on human health, particularly aircrew, and

passengers. This future study is related to biological sciences, and additional data
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about human health and aviation radiation exposure are required for in-depth data
analysis, which may serve as a baseline for the study of the biological effects of

cosmic radiation.
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