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Abstract
A solar energetic particle (SEP) event generates a shower of secondary generated particles in the Earth’s atmosphere down to lower altitudes to cause an atmospheric radiation storm (ARS). The high-energy secondary particles cause additional radiation dose at altitudes where aircraft flies. The space weather information provided by the International Civil Aviation Organization (ICAO) designated space weather centers includes advisories on the solar radiation storm. The Warning System for AVIation Exposure to Solar energetic particle (WASAVIES), we can estimate the effective dose rate (EDR) along the flight path of the aircraft. However, it has not been well established how the operators of aircraft should react with the space weather advisories on the solar radiation storm. By using a flight trajectory generation algorithm and the global EDR distribution, the economic impacts of ARS associated with SEP events on aircraft operation, namely the flight path length, flight time, and fuel consumption, are estimated. The conditions of the peak of the ARS event on 20 January 2005 are used. The economic impacts for a flight route from New York, US to Tokyo, Japan, are estimated with constraints in flight routes to avoid the hazard of radiation and compared with those of the reference case without the ARS effects. The fuel consumption is shown to increase by 39–69 tons (33–58%) for a twin-engine, wide-body jet passenger aircraft, when a constraint is imposed on the flight altitude only. When the constraints are set on the aircraft altitude and the latitude, the flight time and the fuel consumption are both increased by 2.2–2.8 h (17–20%) and 32–48 tons (27–41%), respectively. If the ARS event duration is limited for 3 h, the increase in the fuel consumption is about 7.6–14 tons (6.4–12%). This economic impact may be reduced, if the space weather nowcast and forecast for the ARS and an optimal flight trajectory generation algorithm are used together. Setting more flexible constraints on the flight route and generating optimal flight trajectories with minimal economic impacts by fully utilizing the global EDR distribution is the next step.[image: ../images/40623_2021_1377_Figa_HTML.png]
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Introduction
A solar energetic particle (SEP) event is a high-energy particle stream from the Sun mainly consisting of energetic protons. The high-energy particles cannot directly penetrate into the Earth’s atmosphere due to the Earth’s magnetic field, but come into the Earth’s atmosphere along the magnetic field in the high-latitude regions. Higher energy particles can penetrate to lower altitudes and lower latitudes to cause an atmospheric radiation storm. The high-energy particles collide with the atoms of the atmosphere to generate secondary particles by a cascading process. The generated high-energy secondary particles cause increased radiation dose for passengers and crew onboard aircraft flying at high altitudes in addition to the radiation caused by the galactic cosmic rays which normally exists. The additional dose by the ARS event is known to be sometimes so intense as to be a potential hazard to the passengers and crew onboard (Lantos and Fuller 2003; Mekhaldi et al. 2015).
The International Civil Aviation Organization (ICAO) has started a service from November 2019 to provide information on space weather conditions to support safe and efficient air navigation (ICAO 2018a). The provided space weather information includes advisories on solar radiation storms which will be issued when the radiation dose associated with the ARS events are likely to cross the defined thresholds.
The Warning System for AVIation Exposure to Solar energetic particle (WASAVIES) has been developed to nowcast the ARS associated with SEP events and global distribution of the dose rate at various altitudes (Kataoka et al. 2014; Sato et al. 2018). It is a physics-based SEP transport model with inputs of proton fluxes from Geostationary Operational Environmental Satellite (GOES) and count rates of several neutron monitors at the ground level to determine free parameters in the model. It has been used for the space weather information service provided by one of the ICAO space weather global center operated by Australia, Canada, France and Japan (ACFJ) (WASAVIES 2020). There are other systems that can provide nowcast of the dose rate in ARS events such as SiGLE (Lantos et al. 2003), AVIDOS (Latocha et al. 2009, 2015), NAIRAS (Mertens et al. 2010), and CARI-7/CARI-7A (Copeland 2014, 2017).
Because the space weather information has to be used by users, just providing information is not sufficient, but it is necessary to combine the space weather information with aviation operations in the real world. However, it has not been well established how the operators of aircraft should react to the space weather advisory on the solar radiation storms. Because safety is the first priority in civil aviation, the most conservative reaction would be to cancel flights, However, if there is quantitative information to allow the aviation operators to make decisions in response to the space weather advisory, there could be two kinds to reactions. One is for aircraft in flight, and the other is for aircraft before flight. For aircraft in flight, one of the possible ways is to lower the flight altitude (Mattiä et al. 2015). For aircraft before flight, whole flights could be planned to sufficiently reduce the radiation dose. However, the civil aviation is an economic activity, so economic impacts need to be minimized while keeping the safety at a required level. Therefore, it is necessary to be able to estimate the economic impacts on civil aviation when the additional radiation dose is expected to cause hazard and flight routes have to be planned to avoid the radiation dose.
In the field of the air traffic management, there are studies to find flight trajectories under a certain set of constraints. Wickramasinghe et al. (2014) has developed a method to generate flight trajectories by using an aircraft performance database and an aircraft three-dimensional dynamics model. They used the method to optimize flight paths and assess the operational performance of aircraft (Wickramasinghe et al. 2017a, b). By using a database of performance of existing aircraft, they can design an optimal flight path by setting various conditions such as aircraft type, aircraft weight, wind speed, and constraints such as the maximum flight altitude, and the maximum air speed. They can also derive the flight path information such as flight path length, flight time, and fuel consumption of the flight. By combining the ARS nowcasting system and the flight path optimization algorithm, it is possible to estimate how the flight path would be changed to avoid the hazard associated with the solar radiation storm.
The main objective of this study is to estimate the economic impact including increased fuel consumption and delay of aircraft arrival when the aircraft is rerouted to ensure safety of the passengers and crew members under ARS events. To estimate the upper limit of the impacts, extreme ARS condition is considered. This study develops methodology of economic impact estimation associated with ARS events and shows some examples to be a basis of further detailed studies.
Methods
Selection of a representative flight route
In this study, an flight route from New York John F. Kennedy International Airport (JFK; 40.6°N, 73.8°W) to Tokyo Narita International Airport (NRT; 35.8°N, 140.4°E) is chosen as an example. This route is chosen among the flight routes departing from or arriving in Japan, because it transits high latitudes where SEP effects are most prominent. Figure 1 shows a real flight path of a flight JL003 on 31 January 2019 as recorded by Flight Radar 24 (FlightRadar24 2020), which is chosen as a typical flight on this route. The aircraft type of the flight is Boeing 777-300ER.[image: ../images/40623_2021_1377_Fig1_HTML.png]
Fig. 1a Lateral flight path from JFK to NRT (JL003) on 31 January 2020. b Flight altitudes in the unit of 100 feet (FL) from JFK to NRT (JL003) on 31 January 2020


ARS event selection and estimation of effective dose rate
The ARS event which occurred associated with the SEP event on 20 January 2005 is chosen as a reference event, because it is the strongest event in the period when the data required by the WASAVIES to estimate the global distribution of the effective dose rate (EDR) are available. This event is also known as the GLE (Ground Level Enhancement)-69, which is the 69th event where the neutron enhancement is observed at the ground level. The radiation peaked at 0655 UT on 20 January 2005. We use the global EDR distribution at the peak of the event and assume that the condition lasts over the whole flight time. This conservative assumption does not come from the expected ARS event duration, but from a flight planning perspective. Operators would prefer a safe plan when a reliable prediction of the ARS event progress is not available in real-time operation. They would not try to make complicated flight path alternations during the flight as well. This assumption may also cover the possibility of even stronger ARS events than the one on 20 January 2005, which is the strongest event in the past 20 years. Figure 2a shows the estimated EDR at the flight level (FL) of 400 or the altitude of 40,000 ft (12.19 km) where the aircraft cruises. Please note that the aircraft altitude is expressed in feet instead of meters or kilometers, because it is still commonly used in the field of aviation. As it can be seen, the EDR was significantly higher in the southern hemisphere, which could be due to the tilt angle of the interplanetary magnetic field (Sato et al. 2018). As flipped interplanetary magnetic field condition may occur, we flip the global EDR distribution axisymmetrically as shown in Fig. 2b to use as the reference global EDR distribution to evaluate the effects on the flight in the northern hemisphere by applying the more severe condition in the southern hemisphere.[image: ../images/40623_2021_1377_Fig2_HTML.png]
Fig. 2a Estimated EDR in [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] at FL 400 (12.19 km) at 0655 UT on 20 January 2005. b Estimated EDR at an altitude of FL 400 (12.19 km) at 0655 UT on 20 January 2005, but with flipping the northern and southern hemispheres


Thresholds for effective dose by ARS
To define alternative flight routes to avoid the radiation risk, criteria for acceptable radiation levels need to be defined. The International Commission on Radiological Protection (ICRP) recommends limiting the public exposure to be less than 1 [image: $${\text{mSv}}$$] per year (ICRP 2007). For a passenger on an aircraft flight for 10 h, if the EDR was 100 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] during the whole flight, the total effective dose will reach the limit for one year in just one flight. Even though it would not be realistic that the ARS peak of 100 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] lasts for 10 h, the EDR for passengers on aircraft, and especially for crew members who fly more frequently, should be much less than the 100 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]. ICAO has defined the warning level of ARS associated with SEP events by the level of the possible EDR. There are two levels, moderate and severe, with corresponding thresholds of EDR of 30 and 80 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] at aircraft cruising altitudes, respectively (ICAO 2018b). The quiet time EDR at the cruising altitudes of aircraft at high-latitude region is about 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] (Sato 2015). In this study, we chose two thresholds to limit the maximum EDR on aircraft. One is 30 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] which corresponds to the moderate level of the ICAO space weather forecast, and the other is 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] which corresponds to the quiet time EDR as an extreme test case. The flight trajectories are calculated so that the EDR at the altitudes where the aircraft flies would not exceed the thresholds.
Flight trajectory and parameter estimation
Once the constraints on the EDR along the flight path have been defined, flight scenarios to satisfy the constraints are developed, as described in the next section. For each scenario, the flight path length, flight time, and fuel consumption are estimated. The estimation method assumes a scenario where the aircraft is required to follow the above-defined constraints while maintaining the original Mach speed (relative velocity to the acoustic velocity) profile. It is worthwhile noting that assumption of the same Mach number is reasonable when the flight altitudes are not very different from the original, but it may be unrealistic when the flight altitudes are very different from the original. The economic impacts on the operations are investigated by comparing the estimated flight path length, flight time and fuel consumption to the reference flight without constraint. Aircraft performance parameters are obtained from the Base of Aircraft Data (BADA) model developed by EUROCONTROL, which covers various types of aircraft (Poles 2009; Mouillet 2017). The conditions of the estimation to be supplied to the flight trajectory generation algorithm is as follows: the aircraft type is a twin-engine, wide-body jet passenger aircraft with the take-off weight of 320,915 kg, which are a typical aircraft type and take-off weight used for long-haul flights. the wind speeds during the flight were taken from the Grid Point Value (GPV) model on the day of the flight (31 January 2019) provided by the Japan Meteorological Agency. The wind condition was a typical one in winter in the northern hemisphere. In addition, restricting conditions to avoid radiation by ARS are added in this study, which is described in the next section.
Flight scenarios
The flight path recorded by FlightRadar24 (2020) is used as the reference scenario. Figure 3 shows the flight altitudes and expected EDR along the flight path for the EDR distribution at the peak of the event. If the aircraft flew without constraint, it would have experienced the EDR up to 160 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]. The lowest altitudes at which the EDR is 30 and 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] along the lateral flight path are 20,200 and 14,500 ft, respectively. The simplest but conservative way to protect aircraft passengers and crew members is to limit the aircraft altitude all through the flight. We set up two scenarios with a constraint on the aircraft altitude only. Corresponding to the two thresholds in EDR, 30 and 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$], the aircraft altitudes are restricted to be lower than FL 200 (6.10 km) and 140 (4.27 km), respectively. It is not realistic to fly at such low altitudes as the fuel increase would be significant and there would be more risks to encounter severe meteorological conditions. Therefore, these scenarios should be regarded as test cases for extreme conditions.[image: ../images/40623_2021_1377_Fig3_HTML.png]
Fig. 3a Flight altitudes and vertical profiles of estimated EDR and b estimated EDR along the reference flight path (Fig. 1)

[image: ../images/40623_2021_1377_Fig4_HTML.png]
Fig. 4a Altitudes of EDR of 30 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]. b Altitudes of EDR of 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]


However, these constraints may be too conservative, because the EDR would be lower at lower latitudes. By taking advantage of the latitudinal dependence of the EDR and by imposing the constraint on the latitude, the constraint on the aircraft altitude can be relaxed. As the fuel consumption would increase when the aircraft flies at lower altitudes, relaxing the constraint on the aircraft altitude may reduce the fuel consumption compared to the scenarios with the aircraft altitude constraint only. Figure 4a, b shows the altitudes at which the EDR is 30 and 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$], respectively. It can be seen that the altitudes of a constant EDR value are lower around JFK. For the EDR threshold of 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$], for example, an aircraft cannot climb to FL 250 over JFK. Again to simplify the calculation, we choose just one set of the maximum allowed altitude and the maximum allowed latitude for each EDR thresholds. For the EDR threshold of 30 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$], we set a constraint on the latitude as 44°N and relax the constraint in the altitude to FL 300 (9.14 km). The constraint on the latitude is set as 42°N for the EDR threshold of 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] with the constraint on the aircraft altitude of FL 300 (7.62 km). Obviously, the aircraft latitude has to be more limited than the 30 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$] case. Table 1 summarizes the four restricted flight scenarios. Together with the reference scenario taken from the real trajectory and without constraint, the flight path length, flight time, and fuel consumption are calculated for in total five scenarios.Table 1Scenarios of flight trajectory calculation


	Scenario
	1 (reference)
	2
	3
	4
	5

	Threshold in EDR [[image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]]
	−
	30
	30
	10
	10

	Constraints
	−
	FL < 200
	FL < 300, Lat. < 44°N
	FL < 140
	FL < 250, Lat. < 42°N




Results and discussion
Table 2 summarizes the results of the calculations for the five scenarios. Figure 5a, b shows the lateral flight paths and the flight altitudes, respectively. When the constraint is imposed on the aircraft altitude only, the lateral paths are identical to that of the reference scenario. Therefore, the flight path lengths are the same for scenarios 1, 2 and 4, while the aircraft altitudes follow the maximum allowed altitudes. In scenarios 2 and 4, the flight times were shortened by 43–65 min. This is because the true speed at lower altitudes is faster than at higher altitude, when the Mach number, which is the speed relative to the acoustic velocity, is maintained as assumed. However, flying at lower altitudes at faster speed result in the increased fuel consumption by 39–69 tons which corresponds to 33–58% of the reference scenario. As mentioned before, flying at very low altitude at the speed with the same Mach number as much higher altitudes may not be realistic. Therefore, this values of the increase in fuel consumption should be considered as values at the conservative limit. For scenarios 3 and 5, the flight paths follow the maximum allowed latitudes and altitudes. As a result, the flight path lengths were increased by about 1500 km. The increased flight path lengths result in the increased flight time of about 2.2–2.8 h (17–20% of the reference). The fuel consumption is also increased by 32–48 tons (27–41% of the reference). This increase in the fuel consumption is a combined effect of the increased flight path length and the increased air drag in flying at lower altitudes. However, the increases in the fuel consumption in scenarios 3 and 5 are less than those in scenarios 2 and 4.[image: ../images/40623_2021_1377_Fig5_HTML.png]
Fig. 5a Lateral flight paths for each scenario. b Flight altitudes for each scenario

Table 2Differences in the flight path length, flight time, and fuel consumption for JFK-NRT


	Scenario
	1 (reference)
	2
	3
	4
	5

	Flight path length (km)
	11,334.6
	11,334.6
	12,798.2
	11,334.6
	12,911.6

	Increase (km)
	–
	0.0
	1463.6
	0.0
	1577.0

	Increase (%)
	–
	0.0
	12.9
	0.0
	13.9

	Flight time (s)
	49,380
	46,813
	59,357
	45,474
	57,655

	Increase (s)
	–
	−2567
	9977
	−3906
	8275

	Increase (%)
	–
	−5.2
	20.2
	−7.9
	16.8

	Fuel consumption (kg)
	118,230
	157,540
	149,770
	187,180
	166,650

	Increase (kg)
	–
	39,310
	31,540
	68,950
	48,420

	Increase (%)
	–
	33.2
	26.7
	58.3
	41.0

	Fuel cost increase (million JPY)
	–
	2.85
	2.29
	5.01
	3.52

	Threshold in EDR ([image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$])
	–
	30
	30
	10
	10

	Constraints
	–
	FL < 200
	FL < 300, Lat. < 44°N
	FL < 140
	FL < 250, Lat. < 42°N


The thresholds in EDR and constraints for each scenario (Table 1) are reproduced for reference



As of February 2020, the price of the jet fuel is about 9000 JPY per barrel (159 l). The mass density of the Jet-A1 aviation fuel is 0.7753–0.8398 kg l−1 (ASTM 2020). To be conservative, if we use the mass density of 0.78 kg l−1, the price of the jet fuel is 72.6 JPY kg−1. For scenarios studied here, the increases in fuel cost is about 2.29–5.01 million JPY (or about 21–46 thousand USD) per flight. The increased costs associated with the delay of arrival, which we have avoided translating to economic cost, should be added. Although the assumptions in this analysis are quite conservative and constraints in calculation are simplified, these results can be interpreted that the economic impacts of an ARS event associated with the SEP event of the GLE-69 class may cause economic impact as large as a few to several million JPY (some tens thousands USD) per flight.
These results should be considered as conservative limit cases. In most of cases, ARS effects at aircraft cruising altitudes are significant for a few hours (Sato et al. 2018). To evaluate the economic impacts in more probable cases, we have estimated them for a limited period of ARS events. As shown in Table 3, we set up additional two scenarios, Scenarios 6 and 7, with constraints in the flight altitude in the first 3 h after departure, FL < 200 and FL < 140, respectively. These scenarios represent a case where an ARS event has commenced before flight and operators reflect the ARS event in flight planning. The lateral flight paths were kept the same as the reference scenario (Scenario 1). These two scenarios can be regarded as the variations of Scenarios 2 and 4, respectively, with a limited ARS event period. After 3 h after departure, the aircraft are allowed to clime to the altitude of the reference scenarios. The altitude profiles of the Scenarios 6 and 7 are shown in Fig. 5. The results of calculation for these additional scenarios are summarized in Table 3. Increases in the fuel consumption for Scenarios 6 and 7 were about 7.6 and 14 tons (6.4 and 12% of the reference scenario), corresponding to the fuel cost of 0.55 and 1.01 million JPY (or about 5.0 and 9.2 thousand USD), respectively. Comparing with Scenarios 2 and 4, the increase in the fuel consumption was reduced to about one-fifth, corresponding to the shortened flight time at lower altitudes. The total flight times for Scenarios 6 and 7 were increased from those of Scenarios 2 and 4, respectively, and they were almost the same as the reference scenario, although we assume that the aircraft maintains the original Mach speed profile. Because the air temperature is higher at lower altitudes, the corresponding air speed is higher. In our particular case, however, the head wind at lower altitude in the first 3 h was stronger than at higher altitudes and the ground speed was almost the same. As a result, the flight times were almost the same as the reference scenario. If the prediction of the ARS event duration would be available, operators could make a flight plan with such reduced constraints on the flight path to reduce the economic impacts.Table 3Differences in the flight path length, flight time, and fuel consumption for JFK-NRT for ADR lasting in the first 3 h only


	Scenario
	1 (reference)
	6
	7

	Constraints
	–
	FL < 200 in first 3 h
	FL < 140 in first 3 h

	Flight path length (km)
	11,334.6
	11,334.6
	11,334.6

	Increase (km)
	–
	0.0
	0.0

	Increase (%)
	–
	0.0
	0.0

	Flight time (s)
	49,380
	49,407
	49,196

	Increase (s)
	–
	−27
	−184

	Increase (%)
	–
	−0.055
	−0.37

	Fuel consumption (kg)
	118,230
	125,814
	132,099

	Increase (kg)
	–
	7584
	13,869

	Increase (%)
	–
	6.4
	11.7

	Fuel cost increase (million JPY)
	–
	0.55
	1.01




This economic impact may be further reduced, if the space weather nowcast and forecast for the ARS associated with the SEP is utilized with an optimal flight trajectory generation algorithm (Wickramasinghe et al. 2014) to plan flights by considering the ARS impact prior to departure. As it can be seen in the comparison between scenarios with altitude constraint only (scenarios 2 and 4) and those with constraints on the altitude and latitude (scenarios 3 and 5), there would be the optimal combination of the altitude and latitude to minimize the economic impacts caused by the increased fuel consumption and increased flight time (delay of arrival). Setting more flexible constraints in the flight path to minimize the economic impacts by using the local EDR value derived from the global distribution as an additional constraint would be effective in providing optimal flight trajectories as well as estimating more realistic economic impacts, which is our next step. Furthermore, prediction of the progress of ARS associated with SEP events would be effective in reducing the economic impacts by adaptively modifying the flight path during the flight in a similar way as the Dynamic Airborne Reroute Procedure (DARP) which is deployed over the Pacific Ocean to avoid volcanic ashes or severe wind conditions. Although we assume that the EDR conditions at the peak of the ARS event is maintained all through the flight, normally the SEP flux would be decreased by time, and the EDR would also be decreased. When the ARS event ceases and the information is sent to the aircraft operator in a timely manner, the aircraft may be able to resume flying on a more efficient route and reduce the economic impact on the rest of the flight. If the progress of an ARS event is well predicted and it is informed to the aircraft operator, it would be possible to rearrange the flights in airspace to resume flying in more efficient routes.
Thus, the nowcasting and forecasting the ARS associated with the SEP events would be useful to reduce the economic impacts on the aircraft operation. It is even more important to integrate the space weather information and the optimal aircraft trajectory generation algorithm to develop a system to keep the traffic as efficient as possible by keeping safety with a minimal increased economic impacts.
In reality, the aircraft operation is a complex system, and the reaction to space weather events must be considered in broader sense. In the ARS events, communication means such as satellite communications (SATCOM) and high-frequency (HF) radio communication may also fail due to polar cap absorption, ionospheric storms, and scintillations. How to share information with aircraft in such conditions should also be considered for future. The flight routes of aircraft must be considered in the context of the air traffic management, because the flights cannot freely planned but must be determined by harmonizing the flow of air traffic. Aircraft in the air cannot change their flight routes without clearance by considering the air traffic condition around them. Therefore, our study is just a starting point to utilize the space weather information in civil aviation where various players are working collaboratively.
Conclusions
In this study, we have estimated economic impacts of ARS associated with SEP events on aircraft operations. The global EDR distribution associated with the peak of ARS event on 20 January 2005 (GLE-69) is estimated by using WASVIES. For a flight route from JFK to NRT, four flight scenarios are set up to avoid hazard of ARS and are compared with a reference scenario which is the nominal case. In this study, thresholds on EDR below which the EDR should be are chosen as 30 and 10 [image: $$\upmu {\text{Sv}}\,{\text{h}}^{-1}$$]. For each EDR threshold, two strategies to constrain the flight path. One is to limit the flight altitude only, and the other is to limit the highest latitude with a relaxed constraint on altitude. Local solutions of flight path length, flight time, and fuel consumption are found for the five scenarios, including the reference and four scenarios to avoid radiation hazard, by using the trajectory generation algorithm with the BADA aircraft performance model. For a twin-engine, wide-body jet passenger aircraft, the flight time is reduced, but the fuel consumption is significantly increased by 39–69 tons (33–58%) as compared to the reference scenario, when the constraint is set only on the aircraft altitude. When the constraints are set on the aircraft altitude and the latitude, flight time is increased by 2.2–2.8 h (17–20%). The increase in the fuel consumption is about 32–48 tons (27–41%) and is not as much as the scenarios with a constraint on the flight altitude only. If the ARS event duration is limited for 3 h, the increase in the fuel consumption is about 7.6–14 tons (6.4–12%).
This economic impact may be reduced, if the space weather nowcast for the ARS associated with the SEP and an optimal flight trajectory generation algorithm are used together. Setting more flexible constraints in the flight route and generating optimal flight trajectories with minimal economic impacts by fully utilizing the global EDR distribution would be effective, which is our next step. Furthermore, prediction of the progress of ARS associated with SEP events would be effective in reducing the economic impacts by adaptively modifying the flight path during the flight. Integration of the space weather information and the flight trajectory generation algorithm would be useful to keep the traffic as efficient as possible by keeping safety with a minimal increased economic impacts.
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