
Optimizing Polar Air Traffic: Strategies for Mitigating the
Effects of Space Weather‐Induced Communication Failures
Poleward of 82°N
Dabin Xue1,2,3 , Zhizhao Liu1 , Donghe Zhang4 , Cheng‐Lung Wu3, and Jian Yang2

1Department of Land Surveying and Geo‐Informatics, The Hong Kong Polytechnic University, Kowloon, China,
2Department of Earth and Space Sciences, Southern University of Science and Technology, Shenzhen, China, 3School of
Aviation, University of New South Wales Sydney, Kensington, NSW, Australia, 4School of Earth and Space Sciences,
Peking University, Beijing, China

Abstract Aviation communication is significant for the safe, efficient, and orderly operation of air traffic.
The aviation industry relies on a sophisticated network to maintain air‐ground communications. However, space
weather events can disrupt the ionosphere conditions and damage satellites, leading to High‐Frequency (HF)
communication blackouts and satellite communication failures. These disruptions can jeopardize flight safety,
especially for flights over polar regions. In response, strategies such as cancellations, rescheduling, or rerouting
to lower latitudes may be necessary, despite the low flight efficiency and substantial financial losses. With the
background of the anticipated solar maximum in 2025 and a growing number of polar flights, it is indispensable
to have a comprehensive understanding of the space weather effects on aviation communication and develop
constructive strategies from an Air Traffic Management (ATM) perspective. Hence, we simulate scenarios with
different durations of communication failures and assess the corresponding economic losses. Based on the data
derived from historical polar flights in 2019, there are daily 18 polar flights with trajectories crossing the north
polar region higher than 82°N. Simulation results show that the economic losses associated with these polar
flights can range from €0.03 million to €1.32 million, depending on both the duration of communication failures
and the adopted air traffic management strategies. We believe that this study can shed light on the effects of
space weather‐induced communication failures on polar flight operations and provide guidance for mitigating
these effects in the aviation industry.

Plain Language Summary Effective communication is compulsory in aviation operations, with
Very High Frequency (VHF) being the primary mode of communication between aircraft and ground stations.
High Frequency (HF) communication and satellite communications come into play when aircraft traverse in the
north polar region higher than 82°N. However, both forms of communication may experience failures due to
changes in ionospheric conditions and degraded satellite performances caused by space weather. As a result, the
routine operations of polar flights will be disrupted. To mitigate this, we propose targeted Air Traffic
Management (ATM) strategies such as flight cancellations, rescheduling, and rerouting. In 2019, an average of
18 polar flights per day crossed the North Polar region at latitudes exceeding 82°N. Based on simulations of
communication failure durations, the economic losses associated with these polar flights would vary from €0.03
million to €1.32 million. We hope this study can be a foundational reference for the aviation industry making
decisions in response to communication failures caused by space weather.

1. Introduction
Effective communication in aviation plays a pivotal role in ensuring the safe and efficient operation of flights
(Alharasees et al., 2023). Pilots rely on communication with ground stations to receive crucial instructions,
weather condition updates, and nearby air traffic information (Bain et al., 2023; Xue et al., 2021). The Very High
Frequency (VHF, 30–300 MHz) is the primary channel used for communication between pilots and aviation staff
at ground stations. Specifically, pilots employ the Aircraft Communications Addressing and Reporting System
(ACARS, 131.550 MHz) to communicate with airline dispatchers (Smith et al., 2018). Additionally, the
Controller Pilot Data Link Communication (CPDLC, 118.000–136.975MHz) facilitates communication between
pilots and Air Traffic Control Officers (ATCOs) (Lin et al., 2012). Nevertheless, polar flights typically do not rely
on VHF communication for the entire duration of the flight, as VHF is limited to line‐of‐sight communication
between aircraft and ground stations, effective only within a short range of about 160 km (Pinkerton, 2019). In
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polar regions, the remoteness and Earth's curvature hinder reliable VHF communication over such long distances
(Tooley & Wyatt, 2017). Instead, polar flights utilize alternative methods such as High Frequency (HF, 3–
30 MHz) radios and Satellite Communication (SATCOM). Notably, when flights traverse areas north of 82°N,
where geostationary satellite communications are unavailable due to the satellites' orbit inclination, aircraft can
only use HF radios or polar satellite communication systems like Iridium to maintain a dependable connection
with ground stations (Anderson et al., 2021; Chen et al., 2021). With the rapid advancement of low Earth orbit
(LEO) satellite technologies, emerging SpaceX Starlink (McDowell, 2020) and OneWeb (Li et al., 2021) offer a
promising solution for providing continuous, global connectivity to aircraft (Caspi et al., 2022; Ma et al., 2023).
However, to the best of our knowledge, there are no comprehensive studies specifically investigating the use of
these two ultra‐dense LEO networks for pilot communication or navigation.

HF communication relies on the ionosphere to transmit signals over long distances (Ruck & Themens, 2021). The
ionosphere, a region of the Earth's upper atmosphere, contains charged particles that can reflect and refract HF
radio signals. This property allows HF signals to bounce off the ionosphere and travel beyond the horizon, making
it particularly suitable for long‐range communication (Bust et al., 2021). However, HF communication in the
Arctic region may be hindered by Polar Cap Absorption (PCA) events, which occur when Solar Energetic
Particles (SEPs) ionize the polar D‐region ionosphere. These particles, primarily with energies between 1 and
100 MeV, can reach Earth within tens of minutes to a few hours after their emission, depending on their energy
(Hapgood et al., 2021). While the geomagnetic field shields the SEPs from entering the lower and mid‐latitudes,
the SEPs precipitate into the entire polar cap ionosphere, enhancing D‐region ionization and leading to significant
HF radio absorption (Tsurutani et al., 2009, 2022). In contrast, Extreme Ultra‐Violet (EUV) and X‐ray emissions
from solar flares can significantly enhance the ionospheric Total Electron Content (TEC) in the dayside,
particularly near Earth's subsolar point, but the TEC increase in regions above 82°N is slight (Tsurutani
et al., 2005). Coronal Mass Ejections (CMEs) that accompany intense solar flares take one to 4 days to reach Earth
and trigger magnetic storms only if their magnetic fields are southward‐directed (Echer et al., 2008; Tsurutani
et al., 2022). For example, protons accelerated by solar flares in the magnetic canopy of AR3664 traveled along
the Parker Spiral back to Earth on 14 May 2024. These particles were channeled by the Earth's magnetic field
toward the poles, where they ionized the atmosphere and disrupted normal shortwave radio transmissions. The red
zones in Figure 1 indicate areas where shortwave radio signals were being absorbed. Within the Arctic Circle,
radio frequencies below 30MHz are largely inaccessible, posing significant challenges for polar aviators who rely
on the HF bands.

As another aviation communication method in polar regions, SATCOM provides reliable communication by
utilizing polar satellites. This method ensures continuous communication even in the most remote areas where
VHF and HF might be less effective. While mega constellations are designed to enhance coverage and redun-
dancy (Long & Zhang, 2024; Zhang et al., 2022), marking a significant shift in SATCOM systems, individual
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Figure 1. PCA due to SEPs accelerated by solar flares of the sunspot AR3664 (https://www.spaceweather.com/).
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satellites within these constellations may still experience signal degradation
during space weather events. First, as an electromagnetic wave‐based
communication system, SATCOM is influenced by changes in ionospheric
conditions (Goodman, 2005). Sudden and unpredictable alterations in the
ionosphere can induce ionospheric scintillation, a phenomenon characterized
by fluctuations in signal amplitude, phase, and arrival angle, potentially
degrading communication quality and, in extreme cases, causing disruptions
(Portella et al., 2021; Song et al., 2020). Second, space weather events like
solar storms unleash vast amounts of high‐energy charged particles that can
interfere with satellite operations, potentially causing malfunctions or even
direct damage to onboard electronic equipment and components (Horne
et al., 2013; Singh et al., 2010). Lastly, increased thermospheric drag during
space weather events can threaten satellite performance (Oliveira &
Zesta, 2019), particularly in polar and high‐latitude regions (Kleimenova
et al., 2021).

Solar activity follows an 11‐year cycle and now it is in the 25th solar cycle
with the solar maximum around 2025 (Hapgood et al., 2022; Okoh
et al., 2018). It is foreseeable that space weather will impact flight operations
in the near future. Despite the provision of space weather advisories for the
aviation industry, it remains crucial to propose corresponding strategies from

the perspective of Air Traffic Management (ATM) to mitigate the adverse effects of upcoming space weather
events. The effects of satellite navigation failure on flight operations and the associated economic losses have
been assessed (Xue et al., 2022a, 2023a). Furthermore, in response to increased cosmic radiation, Xue, Yang, Liu,
et al. (2022) proposed a multi‐objective model by assigning optimal flight altitudes and speeds to reduce fuel
consumption and aviation radiation exposure. Moreover, based on the assumption that a space weather event as
intense as the 2003 Halloween solar storm would have occurred in 2019, the economic losses incurred in global
aviation operations had been quantified. If all polar flights were canceled for an entire day, the direct economic
loss was estimated to be about 2.20 million Euros (Xue, Yang, Liu, & Yu, 2023; Zinke, 2023).

Despite the significance, research on the effects of space weather on flight operations remains limited. Table 1
outlines the aviation communication conditions for polar flights operating south and north of 82°N. Under
conditions #1–4, polar flights must be canceled. Conditions #5–7 allow for normal operations of polar flights.
However, targeted ATM solutions are necessary under condition #8 to mitigate the effects of communication
failures north of 82°N. This study specifically addresses condition #8, in which space weather events cause both
HF communication blackouts and SATCOM failures north of 82°N. To address this problem and alleviate the
negative consequences of communication failures in this area, we propose corresponding strategies from the
perspective of air traffic management. Using polar flight data from 2019, we estimate the potential economic
losses under various simulated scenarios. This study is expected to serve as a guideline for decision‐making
within the aviation industry in response to space weather‐caused communication failures in the polar region.

2. Polar Flight Data
Polar routes, aptly named for the trajectory over the Earth's poles, are defined by the Federal Aviation Admin-
istration (FAA) as the North Polar area, encompassing regions north of 78°N (FAA, 2022). This includes the
Arctic Ocean, as well as the northern areas of Europe, Asia, and North America. Typically, north polar routes,
adopted for flights between Asian and North American cities, offer a more efficient routing, which reduces flight
times, fuel consumption, and emissions. According to (NAV CANADA, 2017), a flight from New York to Hong
Kong can save up to two hours of flying time and 16,000 L of fuel by using polar routes. Over the years, there was
a significant surge in air traffic operating on polar routes, experiencing a 15‐fold increase between 2003 and 2015.
In 2016 alone, more than 14,000 flights utilized these polar routes. In particular, polar routes passing through
Canadian airspace are estimated to result in an annual reduction of over 600,000 tons of greenhouse gas emissions
(NAV CANADA, 2017). While the North Pole experiences significant air traffic growth, the South Pole lacks a
comparable level of air traffic. This can be attributed to the harsher weather conditions, a limited number of
diversion airports, and the lower population density in the southern hemisphere. At present, no airline operates a

Table 1
Aviation Communication Conditions for Polar Flights Operating South and
North of 82°N

Condition #

South of 82°N North of 82°N

Operation statusSATCOM1 HF SATCOM2

1 × √ √ Canceled

2 × √ × Canceled

3 × × √ Canceled

4 × × × Canceled

5 √ √ √ Normal

6 √ √ × Normal

7 √ × √ Normal

8 √ × × ?

Note. SATCOM1 refers to satellite communication using geostationary or
polar satellites, while SATCOM2 refers specifically to communication using
polar satellites. Label ‘×’ indicates communication failures, while label ‘√’
signifies normal communications.

SpaceWeather 10.1029/2024SW004136

XUE ET AL. 3 of 15

 15427390, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024SW

004136 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [22/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



south polar route, but certain flight routes between Australia and South
America and between Australia and South Africa skirt the Antarctic coastline.

As aircraft can only use HF communication and polar satellite‐based
SATCOM in the area north of 82°N to communicate with ground sta-
tions, our attention is directed solely to these polar flights with Great Circle
Routes (GCR) traversing the area north of 82°N. To investigate the effects
of communication failures on polar flights, we conducted a simulated case
study using flight data from 6 April 2019 (UT), which included 18 polar
flights passing through the area north of 82°N. Please note that no space
weather event occurred on this day. Additionally, we acknowledge that
polar flights experience seasonal variations primarily driven by passenger
demand, such as tourism and business travel (Merkert & Webber, 2018;
Wang et al., 2023). Airlines typically adjust their schedules to meet higher
demand during the summer months, holidays, and major events. As a result,
the outcomes of this study may differ from real‐world operations, as the
final results are influenced by the number of polar flights. Figure 2 illus-
trates the GCR, and Table 2 provides detailed information on these polar
flights, including flight callsign, aircraft type, departure and destination
cities, etc. In this simulation, it is assumed that the flight plans on other days
are the same as those on 6 April 2019, although the number of polar flights
may vary due to various factors, such as airline decisions, global events, and
seasonal considerations.

3. ATM Strategy for Communication Failures Poleward of 82°N
To alleviate the effects of space weather on aviation, four space weather centers have been established to monitor
and forecast space weather events (Hapgood, 2022). These four SpaceWeather Centers (SWXCs) are (a) the Pan‐
European Consortium for Aviation Space Weather User Services (PECASUS), comprising Finland, Belgium, the
United Kingdom, Austria, Germany, Italy, Netherlands, Poland, Cyprus, and South Africa; (b) the National
Oceanic and Atmospheric Administration (NOAA) SpaceWeather Prediction Center (SWPC); (c) the consortium
of Australia, Canada, France, and Japan (ACFJ); and (d) the China‐Russia Consortium (CRC) (Kauristie
et al., 2021). These centers operate on a rotational basis, with one serving as the on‐duty center and the others as
the primary and secondary backup centers and the maintenance center, each monitoring space weather conditions
in a 2‐week shift.

The International Civil Aviation Organization (ICAO) mandates continuous and effective communication for
aircraft throughout their entire flight paths (ICAO, 2008). Considering that there are ∼2,000 radio blackouts due
to solar activity during each 11‐year solar cycle (Dobrijevic, 2022), relying solely on space weather forecast
advisories is insufficient. Therefore, it is necessary to propose strategies for both airborne flights (already taken
off) and flights on the ground (not taking off yet) from the standpoint of air traffic management. Figure 3a
provides a schematic diagram illustrating the process of space weather monitoring and the subsequent ATM
strategies. The procedures are detailed as follows.

1. Space weather centers collect data from diverse sources, including ground‐based observatories, satellites, and
solar‐monitoring instruments. This data set comprises details about solar activity, solar wind, magnetic fields,
and other pertinent parameters. Furthermore, ongoing observations of the Sun are conducted to monitor solar
flares, coronal mass ejections, sunspots, and other solar phenomena. Instruments like solar telescopes and
satellites are utilized to provide real‐time data (Darnel et al., 2022; Palmerio et al., 2022).

2. Space weather centers analyze the collected data to identify patterns, trends, and potential space weather
events. Advanced algorithms and models are utilized to process and interpret the vast amount of information
(Chen et al., 2022; Kay et al., 2022; Kruglyakov et al., 2022).

3. Based on the analysis, space weather centers produce space weather advisories related to HF communications
and SATCOM, as presented in Figure 3b. Please note that SATCOM has been identified as the fourth impact
area. However, advisories for SATCOM will not be issued until further work is conducted to develop and
validate operationally relevant advisory thresholds (Bureau of Meteorology, 2023).

Figure 2. Flight paths of polar flights with GCR traversing the area north of
82°N. Airports are denoted as red dots.
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4. After receiving the alerts and warnings, the aviation industry, including airports, airlines, and Air Traffic
Control (ATC), would conduct Collaborative Decision Making (CDM) by considering all stakeholder needs
before making decisions (Albers & Rundshagen, 2020; Di Vaio & Varriale, 2020). The contribution of this
study is to mitigate the effects of space weather‐induced communication failures north of 82°N on polar flight
operations by providing practical and constructive strategies from the perspective of ATM.

3.1. Flight Emergency Diversion Due To Unpredicted Communication Failures

Due to the lack of accurate and timely space weather forecast information, flights may occasionally need to divert
and land at alternate airports near the Arctic region, as illustrated in Figure 3c, including BGTL (76.53°N,

Table 2
Information About 18 North Polar Flights With GCR Traversing the Area North of 82°N, Ordered by the Commencement Time of Their Traversing Over 82°N

Flight
index

Flight
callsign

Aircraft
type

Seat
capacity

Indirect cancellation
cost (€)

Polar flight route (departure‐
destination)

Flight time (DD
HH: MM)

Duration over 82°N

(DD HH: MM) (min)

01 CCA880 B789 252 40,156 Montréal‐Beijing 05 19:23‐06 09:38 06 01:14‐06
02:58

104

02 CHH482 B789 252 40,156 Boston‐Beijing 05 21:13‐06 09:32 06 02:23‐06
04:05

102

03 UAE230 B773 360 49,120 Seattle‐Dubai 06 00:11‐06 13:54 06 04:37‐06
06:37

120

04 UAE226 A388 469 58,167 San Francisco‐Dubai 06 00:32‐06 15:21 06 06:11‐06
08:08

117

05 ETD170 B773 360 49,120 Los Angeles‐Abu Dhabi 06 00:19‐06 15:48 06 06:48‐06
08:06

78

06 UAE216 A388 469 58,167 Los Angeles‐Dubai 06 00:29‐06 15:43 06 06:49‐06
08:17

88

07 CPA811 B773 360 49,120 Boston‐Hong Kong 06 06:00‐06 21:06 06 11:19‐06
13:09

110

08 CPA899 A359 293 43,559 Newark‐Hong Kong 06 05:50‐06 21:00 06 11:35‐06
12:50

75

09 CPA845 B773 360 49,120 New York‐Hong Kong 06 05:51‐06 21:09 06 11:36‐06
12:58

82

10 CHH416 B789 252 40,156 New York‐Chongqing 06 07:07‐06 21:05 06 12:24‐06
14:25

121

11 CCA990 B773 360 49,120 New York‐Beijing 06 06:37‐06 19:50 06 12:30‐06
13:53

83

12 ETD171 B773 360 49,120 Abu Dhabi‐Los Angeles 06 05:11‐06 21:14 06 13:10‐06
14:31

81

13 UAE225 A388 469 58,167 Dubai‐San Francisco 06 06:21‐06 21:41 06 13:49‐06
15:50

121

14 UAE215 A388 469 58,167 Dubai‐Los Angeles 06 06:15‐06 21:51 06 13:52‐06
15:22

90

15 UAE229 B773 360 49,120 Dubai‐Seattle 06 06:33‐06 20:35 06 14:00‐06
16:02

122

16 SIA21 A359 293 43,559 Newark‐Singapore 06 15:29‐07 08:25 06 20:36‐06
22:28

112

17 CSN300 B773 360 49,120 New York‐Guangzhou 06 16:23‐07 06:05 06 21:31‐06
22:53

82

18 UAL89 B772 336 47,128 Newark‐Beijing 06 16:10‐07 04:57 06 21:53‐06
23:09

76

Note. The indirect cancellation costs are sourced from (Eurocontrol, 2020).
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68.70°W), PABR (71.28°N, 156.77°W), UHMP (69.78°N, 170.60°E), UOHH (71.98°N, 102.50°E), ULMM
(68.78°N, 32.75°E), ENBO (67.27°N, 14.37°E), and ENSB (78.25°N, 15.47°E) (Albright, 2020).

Flight diversion can disrupt airline operations, leading to changes in crew schedules and aircraft rotations
(Malandri et al., 2020). This may have a cascading effect on subsequent flights and the overall efficiency of the
airline's operation. In addition, diverting flights incurs additional costs for the airline, including expenses related
to landing fees at the alternate airport, and fuel for the diversion. Besides, passengers on diverted flights may
experience inconvenience, including delays, longer travel times, and potential challenges in connecting to sub-
sequent flights (Hu et al., 2015). Moreover, flight diversion may lead to increased fuel consumption and emis-
sions, especially if alternate airports are far away from their original destinations. Diversion costs estimated by
EUROCONTROL vary from €6,000 to €68,500 (Eurocontrol, 2020). Alternatively, flights may reroute to the
low‐latitude region south of 82°N, if loaded fuel is sufficient. Details about rerouting can refer to Section 3.3.

3.2. Flight Cancellation

The most straightforward approach to tackle the issue of communication failures north of 82°N is to cancel the
flights. In this case, if there are any periods of overlap between the durations of communication failures and the
durations of polar flights traveling poleward of 82°N, the specific flights will be canceled. However, this method
is consistently associated with several drawbacks. Airline revenue faces significant impact due to flight can-
cellations, including losses from ticket cancellations and potential expenses related to passenger compensations,
rebooking, and operational adjustments. The disruption of airline operations, affecting crew schedules, aircraft
utilization, and overall logistics, creates a cascading effect across the entire air transportation network. Passengers

Figure 3. (a) The schematic diagram of space weather monitoring and subsequent aviation industry response; (b) An example
of space weather advisory for HF communications; (c) Alternate airports near the Arctic region and flight rerouting methods
for detouring the polar circle of 82°N; (d) Flight rescheduling to avoid the period of communication failures north of 82°N.
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on canceled polar flights may encounter inconvenience, necessitating rescheduling or seeking alternative routes
(Yimga & Gorjidooz, 2019).

3.3. Flight Rerouting

When space weather advisories predict there will be communication failures north of 82°N, polar flights can also
choose to reroute to low‐latitude regions to keep the line of sight with communication satellites. However, the new
flight path may result in increased fuel consumption and emissions, particularly if the alternative route is longer or
less fuel‐efficient, contributing to the environmental impact of air travel (Xue et al., 2020). Besides, rerouting
incurs additional costs for airlines, including expenses related to fuel for the extended route, potential fees for
using different airspaces, and adjustments in crew and ground services (Chang, 2020). Additionally, the process
of rerouting flights may necessitate adherence to diverse airspace regulations. Airlines are required to collaborate
with pertinent aviation authorities to guarantee conformity with these regulations.

The original flight trajectory follows the GCR through points A and B, with the distance represented as AB, as
illustrated in Figure 3c. Herein, a rerouting method is adopted along the 82°N polar circle, with the distance
denoted as ĂB. This newly designed route results in a longer flight distance (ĂB − AB), leading to more fuel
consumption and longer flight time. Appendix A provides the calculation methods for fuel consumption and flight
time.

3.4. Flight Rescheduling

In anticipation of communication failures north of 82°N forecasted by space weather advisories, an alternative
approach is to reschedule the flights. For each polar flight i, the original departure time and landing time are
represented as T1.i and T4.i, respectively. The original times of flight i entering and exiting the region north of
82°N are denoted as T2.i and T3.i. The duration of communication failures is denoted asH, with the start time and
end times indicated as Hs and He. If there is an overlap between the intervals [T2.i, T3.i] and [Hs,He] , that is,
[T2.i, T3.i]∩ [Hs,He] ≠ ∅, it means that polar flight i will encounter communication failures during the original
schedule. Hence, flight rescheduling is necessary to solve this problem. As shown in Figure 3d, the rescheduled
times of departure time, landing time, entering and exiting the region north of 82°N are denoted by T′1.i, T′4.i, T′2.i,
and T′3.i, respectively. Notably, T′2.i is equal to He, allowing the calculation of ground delay time through the
formula Di = T′2.i − T2.i. In practical terms, certain airlines may establish a maximum delay time (Ψ), and if the
projected ground delay surpasses this threshold, this flight would be canceled.

However, predicting the exact duration of communication failure caused by space weather is highly uncertain in
real‐world operation, making flight rescheduling a complex decision for airlines. The unpredictability of space
weather necessitates a probabilistic approach to managing communication failure, particularly in polar regions.
Airlines rely on probabilistic forecasts to assess risks, balancing operational efficiency with passenger safety
when deciding whether to reroute flights or proceed with contingency plans. Current challenges include limited
real‐time data and low‐resolution space weather models, leading to difficult decisions with potential cost and
safety implications. To improve resilience, advancements are needed in higher‐resolution forecasting, real‐time
data integration, and automated decision‐support tools that help airlines make informed decisions in dynamic
conditions. Collaborative efforts in space weather research are essential to enhance aviation's ability to manage
these risks effectively.

4. Scenario Simulation
Space weather advisories are labeled by MOD and SEV based on various event parameters, which implies the
impacts on HF communications might be severe. These event parameters include auroral absorption (Kp = 8,
MOD; Kp = 9, SEV), Polar Cap Absorption (PCA) (riometer absorption ≥ 2 dB, MOD; riometer absorption
≥ 5 dB, SEV), shortwave fadeout (solar X‐rays ≥ 10− 4 W/m2 (X1), MOD; solar X‐rays ≥ 10− 3 W/m2 (X10),
SEV), and Post Storm maximum useable frequency Depression (PSD) (MUF ≥ 30%, MOD; MUF ≥ 50%, SEV).
According to (Fiori et al., 2022), for each solar cycle, there are.

1. 40 moderate auroral absorption events with a mean duration of 5.1 hr
2. 3 severe auroral absorption events with a mean duration of 12 hr
3. 24 moderate PCA events with a mean duration of 8 hr
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4. 13 severe PCA events with a mean duration of 1.6 days
5. 123 moderate shortwave fadeout events with a mean duration of 68 min
6. 5 severe shortwave fadeout events with a mean duration of 132 min
7. 200 moderate PSD events with a mean duration of 5.5 hr
8. 56 severe PSD events with a mean duration of 8.5 hr

However, it is worth noting that only PCA events are the main ones affecting HF communications poleward of
82°N. In addition, space weather can also cause SATCOM failures by altering ionospheric conditions or
damaging satellites (Knipp et al., 2016; Singh et al., 2021). Hence, to comprehensively explore the potential
effects of communication failures poleward of 82°N on polar flights, five scenarios with durations of 1 hr, 6 hr,
12 hr, 24 hr, and 36 hr are simulated, all commencing at 00:00 UT. Specifically, S1: 00:00‐01:00 UT, affecting
0 flight; S2: 00:00‐06:00 UT, affecting 3 flights (flight index: 01–03); S3: 00:00‐12:00 UT, affecting 9 flights
(flight index: 01–09); S4: 00:00‐00:00 (+1 day) UT, affecting 18 flights (flight index: 01–18); S5: 00:00‐12:00
(+1 day) UT, affecting 27 flights (flight index: 01–18 and 01–09).

5. Result Analysis
After the scenario simulation of communication failures, this section explores the impact on polar flights and
quantifies the associated economic losses. It is important to emphasize that simulation results are based on space
weather advisory forecasts, specifically targeting polar flights that have not yet taken off. Hence, results about
flight emergency diversion due to unpredicted space weather are not presented in this study. Instead, results about
flight cancellation, rerouting, and rescheduling in various scenarios are presented in Sections 5.1, 5.2, and 5.3.
Under S1 (00:00‐01:00 UT), polar flights will not be affected as no flights cross the area north of 82°N during this
short time interval.

5.1. Flight Cancellation Results

If flight cancellations are adopted as a response to communication failures poleward of 82°N, the number of
canceled flights according to the proposed criterion in Section 3.2 is as follows: 3 (1 × B773 and 2×B789) under
S2, 9 (1 ×A359, 2 ×A388, 4 ×B773, and 2 × B789) under S3, 18 (2 ×A359, 4 ×A388, 1 × B772, 8 ×B773, and
3 × B789) under S4, and 27 (3 ×A359, 6 ×A388, 1 × B772, 12 ×B773, and 5 × B789) under S5. It is noteworthy
that space weather events are uncontrollable, and airlines are not obliged to compensate passengers (U.S.
Department of Transportation, 2022). However, other costs caused by the cancellation are inevitable, such as loss
of revenue, interlining costs, loss of future value, crew and catering costs, luggage delivery costs, etc. According
to (Eurocontrol, 2020), the indirect economic costs due to flight cancellation of each type of aircraft are estimated
as €43,559 for A359 (293 seats), €58,167 for A388 (469 seats), €47,128 for B772 (336 seats), €49,120 for B773
(360 seats), and €40,156 for B789 (252 seats), which is also listed in Table 2. With such, the associated economic
costs for the cancellation of flights under simulation scenarios S2, S3, S4, and S5 are €0.13 million, €0.44 million,
€0.88 million, and €1.32 million, respectively.

5.2. Flight Rerouting Results

In Figure 3c, the aircraft is shown to reroute to fly along the polar circle at the latitude of 82°N. In practical
applications, airlines can choose different polar circles (ϑ) based on specific regulations. Here, we select ϑ as
82°N and 75°N as two representative polar circles to evaluate the outcome of flight rerouting, with the results
presented in Table 3. The average flight distance of all 18 polar flights is 12,570 km. Flight rerouting leads to an
increase in flight distance, duration, and fuel consumption. For instance, the average flight distance increases by
338 km, constituting 2.69% of 12,570 km, if airlines choose the polar circle ϑ = 82°N. In contrast, the average
flight distance for ϑ = 75°N experiences a larger increase, accounting for 8.62% of the total average flight
distance. The average results for ϑ = 75°N are three times as many as those for ϑ = 82°N. Utilizing cruise speed
data, the average increased flight time is calculated as 24 min for ϑ= 82°N and 75 min for ϑ= 75°N. According to
Appendix A, the increased fuel consumption averages 3.3 tons for ϑ = 82°N and 10.6 tons for ϑ = 75°N.

Under different scenarios of simulating different durations of communication failures poleward of 82°N, the
increased economic costs are evaluated by considering time‐related costs (passenger time costs and airborne delay
costs for airlines) and fuel costs. The longer flight time has an average cost of €74/min (Eurocontrol, 2020).
Calculated based on an average passenger time value of €47/hour (Airlines for America, 2023) and an 80% seat
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occupancy factor, the unit time costs for all passengers due to flight delays are estimated as €184/min (A359, 293
seats), €294/min (A388, 469 seats), €211/min (B772, 336 seats), €226/min (B773, 360 seats), and €158/min
(B789, 252 seats). In addition, fuel cost is another important expense for airlines. With the fuel price of €843/ton
(IATA, 2024), Figure 4 shows the results of increased fuel costs for both ϑ = 82°N and ϑ = 75°N based on the

Table 3
Flight Rerouting Results Based on Different Latitudes of Rerouting Polar Circles (ϑ = 82°N and ϑ = 75°N)

Flight
index Callsign

Duration over
82°N H

Cruise
altitude (m)

Cruise speed
(knot)

Flight distance
L (km)

ϑ = 82°N ϑ = 75°N

D (km)
T

(min) F (ton) D (km)
T

(min) F (ton)

01 CCA880 01:14‐02:58 11,600 470 10,459 150 10 0.9 855 59 5.4

02 CHH482 02:23‐04:05 11,600 480 10,828 281 19 1.8 1,042 70 6.5

03 UAE230 04:37‐06:37 11,300 450 11,941 707 51 6.5 1,541 111 14.1

04 UAE226 06:11‐08:08 11,600 460 13,034 648 46 10.1 1,478 104 23.0

05 ETD170 06:48‐08:06 11,300 470 13,498 98 7 0.9 770 53 6.9

06 UAE216 06:49‐08:17 11,600 460 13,415 160 11 2.5 872 61 13.6

07 CPA811 11:19‐13:09 11,600 470 12,820 357 25 3.2 1,140 79 10.2

08 CPA899 11:35‐12:50 12,200 470 12,974 82 6 0.6 742 51 5.1

09 CPA845 11:36‐12:58 11,600 450 12,985 105 8 1.0 783 56 7.2

10 CHH416 12:24‐14:25 11,300 470 12,205 942 65 6.0 1,781 123 11.3

11 CCA990 12:30‐13:53 11,600 470 10,991 103 7 0.9 779 54 7.0

12 ETD171 13:10‐14:31 11,600 470 13,498 98 7 0.9 770 53 6.9

13 UAE225 13:49‐15:50 11,900 470 13,034 648 45 9.9 1,478 102 22.7

14 UAE215 13:52‐15:22 11,900 470 13,415 160 11 2.5 872 60 13.4

15 UAE229 14:00‐16:02 11,300 450 11,941 707 51 6.5 1,541 111 14.1

16 SIA21 20:36‐22:28 12,200 480 15,353 602 41 4.2 1,428 96 9.8

17 CSN300 21:31‐22:53 11,600 470 12,895 157 11 1.4 867 60 7.7

18 UAL89 21:53‐23:09 11,900 470 10,980 85 6 0.6 749 52 5.4

Average: 12,570 338 24 3.3 1,083 75 10.6

Note. H: Expected Duration Over 82°N; L: Original Distance of Great Circle Route; D: Increased Flight Distance; T: Increased Flight Time; F: NoteIncreased Fuel
Consumption

Figure 4. The increased fuel cost and time cost due to flight rerouting at polar circle with latitudes of (a) 82°N and (b) 75°N.
The number of affected flights under different scenarios is 3 (flight index: 01–03) under S2, 9 (flight index: 01–09) under S3,
18 (flight index: 01–18) under S4, and 27 (flight index: 01–18 and 01–09) under S5.
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results in Table 3, and the increased time costs. It can be seen that under S5,
the total economic costs peak at €0.25 million for ϑ= 82°N and €0.84 million
for ϑ = 75°N. It clearly shows that rerouting to a smaller latitude of a polar
circle increases the costs significantly. Another clear conclusion is that the
time cost far exceeds the fuel cost in all scenarios.

5.3. Flight Rescheduling Results

Flight rescheduling is another ATM strategy to address the communication
failures poleward of 82°N. To be specific, polar flights are given a ground
delay to avoid communication failures north of 82°N. However, some air-
lines may not accept the initially assigned delay time and would cancel the
flights instead in practice. To assess the impact of this response, the
maximum allowable delay time (M) is set as 180 min or 360 min. The
number of canceled flights and ground delay time for M = 180 min and
M = 360 min are illustrated in Figures 5a and 5b, respectively. The number
of canceled flights for M = 180 min is larger than that for M = 360 min,
whereas the assigned ground delay for M = 180 min is lower than that for
M = 360 min.

In contrast to the airborne delay costs associated with airlines, amounting to
€74/min, the ground delay cost related to airlines is €16/min (Euro-
control, 2020). Moreover, it is essential to account for the time cost of pas-
senger delays, and the exact values are detailed in Section 5.2. In addition, the
indirect economic costs of flight cancellations for different aircraft types are
listed in Table 2. Figure 5c presents the total economic costs, including
ground delay costs related to airlines, time delay costs related to passengers,
and flight cancellation costs under different scenarios. In general, the overall
costs for M = 180 min and M = 360 min are similar in the same simulation
scenario. This implies that the choice of M does not have an obvious effect on
cost reduction.

5.4. Economic Loss Comparison

Once again, this section reiterates the economic losses across various scenarios to identify the optimal strategy in
response to the effects of communication failures on polar flights flying poleward of 82°N. Here are the sum-
marized economic losses for each strategy under simulation scenarios S2, S3, S4, and S5.

1. For flight cancellations:
(a) Simulation scenario S2: €0.13 million; (b) Simulation scenario S3: €0.44 million; (c) Simulation
scenario S4: €0.88 million; (d) Simulation scenario S5: €1.32 million.

2. For flights rerouting along the 82°N:
(a) Simulation scenario S2: €0.03 million; (b) Simulation scenario S3: €0.08 million; (c) Simulation
scenario S4: €0.18 million; (d) Simulation scenario S5: €0.25 million.

3. For flights rerouting along the 75°N:
(a) Simulation scenario S2: €0.08 million; (b) Simulation scenario S3: €0.27 million; (c) Simulation
scenario S4: €0.56 million; (d) Simulation scenario S5: €0.84 million.

4. For flights rescheduling with a maximum allowable delay time of 180 min:
(a) Simulation scenario S2: €0.10 million; (b) Simulation scenario S3: €0.32 million; (c) Simulation
scenario S4: €0.85 million; (d) Simulation scenario S5: €1.20 million.

5. For flights rescheduling with a maximum allowable delay time of 360 min:
(a) Simulation scenario S2: €0.11 million; (b) Simulation scenario S3: €0.43 million; (c) Simulation
scenario S4: €0.85 million; (d) Simulation scenario S5: €1.31 million.

The brief conclusion drawn from this analysis is as follows: flight rerouting demonstrates the least economic
losses, followed by flight rescheduling, while flight cancellation incurs the most economic losses.

Figure 5. (a) The number of canceled flights and (b) total ground delay time
under different scenarios based on the maximum allowable delay time (M)
of 180 and 360 min; (c) Economic costs due to flight cancellations and flight
delays under different scenarios. The number of affected flights under different
scenarios is 3 (flight index: 01–03) under S2, 9 (flight index: 01–09) under S3,
18 (flight index: 01–18) under S4, and 27 (flight index: 01–18 and 01–09)
under S5.
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6. Discussions and Implications
This study examines the critical issue of communication failures poleward of 82°N, including HF communication
blackouts and SATCOM failures resulting from space weather events. More importantly, air traffic management
solutions are proposed to mitigate the effects on polar air traffic operations. Our findings highlight the severe
disruption caused by communication failures, which significantly impair real‐time communication between
aircraft and ground control, thus increasing operational risks in the challenging polar airspace. Based on a
comprehensive analysis, we propose strategies such as flight rescheduling, rerouting, and cancellations as po-
tential solutions to address the challenges posed by space weather.

One of the main implications of this study is the recognition of the need for proactive air traffic management
measures to mitigate the impact of communication failures. Flight rescheduling emerges as a viable strategy to
optimize polar air traffic operations, allowing airlines to adjust departure times to avoid communication failure
periods and minimize disruptions. Similarly, flight rerouting offers an effective approach to circumvent
communication failure areas while ensuring continuous air‐ground communications. While these strategies
require operational adjustments and may pose logistical challenges, they are essential to enhance the safety and
reliability of polar flights.

Furthermore, we recognize that flight cancellation is the last resort measure to mitigate the risks associated with
communication failures. In situations where alternative communication or navigation system proves inadequate
to ensure flight safety, pre‐emptive cancellations may be reasonable to avoid exposing passengers and crew to
unnecessary risks. While cancellations may incur economic costs and inconvenience for both airlines and pas-
sengers, they are crucial for prioritizing safety in polar air traffic management. Overall, the proposed air traffic
management solutions offer a comprehensive approach to addressing the challenges posed by communication
failures, emphasizing the importance of proactive planning and adaptive strategies in optimizing polar air traffic
operations.

7. Conclusions
Due to the limitations of VHF in polar regions, polar flights primarily rely on HF and polar satellite‐based
SATCOM for reliable coverage and connectivity. HF signals and SATCOM help bridge communication gaps
in the polar region. However, space weather events can alter ionospheric conditions, damage satellites, and in-
crease satellite drag. Consequently, HF communications and SATCOM may become impractical or unavailable
north of 82°N, leading to operational disruptions for polar flights. Considering the upcoming 25th solar cycle peak
in 2025, this study aims to propose air traffic management strategies to mitigate the adverse effects of
communication failures, which include flight diversion, flight cancellation, flight rerouting, and flight resched-
uling. Based on the daily average of 18 polar flights featuring trajectories crossing the north polar region above
82°N, the simulation results reveal that economic losses tied to these flights can vary from €0.03 million to €1.32
million. This variation is influenced by the duration of the simulated communication failures and the selected air
traffic management strategies. Notably, flight rerouting can achieve the minimum economic loss despite addi-
tional fuel consumption and flight time. While Air Navigation Service Providers (ANSPs) can contribute to the
design of new flight routes, there are instances where this may be hindered by airspace sovereignty issues,
particularly during events such as the Russia‐Ukraine conflict (Chu et al., 2024). By combining these strategies,
the aviation industry can seek to minimize the impact of communication failures north of 82°N and enhance the
overall safety and efficiency of air travel over polar regions. In the long term, mega constellations have the
potential to offer improved global coverage and redundancy for aviation communication, especially in remote
regions (Lagunas et al., 2024; Ravishankar et al., 2021). However, during extreme space weather events, iono-
spheric disturbances can still degrade signals or disrupt multiple satellites, limiting their reliability. While these
networks represent a major advancement, their resilience to space weather remains a key challenge requiring
further research.

In addition to communication failures, space weather can also hinder normal flight operations by degrading GNSS
performance (Nie et al., 2022; Zhao et al., 2022) and increasing cosmic radiation (Chen et al., 2023; Hands
et al., 2022). The failure of satellite navigation can have a wide range of effects on flight operations, impacting
safety, efficiency, and the overall reliability of air travel (Enge et al., 2015). Higher cosmic radiation exposure
may contribute to a higher risk of health issues, including an elevated risk of cancer (Ali et al., 2020). For this
reason, Aviation authorities have established occupational exposure limits for aircrews to minimize the risks
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associated with cosmic radiation (Bagshaw, 2008). In summary, studying space weather is essential for main-
taining the safety, reliability, and efficiency of aviation operations. It enables the development of proactive
measures, contingency plans, and regulatory frameworks to address the challenges posed by space weather
events.

Appendix A
According to the Base of Aircraft Data (BADA) (Eurocontrol, 2022), the nominal fuel flow f (kg/min) for jet
engine aircraft can be calculated by a function of thrust specific fuel consumption η (kg/(min·kN)) and engine
thrust Thr (N).

f =
η ⋅ Thr
1000

(A1)

where η is associated with the thrust‐specific fuel consumption coefficients Cf1, Cf2, and true airspeed (TAS) v
(km/h).

η = Cf1(1 +
v

1.852 ⋅Cf2
) (A2)

During the cruise phase, it is assumed that drag force D (N) is equal to the thrust in (A3), and the method for
calculating drag force is listed in Equations A4–A6.

Thr = D (A3)

D =
1
2
CD ⋅ ρ ⋅ (

v
3.6
)
2
⋅ S (A4)

CD = CD0 .CR + CD2 .CR ⋅ (CL)
2 (A5)

CL =
2 ⋅m ⋅ g0

ρ ⋅ ( v
3.6)

2 ⋅ S ⋅ cos θ
(A6)

where CD represents the standard drag coefficient, ρ denotes the standard air density (kg/m3), and S stands for the
wing reference area (m2). Additionally, CD0 .CR and CD2 .CR represent drag coefficients. The lift coefficient CL is
associated with aircraft mass (m) and bank angle θ.

The wind speed w holds significance in determining flight time, thereby impacting fuel consumption. The ground
speed vector g can be expressed as g = w + v. Consequently, the ground speed (in km/h) can be expressed by
g = |w + v| . Hence, it will take the time of L/g to flight a particular flight distance L (in km), and the fuel
consumption F (in kg) can be calculated by:

F = 60 × f ×
L
g

(A7)
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