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Although the sun is really far away from us, some solar activities could still influence the performance
and reliability of space-borne and ground-based technological systems on Earth. Those time-varying
conditions in space caused by the sun are also called solar storm or space weather. It is known that
aviation activities can be affected during solar storms, but the exact effects of space weather on
aviation are still unclear. Especially how the flight delays, the top topic concerned by most people,
will be affected by space weather has never been thoroughly researched. By analyzing huge amount
of flight data (~ 4 x 10° records), for the first time, we quantitatively investigate the flight delays
during space weather events. It is found that compared to the quiet periods, the average arrival delay
time and 30-min delay rate during space weather events are significantly increased by 81.34% and
21.45% respectively. The evident negative correlation between the yearly flight regularity rate and
the yearly mean total sunspot number during 22 years also confirms such correlation. Further studies
show that the flight delay time and delay rate will monotonically increase with the geomagnetic

field fluctuations and ionospheric disturbances. These results indicate that the interferences in
communication and navigation during space weather events may be the most probable reason
accounting for the increased flight delays. The above analyses expand the traditional field of space
weather research and could also provide us with brand new views for improving the flight delay
predications.

Dramatic variations in electromagnetic fields and plasma conditions above the Earth during solar storms are
able to affect numerous aspects of our human society'?. Solar Flares (SFs), Coronal Mass Ejections (CMEs),
and Solar Energetic Particles (SEPs) are typical Space Weather Events (SWEs)**. SFs bring Earth with violently
increased electromagnetic radiation across the entire electromagnetic spectrum, from radio waves to gamma
rays. These enhanced radiations will increase the ionization of the atmosphere, disturb the ionosphere and may
cause radio blackout, especially for the aircraft High Frequency (HF) communication®”. CMEs behave as dense
plasma clouds that hit and compress the magnetosphere to disturb the near-earth space. Geomagnetic storms can
also be triggered and these storms associated global geomagnetic field fluctuations and ionospheric disturbances
will interfere with communication, navigation, and electric power transmission®°. SEPs are very high-energy
particles, some of which can even penetrate into the troposphere. These particles can strike aircraft electronics to
cause single-event error that damage the avionics systems and reduce the safety margin of aircraft systems''% In
addition, the SEPs associated ionizing radiation could also make the crews and passengers exposed to excessive
radiation environment especially near the polar region'*-!¢. Although the occurrence of SWEs is highly related
to the 11-year solar cycle, SWEs may occur every day. When SWEs reach the Earth, their influence could usu-
ally last from 1-3 days'™.
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Figure 1. The distributions of SWEs in hours, days, weekdays and months from 2015 to 2019.

Analyzing the interrelationships between space weather and aviation is a new and developing research
topic!>!718 In the past few years, scholars and international communities have paid more and more attention to
the impact of space weather on the aviation industry'”'*. It is reported that space weather could affect terrestrial
weather activities such as thunderstorms and lightning, which would have direct effects on flight safety*. Some
analysis even revealed that SWEs could contribute to aviation accidents?!. It is also noted that some flights have
to change their schedules, routes or lower their cruising altitude to avoid radiation hazards during SEPs'>'¢. In
2011, the International Air Transport Association (IATA) has realized the importance of acquiring space weather
information, while early in 2002, the International Civil Aviation Organization (ICAO) has begun to evaluate
the necessity to provide space weather information for international air navigation during SFs, and now ICAO
provides real-time and worldwide space weather updates for commercial and general aviation to help ensure
flight safety.

Nowadays, the growing concerns about space weather in aviation industry are mainly due to the safety issues,
because safety is indeed the backbone of the aviation'”!**2. However, the real impacts of space weather on aviation
could go far beyond the safety issues>*. We still don’t know what aspects of aviation would be affected by space
weather and how space weather would influence certain aspects of aviation. Particularly, how flight delays are
influenced by space weather has not been thoroughly researched. How to quantify the space weather impacts
on flight delays? What is the internal relationship between them? In this letter, we quantitatively investigate the
flight delays and magnetospheric-ionospheric disturbances during solar storms for the first time. It is revealed
that the probability distributions of flight delays during SWEs are distinct from those during quiet time periods
(QTPs). The clear correlations between flight delays and magnetospheric—ionospheric disturbances could bring
us new ideas to help prevent or cope with flight delays.

Method and data

It should be noted that flight delays have their own distinctive characteristics. For example, flight delays will be
severely affected by some contingencies, such as air traffic congestion, inclement weather, or other security issues.
In addition, the delay rate has its interior periodicity. It behaves quite differently from morning to midnight dur-
ing one day, and it also changes during different weekdays and seasons. Therefore, in order to derive the ‘real’
flight delays during SWEs, the influences of other factors should be carefully considered.

To start with, we divide the flight data into two comparative groups: SWEs affected flights and quiet time
flights. The space weather affected periods are defined as the time from the beginning of a SWE (regardless of
SE SEP or CME) reaching the Earth till the next 24 h, and any flight on the voyage in this period is considered
to be affected by SWEs. The QTPs refer to the complete days (from 00:00 to 24:00, local time) when there are
no SWEs, and any flight whose real takeoff and landing time are all in QTPs is defined as quiet time flights.
The choice of 24-h duration can avoid the daily periodicity of the flight delays, and the random distributions
of SWEs in hours, days, weekdays and months in Fig. 1 also suggest that the following deduced results would
not be affected by the internal periodicities of the flight delays. Moreover, 5-year’s huge amounts of flight data
(~4x10° records), far beyond similar studies?, are also used which could smear out the contributions of various
contingencies as much as possible.

The individual flight data used in this paper is provided by the Travelsky Mobile Technology Limited, an affili-
ated company of Civil Aviation Administration of China (CAAC), who has all the commercial flight takeoff and
landing records of Chinese airlines. Due to historical reasons, intact flight records are only available from 2015
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Figure 2. Probability distributions of flight arrival delays during SWEs (red) and quiet time periods (blue)
averaged over 5 airports. The inner panel shows the differences in cumulative distributions between SWEs (SFs:
purple, CMEs: green, SEPs: blue) and quiet time periods.

in China. To avoid the impacts of Covid-19 on aviation, the investigated flight data is set from January 1st, 2015
to December 30th, 2019. All the valid commercial flight data in the five largest hub airports in China, namely,
Guangzhou Baiyun International Airport (CAN), Shanghai Pudong International Airport (PVG), Beijing Capital
International Airport (PEK), Shanghai Honggiao International Airport (SHA) and Shenzhen Baoan International
Airport (SZX), are selected in our analysis. Meanwhile, the national flight regularity rate from 1998 to 2019 is
obtained from the CAAC Civil Aviation Development Statistics Bulletin.

The SWEs discussed here refer in particular to SFs, CMEs and SEPs. Only M-class and X-class SFs are selected
and the events list are mainly obtained from the National Oceanic and Atmospheric Administration (NOAA)
website, while the soft X-ray data from GOES satellites are also used to help identify the SFs. The CMEs are
selected through the ICME:s list compiled by Richardson and Cane?, and the SEPs are directly obtained from
the NOAA Space Weather Prediction Center. Finally, 103 SWEs from January 1st, 2015 to December 30th, 2019
are selected to match to flight records and the complete SWEs list is provided in the Appendix. The disturbance
storm time (Dst) index data are obtained from the International Service of Geomagnetic Indices. The total
electron content (TEC) data are derived from the Madrigal database. The critical frequency of ionospheric F2
layer (foF2) are got from the Meridian Project Data Center. For the sake of brevity, the related data processing
will be shown in the Appendix.

Results
The detailed distribution functions of flight arrival delay time are shown in Fig. 2. It can be seen that the distribu-
tions of flight delays are obviously different during SWEs. Compared to the QTPs, the delay time are obviously
larger during SWEs. Particularly, the two delay distributions intersect near -10-0 min, and the probability
density of positive delays during SWEs is always larger than the QTPs. In addition, the inner panel illustrates
the delay time differences between the cumulative distribution functions of SWEs and QTPs. It is noted that
the SEPs show the maximum deviation while the CME:s are the least evident. Correspondingly, the two sample
Kolmogorov-Smirnov tests on the QTPs and the three SWEs are carried out, and the deduced critical values
reject the null hypothesis, which indicates that the differences of flight delay time between QTPs and SWEs are
significant but not due to chance alone.

To clearly quantify the flight delays during SWEs, the arrival delays together with their increments relative
to those during QTPs are listed in Table 1. It is found that the average arrival delay time during SWEs is sub-
stantially increased by 81.34% compared with those during QTPs (from 9.11 min to 16.52 min). The 30-min

Average delay time >30 min delay rate >240 min delay rate
Relative Relative Relative
Delay time (min) | Increment (min) | Increment (%) Delay rate (%) | Increment (%) | Increment (%) Delay rate (%) | Increment (%) | Increment (%)
QTPs 9.11 - - 17.76 - - 1.45 - -
SFs 17.24 8.13 89.24 22.15 4.39 24.72 1.95 0.5 34.48
CMEs 13.91 4.8 52.69 19.84 2.08 11.71 2.10 0.65 44.83
SEPs 28.39 19.28 211.64 27.45 9.69 54.56 3.60 2.15 148.28
SWEs* 16.52 7.41 81.34 21.57 3.81 21.45 2.14 0.69 47.59

Table 1. Arrival delay time, > 30-min delay rate and > 240-min delay rate of flights during SFs, CMEs, SEPs,
and all SWEs together with their (relative) increments relative to those during quiet time periods averaged over
5 airports. *The results of SWEs are calculated by weighted average of SFs, CMEs and SEPs.
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arrival delay rate increases from 17.76 to 21.57%, while the long-term (= 240-min) delay rate increases by 47.59%
during SWE:s. It is noteworthy that the relative increment of delay time is remarkably higher than the delay rate.
Moreover, both the largest delay time and the highest delay rate indicate that the most significant flight delays
tend to occur during SEPs.

For the first time, the flight delays during SWEs are quantitatively investigated. However, the internal rela-
tionship between SWEs and flight delays has never been studied thoroughly. As stated in the introduction
section, previous researchers have suggested that SWEs could have many negative effects on high-tech systems
on Earth”!!-13161922° Among these various harmful effects, and taking the reality of the aviation industry into
consideration, we propose that the impacts of SWEs on communication and navigation should be given the
most attention.

Communication and navigation form the key functions in modern air traffic management, and they are cor-
nerstones that ensure the safety and efficiency in air traffic. If the communication between Air Traffic Control
(ATC) and the flight crew is disrupted, it would take ATC more time to issue operations to the pilot and the
flight crew may also take additional time to confirm. In some cases, ATC may not be able to issue a clearance for
takeoff or landing in a timely manner. In addition, if there is a communication breakdown, the dispatch center
may not normally receive the up-to-date flight information, which could lead to incorrect flight planning and
other errors. Hence, communication disruptions can have a significant impact on the smooth operations of the
aviation system and cause a chain reaction of delays. Any slight delays in each stage may accumulate and lead
to the obvious flight delays or cancelations. Similarly, navigation malfunctions may also result in flight delays,
since aircraft may need to be rerouted, held on the ground, or undergo additional inspections until the navigation
system is functional. CAAC mandatorily requires aircraft must maintain two-way communication with ATC
at all times while flying to hub airports®*. Moreover, aircraft must be equipped with at least two independent
navigation devices, such as Global Navigation Satellite System (GNSS) and the very high frequency omnirange
station (VOR)?. Particularly, if the communication is breakdown during magnetic storm, ATC may temporar-
ily stop aircraft taking off or advise aircraft to land at the nearby airport?. Therefore, either the degradation or
interruption of communication or navigation, whether on the air routes or near the airports can contribute to
flight delays. While malfunctions of communication and navigation system could be directly attributed to the
geomagnetic field fluctuations and ionospheric disturbances driven by SWEs>®28,

Analyzing the Dst data, foF2 data and TEC data are common research methods for quantifying the distur-
bances in geomagnetic field and ionosphere®?**. The Dst index could represent the change of the horizontal
component of the Earth’s magnetic field, and the sudden change in Dst is a characteristic of geomagnetic storm®'.
During geomagnetic storms, the violent changes in magnetic fields could induce destructive currents that might
disrupt the electric-power systems on the ground. Moreover, the geomagnetic storm could trigger ionospheric
storm that greatly disturb the ionospheric environment>*. The foF2 is very important in HF communications
since the HF signal needs ionosphere for reflection over long distances. The radio signal would be absorbed exces-
sively and its propagation path could become unexpectedly when the foF2 is disturbed, so the communication
quality would be degraded or even interrupted during ionospheric disturbances. To evaluate such effects, the
deviation of the monthly median of foF2 (AfoF2) is introduced to quantify the normal fluctuations of the iono-
sphere relative to its undisturbed status. In that case, AfoF2 could also be used to evaluate the communication
quality>*?. The Rate of TEC index (ROTTI), defined as the standard deviation of the rate of change of the TEC, is
another useful indicator to describe the temporal ionospheric irregularities. Ionospheric irregularities are usually
small-scale disturbances in the ionosphere that could lead to significant interferences of many satellite-related
systems by rapidly modifying the amplitude and phase of a radio signal (ionospheric scintillation). Consequently,
these disturbances in the ionosphere would also affect communication and navigation systems®**2, Therefore, to
investigate the internal relationships between SWEs and flight delays, here we would consider the rate of change
in Dst (dDst), AfoF2 and ROTT as three most important indicators and try to reveal the impacts of geomagnetic
field fluctuations and ionospheric disturbances on flight delays.

The time resolution of the Dst index is 1 h, so the dDst in a certain time (ti) is the absolute difference of the
Dst in the adjacent two hours, dDst,; =|Dst,;— Dst,; ;| AfoF2 is a dimensionless quanti;yrAfQEZr—]ngz\—f@Ezﬁill = = -
foF2,,.4, where foF2, 4 is the moving median of the nearby 28-day data. ROTI; = 4/ < ROTtZi > —< ROTy >-,
where the < > denotes moving average during 1 h and ROT,; = (TEC;-TEC,,)/(t;—t;.,).

The geomagnetic field fluctuations and ionospheric disturbances indicated by dDst, AfoF2 and ROTI, together
with their relations to flight delays are shown in Fig. 3. It is found in Fig. 3(a) that when geomagnetic field is in
a relative stable period (dDst < ~ 10 nT/h), both the delay time and delay rate increase slightly with dDst. As the
fluctuations of geomagnetic field graduate to a more intense stage (especially dDst> ~ 20 nT/h), the flight delays
also become obviously larger. Similar phenomena could be found in Fig. 3(b) and (c) that both the delay time and
delay rate tend to show roughly positive relationships with ionospheric disturbances. In particular, no obvious
delay increases are seen when AfoF2 < 15%, while good monotonically increasing linear relationship between
AfoF2 and flight delays are found when AfoF2>15%. As to the ROTI, it is found that the delay time and delay
rate reveal sharp-gentle-sharp increases with ROTI, and the most prominent turning point is around 0.2 TECU/
min. Regardless of dDst, AfoF2 and ROTI, all the similar behaviors in flight delays indicate that the flight delays
would not be substantially influenced by the magnetospheric-ionospheric disturbances when the disturbances is
relatively small. However, when the disturbance exceeds a certain threshold (e.g., dDst> ~ 20 nT/h, AfoF2>15%
and ROTI > 0.2 TECU/min), the flight delays display conspicuous positive monotonic relationships with the
degree of geomagnetic field fluctuations and ionospheric disturbances. Figure 3(d), (e) and (f) also show that
the probability density of dDst, AfoF2 and ROTI during SWEs are always higher on the right-hand side, which
implies that the degree of geomagnetic field fluctuations and ionospheric disturbances is obviously larger during
SWEs than those during QTPs. These results are consistent with previous studies®’, and all these analyses indi-
cated that more severe flight delays tend to occur when the magnetospheric-ionospheric disturbances are larger.
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Figure 3. The distributions of flight delay time (red) and 30-min delay rate (blue) as a function of dDst (a),
AfoF2 (b) and ROTI (c) calculated from all flight records. The probability distributions of dDst, AfoF2 and
ROTI during SWEs (red) and QTPs (blue) are also shown in panel (d), (e), (f).

Eliminating various interference factors is quite important for deriving the statistically valid effects of SWEs
on flight delays. Actually, although presented statistical work has avoid the daily periodicity of flight delays, the
impacts of space weather on flight delays are still underestimated. First of all, the real impacts of SWEs on our
Earth can persist far beyond 24 h. For example, the SWEs triggered geomagnetic storm can even last for 3-5 days,
so a part of SWEs affected flights will be classified into QTPs. Such scenario can also be revealed in Fig. 3(d), (e)
and (f). One can find that there still exists large value of dDst, AfoF2 and ROTI during QTPs, though their prob-
ability density is relatively very low. In addition, both geomagnetic field fluctuations and ionospheric disturbances
need time to respond to SWEs*. However, some SWE affected flights in current definitions, especially those at the
beginning of a SWE, may not really be affected by SWEs. Therefore, in real situations, the SWEs should have more
significant effects on flight delays, and the delay difference between SWEs and QTPs will be more prominent.

Certainly, using 48-h or 72-h duration to define SWEs can also avoid the flight’s daily periodicity. Neverthe-
less, selection of a longer duration would lead to overlapping events, since SFs, SEPs and CME:s often arrive on
Earth successively. In presented analysis, the selection of 24-h duration of SWEs is an acceptable choice after
deliberations that could both guarantee the independence of each event and achieve a reasonable result. While
five out of eight investigated SEPs cannot yet be isolated since they arrive on Earth within 24 h after SFs. The five
overlapped SWEs are kept in the analyses, otherwise the sample of SEPs will be too few. Even so, such overlap-
ping will not alter the final conclusions of this paper. However, such overlapping could enhance the disturbance
of the magnetosphere and ionosphere>***. Accordingly, the associated compound effects of SWEs may partially
explain why the SEPs affected flights have the most serious delays.

Flight delays are highly non-linear, complicated and interconnected phenomena, hence the research samples
we chosen are from the five largest hub airports in China over five years, which are adequate to reveal the pri-
mary characteristics of flight delays. Moreover, although the contingencies that leading to flight delays have been
smeared out to a considerable extent by the random distributions of SWEs and the usage of large amounts of
flight data, we still intend to expand the research samples since longer research samples can also be conducive to
reduce the impacts of various contingencies. Therefore, we also examine the 22-years’ (two solar cycles) national
flight regularity rate data from 1998 to 2019. By analyzing the sunspot number and flight regularity rate data
through entire two solar cycles, it is revealed that the yearly mean flight regularity rate was negatively correlated
with the yearly mean total sunspot number. Sunspot number is an excellent indicator of solar activities, so a
higher (lower) sunspot number means more (less) solar activities, and correspondingly, more (less) SWEs*. As
shown in Fig. 4, one can find that if there are more SWEs occur in a year, the flight regularity rate will be found
to be lower. While the flight regularity rate tends to be higher if there are less SWEs. These results not only sug-
gest that the long-term flight regularity rate could be modulated by SWEs but also confirm our previous results.
Such consistencies also indicate that the methods we used to eliminate the internal periodicities and contingen-
cies of flight delays are statistically valid, and the ‘real’ effects of SWEs on flight delays are successfully revealed.

Discussions and conclusions

When exploring the internal relationships between SWEs and flight delays, we have investigated many parameters
related to the geomagnetic field and the ionosphere. Interestingly, it is found that flight delays are better cor-
related with the dDst but not the Dst index directly as supposed. Other geomagnetic indices (SYM-H, AE, and
Kp) have also been checked and none of them reveal a clearer correlation than dDst. Anyway, geomagnetic storm
is a period of rapid magnetic field variations®', and the results presented in Fig. 3(a) illustrate a scenario that
drastically increased flight delays tend to occur when the dDst becomes larger (especially dDst>20nT/h). It also
provides us a possible inference that more serious flight delays might be found in storm main phase than in storm
recover phase since the dDst in storm recover phase is usually smaller during a geomagnetic storm. Geomagnetic
storm induced ionospheric disturbances have also been widely investigated by many researchers>*%2%3_ The
relationships between SWEs and the related magnetospheric-ionospheric disturbances have been demonstrated
to be very complicated, and there is no one-to-one relationship between dDst, AfoF2 and ROTL. The foF2 data
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Figure 4. The yearly flight regularity rate of China (red) versus the yearly mean total sunspot number (blue)
from 1998 to 2019.

and TEC data are not easy to understand plainly since they are highly variable and depend on the time of the
day, the season and the region. However, AfoF2 and ROTI are effective parameters that could be used to simply
investigate the ionospheric disturbances. AfoF2 >15% is usually considered as one of the typical indicators for
obvious ionosphere disturbance (or even ionosphere storm) which would significantly interrupt the reliability and
stability of radio communications®. While ROTI>0.2 TECU/min is often regarded as the existence of (apparent)
ionospheric irregularities which would degrade or even interrupt the communication and navigation systems™.
Although ionospheric disturbances are complicated to quantify, the obvious increases in flight delays shown
in Fig. 3(b) and (c) are just in phase with the AfoF2 and ROTI when the disturbances above thresholds. Such
consistent behaviors between flight delays and magnetospheric-ionospheric disturbances indicate that SWEs
related negative effects on communication and navigation would increase the flight delay time and delay rate.

In fact, the impacts of SEWs on flight delays will be shown in many more aspects. For example, the flight
departure delays during SWEs have also been analyzed by us, and the results are similar to the arrival delays
shown here. SFs related flight delays reveal obvious latitude dependence and correlate well with the highest
frequency affected by absorption®’. SEPs will also affect the flight time on certain routes but the reason is not
because of the safety concerns as usually assumed, e.g., the SEPs associated ionizing radiation or single-event
error. These phenomena systematically imply that the influences of SWEs on aviation could be in many more
ways that we do not understand. While these detailed results are beyond the scope of this paper and will be
presented in our subsequent studies®*.

To sum up, flight delays are a major concern in civil aviation, because the delays would not only increase the
airlines’ additional economic costs but also reduce passengers’ satisfaction. Solar maximum is predicted to occur
around 2024-2025, and the flight delay will be more serious in the coming years. In order to improve the flight
delay predications, it is very necessary and important to tease out the factors that affect flight delays. However,
no one realized that flight delays would be systematically modulated by SWEs other than the SWEs associated
flight safety issues. For the first time, our presented results quantitatively reveal the delay effects and show the
fact that compared to QTPs, the flight delay time and delay rate during SWEs are significantly increased by
81.34% and 21.45% respectively. Further analyses suggest that the SWEs resulted magnetospheric-ionospheric
disturbances could influence the aviation communication and navigation, which in turn leads to the increased
the flight delays. These results expand the research field of traditional space weather and also bring us with brand
new thoughts to cope with flight delays.

Data availability

The intact flight data that used in this study are available from Travelsky Mobile Technology Limited but restric-
tions apply to the availability of these data, which were used under license for the current study, and so are not
publicly available. The data are however available from the authors upon reasonable request and with permission
of Civil Aviation Administration of China.
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