
1.  Introduction
The growing flight demand exceeds the limited airspace capacity, causing severe flight congestion and costly 
delays (Bubalo & Gaggero, 2021). Therefore, to satisfy the predicted growth in air traffic demand, the current 
air traffic management (ATM) system will need to be upgraded (Xue et  al.,  2021). In response, the Interna-
tional Civil Aviation Organization (ICAO) has proposed the Communication, Navigation, Surveillance for ATM, 
aiming to increase airspace capacity and flight efficiency by reducing aircraft horizontal and vertical separation 
standards without compromising flight safety (Vismari & Junior, 2011). Accordingly, satellite-based navigation 
via the Global Navigation Satellite System (GNSS) will replace the traditional ground navigation system as the 
primary source for aircraft navigation (Blanch et al., 2012), as GNSS can provide more accurate lateral and verti-
cal guidance during enroute, terminal, and approach phases. Satellite-navigation-based aircraft can even land on 
runway in poor meteorological conditions (Lee et al., 2016), and fly along any desired flight paths instead of the 
traditional less efficient routes between two ground-based radio navigation points (Enge et al., 2015). Therefore, 
runway and airspace capacity can be improved due to the highly accurate and reliable real-time, three-dimensional 
aircraft position. The schematic diagram of satellite-based ATM is shown in Figure 1.

Currently, GNSS can provide aircraft with positioning accuracy of 5–20  m in calm geomagnetic conditions, 
which is insufficient for aircraft landing (Sharma & Hablani, 2014). This is because GNSS satellite signals are 
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affected by a number of errors including satellite clock error (Guo & Geng, 2018), satellite orbit error (Zhang 
et  al.,  2019), tropospheric delay error (Ziv et  al.,  2021), receiver noise (J. Kim et  al.,  2019), multipath (Sun 
et  al.,  2019), and ionospheric error (Yu & Liu,  2021a,  2021b). Specifically, the positioning error caused by 
ionosphere is one of the most important factors and it is heavily affected by geomagnetic storms, one kind of the 
most intense space weather events. The electric field, neutral wind, and its composition in the ionosphere can be 
strongly disturbed during geomagnetic storms. The low-latitude ionosphere is especially vulnerable due to the 
equatorial plasma fountain effect (Tsurutani et al., 2004), which lifts the plasma to higher altitudes by an eastward 
electric field and generates enhanced ionization regions on the sides of the magnetic equator as the particles slide 
down along magnetic field lines. The Dst index is defined as the disturbed north-south component of geomag-
netic field on Earth's surface in the low-latitude region. Geomagnetic storms with minimum Dst < −250 nT 
are usually denoted as super storms (Astafyeva et al., 2014). Several super storms occurred in the past such as 
those on 13 March 1989, 15 July 2000, and 29 October 2003 with the minima Dst = −589, −300, and −383 nT, 
respectively. According to (National Research Council, 2008), the storms in October 2003 had caused the vertical 
navigation guidance unavailable for aircraft precise approaching for a long time throughout most of the United 
States, leading to considerable societal and economic consequences.

The ionospheric correction for single-frequency GNSS receivers usually uses a thin shell model, which consid-
ers the three-dimensional ionosphere to condense on a two-dimensional thin shell (Huang & Yuan,  2013). 
The accuracy of positioning using the thin shell model is generally acceptable. However, during periods of 
considerable ionospheric disturbance, the thin shell model may be insufficient to describe the more complex 
three-dimensional fluctuations, resulting in decreased positioning accuracy and possible loss of integrity. GNSS 
positioning performance can be severely degraded during strong space weather periods, as illustrated in Table 1. 
Coster and Yizengaw (2021) summarize the effects of geomagnetic storms in three categories: (a) large gradients 
in ionospheric electron density can cause significant range errors and bending (Hoque & Jakowski, 2011); (b) 
even small-scale irregularities in the ionosphere can cause GNSS signal fluctuations (or scintillation) or even loss 
of lock; and (c) solar radio bursts can also cause notable effects on GNSS signals by raising the background noise 
level (Cerruti et al., 2008). Therefore, to reduce the degradation effects of space weather on ionosphere, the iono-
spheric total electron contents (TECs) forecast is vitally important (Cesaroni et al., 2020; Tsagouri et al., 2018).

Because the ground navigation systems such as the Instrument Landing System (ILS) are widely utilized around 
the world to provide accurate lateral and vertical approach guidance (E. Kim & Choi, 2016), flights have never 
officially suffered a landing failure despite low GNSS positioning performance in space weather circumstances. 

Figure 1.  Schematic diagram of satellite-navigation-based air traffic management.
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However, ATM is transitioning from ground-based navigation to satellite-based navigation to meet the expected 
growth of flight demands. It is clear that satellite-based navigation will become more common in the future. 
If a severe geomagnetic storm occurs, GNSS positioning errors will increase due to the increased ionospheric 
impacts, particularly in the low-altitude regions. As a result, aircraft cannot perform safe approach or landing 
solely based on satellite navigation, causing flight delays, flight diversions, and flight cancellations (Pejovic 
et al., 2009). To the best of our knowledge, very few studies have incorporated multiple factors such as space 
weather, GNSS positioning errors, and ATM into consideration. Hong Kong International Airport (HKIA) is 
one of the busiest airports in the world and Hong Kong is located in the Equatorial Ionization Anomaly region 
(Lin et al., 2007). This implies that HKIA is expected to suffer larger impacts from severe space weather events. 
Combining the upcoming flight demand and a hypothetic geomagnetic storm, we conduct a forward-looking 
analysis to assess the potential impact of GNSS positioning errors on ATM. This study is anticipated to provide 
valuable information and strategic recommendations for the aviation industry to handle the future space weather 
impacts.

2.  Scenario Assumptions and Air Traffic Management Methodology
Our study is to investigate the potential impact of GNSS positioning errors induced by space weather on upcoming 
ATM, thus some priori information and scenario assumptions are required. The impact of the ionospheric delay 
on GNSS positioning errors is simplified in Section 2.1. The scenario assumptions are described in Section 2.2. 
The specific ATM rules and the solution methodology for ATM during space weather events are presented in 
Sections 2.3 and 2.4, respectively.

2.1.  Temporal Ionospheric Delay

As shown in Figure 2a, a two-dip intense geomagnetic storm occurred on 8–11 September 2017, with the minima 
Dst = −122 nT at Hong Kong local time (LT) 10:00 on 8 September and −109 nT at 01:00 LT on 9 September. 
Figure 2b shows that there was a sharp increase in the ionospheric TEC toward ∼12:00 LT. The ionospheric 
delay τ (in the units of meters) is proportional to the TEC, and can be calculated using τ = −κ · TEC/f 2, where 
κ is a constant (≈40.3 m 3Hz 2/el), f (in Hz) is the GNSS signal radio frequency, and one TEC unit is defined as 
TECU = 10 16 el/m 2 ≈ 1.66 × 10 −8 mol/m 2. The ionospheric delay reaches the maximum (∼4.8 m) at 12:00 LT 
on 8 September 2017.

We assume a space weather event like the 8–11 September 2017 one to occur in the future. We will study the 
elevated satellite-based positioning errors resulting from such a space weather event, and the consequent impact 
on the operational capacity at HKIA.

2.2.  Scenario Assumptions

We are able to obtain the flight data during the 8–11 September 2017 geomagnetic storm. However, no data 
about aircraft final approach and landing failure caused by GNSS positioning errors are available to us. We will 

Time Geographical location Condition Minimum Dst Positioning errors Source

7 to 8 September 2017 78.2°N and 16.0°E Intense geomagnetic 
condition

−122 nT Increase from 2 to 6 m at 
Longyearbyen, Norway

Linty 
et al. (2018)

September 2002 to April 
2003

13.7°N and 100.8°E S4 (∼0.6) −181 nT Exceed 10 m at KMLT, Thailand Phoomchusak 
et al. (2013)

January to December 2001 19.6°N and 99.5°E S4 (>0.7) −387 nT Reach 14 m in longitude and 22 m in 
latitude at Chiang Rai, Thailand

Dubey 
et al. (2006)

April 2004 3.0°S and 40.2°E Severe ionospheric 
scintillation

−117 nT Reach 4 m in vertical components at 
Malindi, Kenya

Moreno 
et al. (2011)

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

Table 1 
Cases of Large Global Navigation Satellite System (GNSS) Positioning Errors Caused by Space Weather Events
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base our study on a projection of the future flight demand at the HKIA, and the steps for simulating the future 
flight demand are as follows. The hourly arrival flight demand is first captured using flight data of the HKIA 
on 8 September 2019. Then, based on an annual growth rate of 5% in the Asia Pacific region for passenger air 
traffic from 2019 to 2040 (Mazareanu, 2021), the hourly arrival demand in 2030 is estimated. Considering the 
landing separation standards, the landing time of arrival flights are simulated together with other information, 
such as callsign, scheduled departure time, planned enroute time, scheduled landing time, etc. Figure 3 depicts 
the historical and predicted hourly arrival demand of the HKIA.

Currently, the airport acceptance rate (AAR), which is defined as the number of flights allowed to land at a 
given airport within 1 hr (Mukherjee et al., 2012), is 30, that is, 2-min arrival slot interval for a single-runway 
airport (ICAO, 2016). This is based on the ground navigation system such as the ILS. Considering the limitation 
of AAR based on ground navigation and booming flight demand, the ICAO introduced satellite navigation to 

boost airspace capacity and flight efficiency by lowering minimum separa-
tion standards. With satellite navigation, the AAR is assumed to be 60, 1-min 
arrival slot interval.

We assume that the ground navigation will be used to replace the satellite 
navigation during the final approach and landing phases between Ts = 09:00 
and Te = 16:00 LT during such a geomagnetic storm when the space weather 
impact is substantial. Thus, AAR will be reduced from 60 to 30 during the 
period Ts to Te. Figure 3 shows that during peak hours, the estimated arrival 
demand exceeds 30 flights per hour, implying that some arrival flights may 
need to be rescheduled (including delay, cancellation, and diversion). The 
assumptions for the simulated scenario are summarized in Table 2. In our 
study, we also assume the departure flights from the airport will not be 
affected by space weather, since aircraft does not rely on GNSS navigation 
to take off.

2.3.  ATM Rules During the Geomagnetic Storm

There will be an imbalance between arrival flight demands and airport 
capacity when the navigation mode switches from satellite navigation 

Figure 2.  (a) The provisional Dst and (b) the total electron content variation and ionospheric delay in the Hong Kong area 
during an intense geomagnetic storm. The two vertical lines denote Ts = 09:00 LT and Te = 16:00 LT on 8 September 2017.
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Figure 3.  The red histograms denote the hourly arrival demand of the Hong 
Kong International Airport on 8 September 2019. The green histograms 
denote the predicted hourly arrival demand in the year 2030.
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(AAR = 60) to ground navigation (AAR = 30). Ground Delay Programs (Glover & Ball, 2013), which is a safe 
and cost-effective means of shifting predicted airborne delay to ground delay, is the most comprehensive traffic 
flow management strategy for solving such an imbalance problem. From the standpoint of fairness among differ-
ent airlines, the arrival time for each flight is assigned in the ascending order of the original time of arrival (OTA) 
(Vossen & Ball, 2006), that is, flights having earlier OTAs receive an earlier controlled time of arrival (CTA) than 
flights with later OTAs. Figure 4 demonstrates the change of arrival flight schedule.

We design a revised ATM rule based on whether or not the ionospheric delay can be forecasted. This can also be 
interpreted as whether the duration of the satellite navigation failure can be forecasted or not.

Condition 1. Without Ionospheric Delay Forecast.
If we are unable to forecast the large ionospheric error caused by space weather events, air traffic controllers 
(ATCs) are informed only when the space weather event commences at Ts. The rescheduling rules are thus as 
follows.

�(1)	� Flights with OTD/OTA (OTD: original time of departure) prior to Ts depart from their original airports and 
land at HKIA as scheduled.

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

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

�(4)	� At Te, ATCs are informed that the AAR of HKIA recovers to 60, and then ATCs reschedule flights based on 
the updated information.

Condition 2. With Ionospheric Delay Forecast.
If we are able to forecast the ionospheric delay with a forecast lead time (FLT) of δ (δ ≠ 0, in the units of hours), 
ATCs will determine the flight arrivals ahead of the development of a space weather event, that is, at (Ts − δ) 
ATCs will be informed that the AAR will decrease to 30 starting from Ts. According to the availability of the 
common inputs of space weather forecast models and their computational capabilities, we assume four different 
specific cases with δ = 1, 2, 4, and 24 hr, denoted as FLT1, FLT2, FLT4, and FLTL, respectively. Note that FLTL 

Index Explanation

Arrival flight demand Predicted arrival demand in green histograms of Figure 3

Airport arrival rate 60 per hour based on satellite navigation

Satellite navigation failure time 09:00–16:00 LT

Table 2 
Summary of Key Assumptions

Figure 4.  Switch from satellite-navigation-based arrival flight schedule (upper time axis: every 1 min) to ground-navigation-
based arrival flight schedule (lower time axis: every 2 min).
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(with “L” denoting “long hours”) represents the case with a 24-hr FLT. Lead time longer than 24 hr has not been 
considered as no civil flight flies longer than 24 hr. The rescheduling rules are as follows.
(1) Flights with OTD/OTA prior to Ts − δ depart from their original airports and land at HKIA as scheduled. 
ATCs will assign CTA for each airborne flight, whose OTA is later than Ts.
(2) to (3) are the same as described for Condition 1.
(4) At (Te − δ), ATCs are informed that the AAR will recover to 60 from Te, and ATCs will reschedule flights 
based on the updated information.

2.4.  Solution Methodology for ATM

Let I be the set of airborne flights in the ascending order of their OTA indexed by i and let J be the set of flights 
on the ground in the ascending order of their OTA indexed by j. In the ATM rules, each airborne flight i may be 
assigned some airborne delays (𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 1) or divert to land at an alternate airport (𝐴𝐴 𝐴𝐴

𝐷𝐷

𝑖𝑖
  = 1). Similarly, each flight j on 

the ground may be assigned some ground delays (𝐴𝐴 𝐴𝐴
𝐺𝐺

𝑗𝑗
  = 1) or be canceled (𝐴𝐴 𝐴𝐴

𝐶𝐶

𝑗𝑗
  = 1). Just as shown in Figure 5, the 

Figure 5.  Flowchart for the calculation of landing times in air traffic management (ATM; above) and results of calculation 
examples (below). Please note that the landing time 14:14 is not available in the second step of ATM rules (flights on the 
ground assignments), as this time (14:14) has already been assigned to the airborne flight CPA503 due to the landing priority 
of CPA503.
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detailed steps of solution methodology for ATM during space weather are presented. When satellite navigation 
is out of work and AAR reduces from 60 to 30, the assignments for these airborne flights will be conducted first 
because airborne fights receive a priority of landing. For each airborne flight i, the OTA and CTA are denoted 
by ai and 𝐴𝐴 𝐴𝐴

′

𝑖𝑖
 , respectively. If the assigned airborne delay time 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 𝐴𝐴 𝐴𝐴

′

𝑖𝑖
  − ai ≤ 40, this flight i will accept the 

assigned airborne delay and will land at the HKIA at 𝐴𝐴 𝐴𝐴
′

𝑖𝑖
 , ⟹ 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 1; otherwise, that is, 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  > 40, flight i will land 

at  an  alternate airport without any airborne delay, ⟹ 𝐴𝐴 𝐴𝐴
𝐷𝐷

𝑖𝑖
  = 1.

After giving directions to airborne flights, the assignments for flights on the ground will then be carried out. For 
each flight j on the ground, the OTA, CTA, OTD, and CTD are denoted as aj, 𝐴𝐴 𝐴𝐴

′

𝑗𝑗
 , dj, and 𝐴𝐴 𝐴𝐴

′

𝑗𝑗
 , respectively. ATCs 

would assign 𝐴𝐴 𝐴𝐴
′

𝑗𝑗
 to each flight j on the ground using the rest of available arrival time slots. Assuming that the 

enroute flight time Lj is known and deterministic, the CTD can be calculated by 𝐴𝐴 𝐴𝐴
′

𝑗𝑗
  = 𝐴𝐴 𝐴𝐴

′

𝑗𝑗
  − Lj and the assigned 

ground delay is 𝐴𝐴 𝐴𝐴
𝐺𝐺

𝑗𝑗
  = 𝐴𝐴 𝐴𝐴

′

𝑗𝑗
  − dj. If 𝐴𝐴 𝐴𝐴

𝐺𝐺

𝑗𝑗
  ≤ 100, this flight j will accept the assigned ground delay and will depart from 

the origin airport at 𝐴𝐴 𝐴𝐴
′

𝑗𝑗
 , ⟹ 𝐴𝐴 𝐴𝐴

𝐺𝐺

𝑗𝑗
  = 1; otherwise, that is, 𝐴𝐴 𝐴𝐴

𝐺𝐺

𝑗𝑗
  > 100, flight j will be canceled without any ground 

delay, ⟹ 𝐴𝐴 𝐴𝐴
𝐶𝐶

𝑗𝑗
  = 1.

Given the notations listed in Table 3, the total airborne delay time is 𝐴𝐴
∑

𝑖𝑖∈𝐼𝐼

𝑥𝑥
𝐴𝐴

𝑖𝑖
𝑇𝑇

𝐴𝐴

𝑖𝑖
 ; the number of diverted flights is 

𝐴𝐴
∑

𝑖𝑖∈𝐼𝐼

𝑥𝑥
𝐷𝐷

𝑖𝑖
 ; the total ground delay time is 𝐴𝐴

∑

𝑗𝑗∈𝐽𝐽

𝑥𝑥
𝐺𝐺

𝑗𝑗
𝑇𝑇

𝐺𝐺

𝑗𝑗
 ; the number of canceled flights is 𝐴𝐴

∑

𝑗𝑗∈𝐽𝐽

𝑥𝑥
𝐶𝐶

𝑗𝑗
 . Thus, the financial costs 

related to airlines induced by space weather can be expressed in Equation 1:

Cost =

∑

𝑖𝑖∈𝐼𝐼

(

𝑊𝑊𝐴𝐴𝑥𝑥
𝐴𝐴

𝑖𝑖
𝑇𝑇

𝐴𝐴

𝑖𝑖
+𝑊𝑊𝐷𝐷𝑥𝑥

𝐷𝐷

𝑖𝑖

)

+

∑

𝑗𝑗∈𝐽𝐽

(

𝑊𝑊𝐺𝐺𝑥𝑥
𝐺𝐺

𝑗𝑗
𝑇𝑇

𝐺𝐺

𝑗𝑗
+𝑊𝑊𝐶𝐶𝑥𝑥

𝐶𝐶

𝑗𝑗

)

� (1)

s.t.

𝑇𝑇
𝐺𝐺

𝑗𝑗
= 𝑑𝑑

′

𝑗𝑗
− 𝑑𝑑𝑗𝑗� (2)

Notation Explanation

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

J Set of flights on the ground in the ascending order of their OTA (indexed by j)

ai The original time of arrival of airborne flight i

𝐴𝐴 𝐴𝐴
′

𝑖𝑖
  The control time of arrival of airborne flight i

aj The original time of arrival of flight j on the ground

𝐴𝐴 𝐴𝐴
′

𝑗𝑗
  The control time of arrival of flight j on the ground

dj The original time of departure of flight j on the ground

𝐴𝐴 𝐴𝐴
′

𝑗𝑗
  The control time of departure of flight j on the ground

Lj The enroute flight time of flight j, Lj = aj − dj = 𝐴𝐴 𝐴𝐴
′

𝑗𝑗
  − 𝐴𝐴 𝐴𝐴

′

𝑗𝑗

𝐴𝐴 𝐴𝐴
𝐺𝐺

𝑗𝑗
  Ground delay time (in the units of minutes), 𝐴𝐴 𝐴𝐴

𝐺𝐺

𝑗𝑗
  = 𝐴𝐴 𝐴𝐴

′

𝑗𝑗
  − dj

𝐴𝐴 𝐴𝐴
𝐴𝐴

𝑖𝑖
  Airborne delay time (in the units of minutes), 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 𝐴𝐴 𝐴𝐴

′

𝑖𝑖
  − ai

WC The average cost of a canceled flight

WD The average cost of a diverted flight

WG The average cost of ground delay per minute

WA The average cost of airborne delay per minute

𝐴𝐴 𝐴𝐴
𝐴𝐴

𝑖𝑖
  𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 1, if 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  ≤ 40; 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  = 0, otherwise

𝐴𝐴 𝐴𝐴
𝐷𝐷

𝑖𝑖
  𝐴𝐴 𝐴𝐴

𝐷𝐷

𝑖𝑖
  = 1, if 𝐴𝐴 𝐴𝐴

𝐴𝐴

𝑖𝑖
  > 40; 𝐴𝐴 𝐴𝐴

𝐷𝐷

𝑖𝑖
  = 0, otherwise

��
�   ��

�   = 1, if � �
�   ≤ 100; ��

�   = 0, otherwise

��
�   ��

�   = 1, if � �
�   > 100; ��

�   = 0, otherwise

Table 3 
Defined Notations and Explanations
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𝑇𝑇
𝐴𝐴

𝑖𝑖
= 𝑎𝑎

′

𝑖𝑖
− 𝑎𝑎𝑖𝑖� (3)

𝑥𝑥
𝐴𝐴

𝑖𝑖
+ 𝑥𝑥

𝐷𝐷

𝑖𝑖
+ 𝑥𝑥

𝐺𝐺

𝑗𝑗
+ 𝑥𝑥

𝐶𝐶

𝑗𝑗
= 1� (4)

𝑥𝑥
𝐷𝐷

𝑖𝑖
= 1|𝑇𝑇

𝐷𝐷

𝑖𝑖
> 40� (5)

𝑥𝑥
𝐴𝐴

𝑖𝑖
= 1|𝑇𝑇

𝐷𝐷

𝑖𝑖
≤ 40� (6)

𝑥𝑥
𝐷𝐷

𝑖𝑖
+ 𝑥𝑥

𝐴𝐴

𝑖𝑖
= 1� (7)

𝑥𝑥
𝐶𝐶

𝑗𝑗
= 1|𝑇𝑇

𝐺𝐺

𝑗𝑗
> 100� (8)

𝑥𝑥
𝐺𝐺

𝑗𝑗
= 1|𝑇𝑇

𝐺𝐺

𝑗𝑗
≤ 100� (9)

𝑥𝑥
𝐶𝐶

𝑗𝑗
+ 𝑥𝑥

𝐺𝐺

𝑗𝑗
= 1� (10)

The ground delay and airborne delay can be calculated by Equations 2 and 3, respectively. Equation 4 ensures that 
each flight can only have one assignment case. Equations 5 and 6 illustrate the conditions of diverted flights and 
airborne delay flights. For each airborne flight i, it may be a diverted flight (𝐴𝐴 𝐴𝐴

𝐷𝐷

𝑖𝑖
  = 1) or an airborne delay flight 

(𝐴𝐴 𝐴𝐴
𝐴𝐴

𝑖𝑖
  = 1), expressed in Equation 7. Similarly, Equations 8 and 9 illustrate the conditions of canceled flights and 

ground delay flights. For each flight j on the ground, it may be a canceled flight (𝐴𝐴 𝐴𝐴
𝐶𝐶

𝑗𝑗
  = 1) or a ground delay flight 

(𝐴𝐴 𝐴𝐴
𝐺𝐺

𝑗𝑗
  = 1), expressed in Equation 10.

3.  Results and Discussions
3.1.  Impact of Forecast Lead Times

Figure 6a shows the simulated landing time of each flight for various FLTs based on the above-defined ATM 
rules. Although the satellite navigation failure duration is from 09:00 LT to 16:00 LT, the recovery time is actu-
ally after 22:00 LT, demonstrating the long-time effect of space weather. In theory, the CTA of a specific flight 
would have more delay if the FLT is shorter. This is because air traffic would be more jammed when space 
weather information is obtained with a shorter lead time. In addition, flights with OTA before (Ts − δ) would 
depart from their original airports as scheduled. Therefore there would be more flights taking off if the FLT δ is 
shorter, causing more airborne delays. A trend of longer airborne delay can be seen at the beginning of the peak 
hour (Figure 6b), with simulated flights in FLT0 scenario generally experiencing the longest delays, followed by 
flights in FLT1, FLT2, FLT4, and FLTL scenarios. FLT0 denotes the scenario in Condition 1, that is, no fore-
cast. Herein, we did not calculate the results under FLT3. Such a trend is more remarkable in Figure 6c when 
the delay effects are accumulating. The simulated CTA distribution is more complicated than the ideal case, 
considering that different flights have different origins and thus different enroute times. Figure 6b illustrates that 
the number of canceled flights decreases as FLT grows. The canceled flights predominantly cluster during peak 
hours (13:00–15:00 LT). This is because the assigned ground delay for each flight starts to accumulate after 09:00 
LT. A substantial number of flights are delayed on the ground for more than 100 min during peak hours, which 
will be canceled. If ATCs are unable to get information on the upcoming space weather, they prefer to cancel 
flights. Note that a few flights are canceled before 11:00 LT under scenarios FLT0 and FLT1. Some flights still 
on the ground with short enroute time can also be delayed or canceled. This is a result of a substantially reduced 
number of available landing slots because landing intervals are increased from 1 min to 2 min, and airborne 
flights receive a priority of landing.

3.2.  Cost Estimation Under Different Forecast Lead Times

The direct costs related to airlines resulting from the space weather event due to flight delays, cancellations, 
and diversions are also estimated. The average cost of flight cancellation is WC = €18,570; the average cost 
of flight diversion is WD = €7,800; the average cost of ground delay is WG = €16/min; and the average cost of 
airborne  delay is WA = €74/min (EUROCONTROL, 2020). Figure 7 shows the impact of different FLTs on flight 
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assignments and extra financial costs related to airlines. As indicated in Figure 7a, with the increase of FLT, 
the  airborne delays drop dramatically from 2,558 min (FLT0) to 0 min (FLTL); while the ground delays increase 
dramatically from 17,324 min (FLT0) to 31,950 min (FLTL). Ground delay is defined as the difference between 
the CTD and OTD for a grounded flight and airborne delay is defined as the difference between the CTA and 
OTA for an airborne flight. Because ATCs have enough time to make decisions under scenario FLTL, flights will 
be rescheduled well ahead of the occurrence of the space weather event and thus they are delayed on the ground. 
However, without forecast (FLT0), significant air traffic congestion will result in massive airborne delays. In 
addition, if there is no forecast (FLT0), five diverted flights will land at other alternate airports near Hong Kong. 
This is due to the fact that more flights will depart from their origin airports before Ts in the case of no forecast 
FLT0, compared to the case with a forecast, which increases the possibility of flight diversion. In our simulation, 
there is no flight diversion under other forecast scenarios because there are not too many flights in the air during 
this event. Figure 7b indicates that as forecast capabilities improve, the number of canceled flights decreases. 
ATCs have less confidence in the future AAR when the FLT is shorter. Therefore, they prefer to cancel flights 
to avoid unexpected problems like airborne holding or flight diversions. If a flight is canceled, there will be no 
ground delay for this flight, and the time slot associated with this flight can be utilized by other planes. This also 
helps to explain why, in Figure 7a, the overall ground delays are lower when the FLT is smaller. Figure 7c shows 
that without space weather forecasting the extra financial cost related to airlines is 2.23 million Euros and that the 
cost decreases as the FLT grows.

Figure 6.  (a) The Controlled Time of Arrival (CTA) under different forecast scenarios. Each dot represents one flight. (b) 
The detailed CTA distribution at the beginning of space weather. (c) The detailed CTA distribution after space weather. (d) 
The distribution of the total number of canceled flights versus original time of arrival.
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In addition, the cost associated with the time delay for each passenger is estimated to be about €35.0/hr (Ball 
et al., 2010). Hence, assuming 200 seats in a typical B757 configuration with an occupancy factor of 80%, the unit 
delay cost for all passengers is 200 × 80% × 35.0/60 = 93 €/min. Based on the ground delay time and airborne 
delay time in Figure 7a, the passenger delay cost can be 1.85 million Euros (FLT0), 1.81 million Euros (FLT1), 
1.76 million Euros (FLT2), 2.13 million Euros (FLT4), and 2.97 million Euros (FLTL) (shown in Figure 7c). On 
an aggregate basis, the adverse effects of flight delays can be various such as reducing passenger demand and 
destroying airline scheduling plans (Britto et al., 2012), which may introduce additional indirect economical loss 
and affect the aggregate economy.

3.3.  Impact of the Accuracy of Space Weather Forecast

We also investigate how forecast accuracy affects ATM by simulating two 
more scenarios. In the optimistic forecast, we assume that the adverse event 
would end 2 hr earlier than it actually does, that is, Ts = 09:00 and Te = 14:00. 
In the pessimistic forecast, we assume that an adverse event would end 2 hr 
later than it actually does, that is, Ts = 09:00 and Te = 18:00. We also assume 
the forecast capabilities are set to FLTL. As shown in Table 4, the optimis-
tic forecast results in much fewer ground delays than the accurate forecast, 
but significantly more airborne delays, flight cancellation, and diversion. 
The induced cost for airlines (1.85 million Euros) is about 83% more than 
the accurate forecast (1.01 million Euros). Because more flights will be 

Figure 7.  The impact of different forecast scenarios on (a) the total ground delay time and total airborne delay time, (b) the 
number of flight cancellations, and (c) extra financial costs for airlines and flight-delay-caused passenger time costs.
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Different forecast scenarios 

 Financial cost for airlines

 Passenger time cost caused by flight delay

Optimistic 
forecast: 

09:00–14:00

Pessimistic 
forecast: 

09:00–18:00

Accurate 
forecast: 

09:00–16:00

Ground delay (min) 12,739 38,000 31,950

Airborne delay (min) 4,184 0 0

No. of canceled flights 56 60 27

No. of diverted flights 38 0 0

Cost for airlines (million Euros) 1.85 1.72 1.01

Table 4 
Comparison of the Impact of the Accuracy of the Forecast
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optimistically scheduled to be in the air if the space weather event is expected to end earlier than it actually 
does, generating traffic congestion and hence flight diversion. On the other hand, the pessimistic forecast results 
in more ground delays and more flight cancellations than the accurate forecast. The induced cost (1.72 million 
Euros) is 70% more than the accurate forecast. If the space weather event is predicted to linger longer than it does, 
more flights will be grounded pessimistically. The findings show that reliable forecasting is crucial for ATM and 
cost savings. It also implies that an optimistic forecast has a more harmful impact than a pessimistic forecast. The 
cost resulting from an optimistic forecast is 1.08 times of that from a pessimistic forecast.

4.  Conclusions
Space weather can significantly change the ionosphere conditions, which can result in an impact on satellite-based 
aircraft operations. This study focuses on the analysis of the impact of a hypothesized space weather scenario on 
HKIA, a typical location in the equatorial ionospheric anomaly region. Based on the data from a relatively minor 
space weather event during 8–11 September 2017, the effects of GNSS positioning errors induced by the space 
weather on satellite-based ATM are estimated. In the case of adverse GNSS positioning errors, ATM rules are 
designed to handle the capacity-demand imbalance problem. Three flight performance indices namely canceled 
flights, diverted flights, and flight delays are used to examine the impact of space weather on ATM. In the analy-
sis, the factors such as distribution of arrival flight demand, the duration of satellite navigation failures, and space 
weather forecast capabilities, have been considered. Our simulation results suggest that if the ionospheric impact 
on GNSS navigation cannot be predicted, the cost related to airlines incurred to arrival flights at HKIA would be 
more than 2 million Euros. This cost is reduced to 1 million Euros if the ionospheric impact is precisely predicted. 
In addition, the time costs for passengers caused by flight delays can reach nearly 3 million Euros. We also show 
that the cost of an optimistic forecast and a pessimistic forecast is 1.83 times and 1.70 times of an accurate fore-
cast, respectively. The cost related to airlines reduces as FLT increases. Considering flight time for a certain flight 
plan of less than 24 hr and daily flight planning, the FLT at least 24 hr can satisfy the requirement of pre-tactical 
ATM. Improving the accuracy and extending the lead time of ionospheric impact forecast on GNSS navigation 
are crucially important for the aviation industry to reduce impacts and costs during space weather events.

Data Availability Statement
The authors thank Opensky for providing the flight data, publicly accessible at https://opensky-network.org/. The 
Dst index was obtained from https://omniweb.gsfc.nasa.gov/form/dx1.html and the total electron content data 
was obtained from https://cddis.nasa.gov/archive/gnss/products/ionex/.
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