
 
 
 
 
 
 
 
 

ABSTRACT 
 

Space Weather Effects on Aircraft Navigation:  A Pilot’s Perspective 
 

Jack C. Stanley 
 

Director:  Dr. William B. “Trey” Cade, Ph.D. Physics 
 
 

 
Many aircraft today use satellites for GPS navigation, arrival and departure to and 

from airspaces, and for “shooting” non-precision and precision instrument approaches 

into airports.  Due to the general, commercial, and military aviation industries all 

becoming more and more reliant on satellite and GPS technologies, the effects of space 

weather events on these systems is of paramount concern to militaries, airlines, private 

pilots, and other aviation operators.  However, traditional radio-based means of 

navigation are also affected.  Analyzing and publishing data recorded about effects on 

satellites, GPS systems, and radio navigation networks as well as discovering how and 

why technologies are affected are crucial to the conduct of safe flight operations now and 

improving systems for future use. 
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PREFACE 

 
 
 

 Interested in becoming an astronaut pilot one day, I took Dr. Cade’s Introduction 

to Space Weather course in the spring semester of 2012.  It seemed in my best interests to 

get an initial exposure and elementary understanding of the environment I hope to one 

day operate in.  My classmates and I were taken on a historical journey starting with the 

ancient Chinese use of lodestones as early compasses through the discoveries of such 

noted scientists as Copernicus, Galileo, and Marconi.  We studied events like the solar 

storm of 1859 (a.k.a. the Carrington Event), the launch of Sputnik, the discovery of the 

Van Allen Radiation Belts, and ended with looks into the future of space weather studies 

and the importance of improving awareness, understanding, and space weather event 

prediction capabilities. 

 Most interesting of all were the discussions of the actual space weather 

phenomena themselves.  The massive scales and sheer power produced by activities such 

as solar flares were mind-boggling.  How vulnerable and small the Earth suddenly felt in 

the grand scheme of everything! 

 While working in the Aviation Science department as a student office assistant, 

Dr. Cade approached me during the summer of 2012 and asked if I’d be interested in 

presenting a poster about space weather at the American Geophysical Union in San 

Francisco, California; the department would fund the trip.  Well, in that case, why not?  It 

took me some time to come up with a topic.  I knew I wanted to somehow incorporate 

aviation, but was unsure on how to go about that.  Several conversations with Dr. Cade 
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later, I learned that there was little material in the space weather community produced by 

pilots commenting on what the implications of various systems like satellites and radio 

being affected by space weather phenomena meant for the aviation industry. 

 Using that fact for inspiration, I did some research with the assistance of Dr. Cade, 

and presented some initial findings to the AGU in December 2012.  This thesis is a 

continuation of that work, but will still be somewhat introductory in scope.  Having 

secured a pilot slot with the United States Navy, it is my ambition to eventually attend 

Test Pilot School and the Naval Post-Graduate School to study the space environment 

further in hopes of becoming an astronaut.  This research will be ongoing for many years 

to come, and I hope to one day provide further expansions of information and perspective 

on the topic. 
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CHAPTER ONE 
 

Introduction 
 
 

What is Space Weather?  

For anyone unfamiliar with space weather, he or she might think, “Wait, weather 

in space?  How is that possible?  There’s no atmosphere.  I thought space was a vacuum.  

Let me off the crazy train.”  However, if that person could be convinced to read on, all 

will be explained.   

 As many student pilots are first taught during their first ground lesson on weather, 

the sun is the ultimate driving force behind weather on Earth.  It heats the air and the 

oceans, causing changes in atmospheric pressures, generating winds, initiating the water 

cycle, and so on.  Likewise, the sun is also responsible for weather in space (and to a 

lesser extent, the suns from other solar systems).  So, if weather is defined as 

environmental conditions driven and altered by the sun, defining space weather becomes 

much easier:  simply change the environment to mean space. 

Solar flares, radio bursts, solar wind, and coronal mass ejections are a few 

examples of the phenomena generated by the sun that occur in space.  The interaction 

between these events and others with the Earth’s magnetic fields and atmosphere is also a 

part of weather in space.  This chapter will serve to define the events listed earlier in the 

paragraph along with others to create a basic understanding of what goes on between the 

Sun and the Earth.  Additionally, descriptions of the layers of the Sun and Earth’s 

atmosphere will be presented and depicted.  That will in turn give the reader a basic sense 
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of what is going on when navigation systems like satellites and radios are affected by 

space weather. 

 

The Atmospheres of the Earth and Sun 

 Many are familiar with the Earth having multiple layers of the atmosphere, but it 

would be prudent to go through a refresher and look at some figure to reacquaint the 

reader with the big picture.  Radio navigation aids, aircraft, and satellites all operate in 

different areas, and certain kinds of space weather events cause interference by 

interacting within multiple layers of altitudes. 

 Fewer may be familiar with the Sun having a multi-layered composition of its 

own.  Figures will be provided to illustrate the scale of the sun, where certain space 

weather phenomena originate, and also how the Sun and Earth interact as a system. 

 

The Vertical Structure of Earth’s Atmosphere (definitions adapted from kowona.de) 

 The first layer of the Earth’s atmosphere, the layer in which humans live, general 

aviation operates, and weather (Earth weather in this instance) occurs, is the troposphere.  

Starting at sea level, it extends about ten to twelve kilometers.  In this sphere, temperature 

decreases with altitude.  Next is the stratosphere, where commercial airliners operate.  It 

extends from twelve kilometers to fifty kilometers.  Here, temperature change inverts, 

and instead increases with an increase in altitude, due to the high concentration of ozone 

absorbing the Sun’s ultra violet rays.  The mesosphere extends from the edge of the 

stratosphere outwards to eighty-five kilometers, and again, temperatures invert – 

decreasing again with gains in altitude, reaching -100 degrees Celsius. This is due to a 



3 
 

drastic decrease in air particles.  The thermosphere continues from the mesosphere’s 

boundary of eighty-five kilometers outwards to 500 kilometers, with almost no readable 

temperature due to the decreasing lack of air particle density.  Finally, the exosphere:  

this layer is essentially space.  It extends from 500 kilometers and dissipates into what 

would be considered outer space.  Pressure is so low here it is already considered a 

vacuum. 

 The ionosphere is an intermediate layer not so much of a distinct atmospheric 

composition, but rather several layers of weakly ionized plasma formed from positive 

ions and free electrons ripped from their parent particles by solar electromagnetic 

radiation [Knipp, 2011].  It begins at around roughly seventy kilometers, and features 

stronger ionization during daylight hours due to increased solar exposure.  The Auroras 

Borealis and Australis occur within this region, and it is within this region that a good 

deal of interference from space weather occurs with satellite and radio transmissions.  

Chapter Two discusses the primary reasons why the ionosphere can be so disruptive, but 

events called ionospheric storms can also occur here from changes in plasma density.  

These storms alter the concentrations of electrons, which hinders high-frequency (HF) 

and satellite communication capabilities, as well as degrade satellite navigation accuracy 

[Knipp, 2011].   

 Additionally, the Earth is surrounded by magnetic fields, collectively called the 

magnetosphere.  This region also includes radiation belts.  Known as the Van Allen belts 

(for their discoverer), these donut-shaped rings around the Earth contain high volumes of 

radiation [Knipp, 2011].  Though satellites and spacecraft are built to withstand the 

intense radiation, increased solar activity during a space weather event could cause 
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extreme radiation activity, compromising operational capabilities.  The magnetosphere’s 

coupling with the ionosphere also accounts for twenty-five percent of the latter’s energy 

(the other seventy-five percent coming from solar irradiance).  As the magnetic fields 

fluctuate from their contact with solar energy, they in turn contact and cause fluctuations 

in the ionosphere [Knipp, 2011].  These fluxes, if severe enough, can ultimately interfere 

with satellite and radio transmissions. 

 Figure 1-1 provides a pictorial representation of the Earth’s atmosphere. 

 

Figure 1-1.  Image courtesy of www.kowoma.de.  Note the overlapping nature of the ionosphere and the 
operational altitudes of various air and space craft. 
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Figure 1-2.  The sun interacting with the Earth’s magnetosphere (blue lines) and radiation belts (orange 
lines).  Image courtesy of NASA.   
 
 
 
The Sun’s Atmosphere and the Sun-Earth System 
 
 Like the Earth, the sun also has atmospheric layers of its own.  The following 

definitions are adapted from Knipp [2011], and Figure 1-3 illustrates these layers. 

At the center of the sun is the solar core.  The weight of the surrounding mass 

produces intense pressure and extremely high temperatures, causing nuclear reactions 

that fuse hydrogen into helium.  Immediately surrounding the solar core is the radiative 

zone, where temperature starts to decrease (though by no means does it get cold) as heat 

flows out through successively cooler layers.  In the convective zone, the sun relies on 
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Figure 1-3.  Layers of the Sun.  Image courtesy of NASA. 

 

columns of convective activity to transfer energy outwards.  Parcels of negative and 

positive buoyancy carry this energy through the outer layers of the Sun.  The photosphere 

is the visible surface of the sun.  It lies over the convective zone and photons have their 

last interactions with solar matter here.  The chromosphere is actually about four times 

thicker than the photosphere, but produces less light due to its lesser density.  Its 
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boundary is defined by temperature, starting at 4,300 Kelvin and rising to 20,000 Kelvin 

at its top.  Finally, the corona (Spanish for crown) adorns the sun, and is the hottest layer 

of the sun’s outer atmosphere with temperatures near 1,000,000 degrees Fahrenheit! 

 Another cosmetically visible, and perhaps more well known, part of the sun is the 

sunspot.  Sunspots are relatively dark areas visible on the surface of the sun that serve as 

visual indicators of intense magnetic fields.  They wax and wane over the eleven-year 

solar cycle (see definitions in next section) [Moldwin, 2008].  Most solar flares and 

coronal mass ejections (CMEs) erupt from areas of intense magnetic activity, and large 

groups of sunspots are an especially visible indication of where these events could likely 

occur.  If sunspots can be sighted early (especially large clusters), before they’ve rotated 

into full view from the Earth, a rudimentary prediction could be made of when a flare 

might be headed towards the planet. 

 As the reader can see, the sun is much more than just a yellow orb heating our 

planet.  It is a complex and volatile body of gas constantly churning and burning, and it is 

now less difficult to imagine what all that power and energy could do. 

 
The Lingo – Applicable Space Weather Events and Terms 

First off, the term “event” has been used some already.  A space weather event is 

simply the occurrence of any phenomena, such as a solar flare.  Most of the following 

definitions are adapted from the works of Knipp [2011] and Moldwin [2008]. 

The solar cycle is a multi-year variation in activity and solar features such as 

sunspots and flares.  A cycle consists of a solar minimum, with the least amount of 

activity, and a solar maximum, with the most amount of activity.  However, this does not 

mean that major events cannot happen during minimums, or that a ton of activity will 
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happen during a maximum – these are simply the periods of the cycle in which events are 

typically more or less likely to occur.  The maximum is reached every eleven years or so, 

and as will be explained later, could prove problematic with upcoming government 

timelines for technology transitions.  In addition to the eleven-year cycles, there is also a 

twenty-two year cycle, during which the Sun’s magnetic fields flip polarities.  Those 

fields are powered by a dynamo, which is created by differential rotation (caused by the 

Sun’s gaseous composition) of the Sun and solar convection processes.   

A solar flare is an intense burst of energy across the entire electromagnetic 

spectrum.  Its largest intensities dominate the X-ray, extreme ultraviolet (EUV), and radio 

portions of the spectrum.  Flares draw their energy from a rapid conversion of magnetic 

energy into kinetic energy, and expel a massive amount of thermal energy at temperatures 

on the scale of 100 million Kelvin.  More flares tend to occur during solar maximums.  

The most powerful flares penetrate the thermosphere (and therefore the ionosphere) 

causing ionospheric disturbances leading to sudden frequency deviations during radio 

transmissions.  Since flares energize particles in the atmosphere, they create what are 

called Solar Energetic Particles (SEPs).  These are protons projected at relativistic speeds 

near a flare site or particles accelerated by an explosion pushing into the solar wind.  

Since they travel so fast, some SEPs can reach Earth in just twenty minutes.  SEPs have 

the capability of penetrating as far as the stratosphere, especially closer to the polar 

regions.  With a change in electron content over the poles, radio communications can be 

blacked out, causing re-routes of over-the-poles international flights.   

A Solar Radio Burst (SRB) is a sudden outburst of radio noise, whose cause is the 

acceleration of electrons through the layers of the sun.  It is one of two primary 
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obstructions to satellite transmissions and radio navigation.  Like solar flares, their 

activity tends to increase as the solar cycle reaches a maximum [Cerutti, et al, 2008]. 

Ionospheric Scintillation is a fluctuation in signal phase and/or amplitude caused 

by passage through the ionosphere.  This occurs when the signal passes through irregular 

electron densities [ips.gov.au].  Disturbances in the ionosphere are greatest when the Sun 

is directly overhead, and greater still during a solar maximum or geomagnetic storm.  But 

as an observer moves away from the equator or towards the nighttime side of the Earth, 

the severity of the effects diminishes.  However, the poles are also extremely vulnerable 

to scintillation.  As will be discussed in Chapter Two, ionospheric scintillation is one of 

the two primary interferences for satellite transmissions. 

Now, with this basic understanding of applicable space weather events, the 

Earth’s atmosphere, and the Sun’s composition and its interaction with Earth, we will 

dive into space weather effects on aircraft navigation – starting with GPS. 
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CHAPTER TWO 

Space Weather Effects on GPS Navigation Systems 
  

In recent years, GPS has become an increasingly popular and useful system for 

navigation – especially in the aviation industry – and may eventually phase out radio 

navigation (which will be explored in Chapter Three).  Not only is it used for point A to 

point B type navigation, but also for conducting instrument approaches into airports.  

GPS will also be the key component of Automatic Dependent Surveillance-Broadcast 

(ADS-B, for short), a next-generation system of airspace control.  Since each of these 

systems utilize satellites, it is important to take a look at space weather effects on GPS. 

  

Space Weather Effects on GPS 

Some of the phenomena defined in Chapter One have been noted to be more of a 

disturbance to GPS.  Chiefly, solar flares produce radio bursts that directly interfere with 

GPS transmissions, and also cause disturbances in Earth’s atmosphere that distort signals 

[Balcerak, 2011].  According to a report by Meehan and Murtagh, those radio bursts act 

like noise and interfere with frequencies.  Additionally, they state that, “the two primary 

effects of space weather on GPS are propagation delays in signal… and a loss of signal 

due to scintillation effects caused by small-scale irregularities in the ionosphere.” [2010]  

In a study of intense solar radio bursts (SRBs) that occurred in December 2006, a 

team of scientists found that SRBs have a more direct effect on satellites than previously 

thought, though they still acknowledge ionospheric scintillations to be the primary 
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interference.  However, they observed that SRB’s can cause outages for tens of minutes, 

and though negligible in many instances, is unacceptable for implementations requiring 

real-time updates, such as offshore rig positioning and aviation.  Specifically, SRB’s 

were found to have adverse effects on the FAA’s Wide Area Augmentation System 

(WAAS will be addressed in the Instrument Navigation section of this chapter), though 

these effects were fairly minor, due to the WAAS system’s robustness.  Aircraft were still 

able to continue on a non-precision GPS approach without WAAS, and the outages did 

not last long.  Nevertheless, it is admitted that there can always be more intense space 

weather events with more extreme side effects, and an understanding of those effects is 

crucial to the continued operational success of WAAS.  It is also important to note that 

though the operational effects were relatively minor, a huge portion of the globe, most of 

North America and some of South America, were affected simultaneously.  [Cerutti, et al, 

2008]  While this thesis may at times seem to take on a prophetic doomsday/perfect 

storm tone, this event shows that the industry is already feeling and documenting the 

effects of space weather, and the importance of increasing knowledgeability and 

awareness on the subject cannot be overstated.   

 

GPS and Basic Navigation 

 GPS is becoming more and more ubiquitous in the modern cockpit, and even 

older planes are having GPS systems retrofitted into their avionics.  The most readily 

useful feature of GPS for all pilots is the assistance GPS provides in getting from point A 

to point B.  A pilot can see a route plotted on-screen from waypoint to waypoint and 
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watch as the aircraft scrolls across a moving map display that depicts nearby airports, 

waypoints, and geographic landmarks such as lakes and rivers.   

 For a pilot operating under Visual Flight Rules (VFR) in Visual Meteorological 

Conditions (VMC), the GPS serves as a useful redundancy to pilotage and dead 

reckoning.  In the event that the GPS unit failed (in the context of this thesis, due to a 

space weather event), the pilot could just pull out sectional charts, look outside the 

window, and be perfectly fine.  However, GPS navigation failure becomes more critical 

during instrument procedures, especially depending on the phase of flight the pilot finds 

his or herself in:  en-route, arrival/departure, or approach to land. 

 

GPS Navigation During Instrument Procedures 

 If a pilot is flying under Instrument Flight Rules (IFR), especially in Instrument 

Meteorological Conditions (IMC, where visibility is less than three statute miles in most 

airspaces and cloud ceilings below 3,000 feet above ground level), the stakes are much 

higher when systems fail. The prudent instrument-rated pilot will have charts in the 

aircraft, be familiar with the route, and have radio navigation aid (NAVAID) frequencies 

on standby, ready to reach the destination via an alternate route (not to be confused with 

the alternate destination required for pilots to have on file when weather conditions at the 

intended arrival airport are less than 2000 foot ceilings and less than one statute mile 

visibility within an hour on either side of the planned arrival time).   

 Whereas GPS makes for a nice tool or gadget for the VFR pilot, GPS provides a 

tremendous amount of additional situational awareness not offered by charts and 

Distance Measuring Equipment (DME) to the IFR pilot.  An IFR chart presupposes that 
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the pilot cannot see his or her surroundings, and consequently has a different kind of 

information presented and arguably a lesser density of information.  With only airports, 

selected types of airspace, waypoints, NAVAIDs, and federal airways and associated 

altitudes depicted, the pilot has a minimum of information to go on.  GPS provides all 

that plus the benefits of a VFR chart, giving the IFR pilot a constantly-updating visual 

representation of an airplane’s position on a route, relative to all other airports, airspaces, 

geography, and – in the most advanced systems – other air traffic.   

 As mentioned earlier, the smart pilot has alternative navigation methods on 

standby in the event of GPS malfunction or failure, but the additional situational 

awareness is lost.  Perhaps that sounds more like an inconvenience since it’s obviously 

possible (and has been for decades) to fly safely on instruments without GPS, but in the 

ever-ongoing quest to make aviation safer, it’s a potentially dangerous step backwards, 

especially if pilots become more reliant on GPS and rustier on “old school” navigation 

methods like radio guidance. 

  

GPS Integration with Instrument Approaches 

Another key facet of IFR flying is the instrument approach.  Designed to get 

aircraft from the en-route/arrival phase out of the soup and safely into the airport 

environment, the approach is the most intense phase of instrument flying.  Altitude 

restrictions, time, speed, maintaining accuracy and precision, getting down and out of the 

weather, the anticipation and (perhaps anxiety in more desperate cases) of seeing the 

airport in time, and being ready to go missed in the event the runway or airport doesn’t 

materialize all add to the stress levels of the pilot flying. 



14 
 

 The advent of GPS has allowed instrument approaches to be designed and 

implemented at airports that previously did not have approaches, or at most approaches 

that merely go an aircraft in a loose, approximate vicinity to the airport and might require 

additional maneuvering to identify the runway and land (see Figure 2-1).  GPS 

approaches of course exist in bigger and busier airports with already-existing, more 

accurate instrument infrastructures as well. 

There are two types of instrument approaches:  non-precision and precision.  A 

non-precision approach features only lateral guidance (the approach course), whereas a 

precision approach also has vertical guidance (glide slope).  Aircraft equipped with 

WAAS (Wide Area Augmentation System, which improves the integrity of GPS with 

ground-based stations measuring variations in satellite signals) have the ability to shoot a 

GPS precision approach (radio guided approaches will be covered in Chapter 3), using 

lower minimums than a non-precision approach.  Lower minimums allow aircraft to 

extend approaches a little longer in hopes of finding the runway, and the most advanced 

avionics even allow some aircraft to land in zero-zero conditions (cloud ceilings and 

visibility at zero feet and zero miles, respectively. 

In Figure 2-1, note that the approach does not align the aircraft with a final 

approach course onto the runway, but rather in the vicinity of the airport – ideally 

midfield.  However, even slight deflections of the CDI’s needle (being a few degrees off-

course), even within legal limits, would cause an aircraft to go from being aimed at 

midfield to simply somewhere near the airport.  This can become a huge problem for 

pilots, especially those shooting the approach into an unfamiliar area.  A more perfect 

storm of dangerous inconvenience would be falling ceilings as said pilot tries to locate 
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the airport, racing against a steadily closing window – or ceiling in this case.

Figure 2-1.  Approach plate courtesy aeronav.faa.gov.   Note the approach course. 
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Figure 2-2.  Approach plate courtesy aeronav.faa.gov.  Compare approach course to VOR-A in Figure 2-1.  
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 Compare the GPS approach in Figure 2-2 to the VOR approach in Figure 2-1.  

Notice that GPS waypoints can be designed such that the final approach course in line 

with the runway heading.  Due to the Bonham VOR’s position relative to the Sherman 

airport, a final approach course could not be laid out in line with the runway, only 

towards the general direction of the airport itself.  This capability is what makes GPS a 

great utility for providing safer and more accurate approaches into airports previously 

without either any approach or with approaches like the VOR/DME-A at KSWI 

(Sherman Municipal). 

Finally, compare the RNAV (GPS) approach in Figure 2-3 to the RNAV at KSWI, 

Sherman Municipal (Figure 2-2).  Notice the additional categories at the bottom:  “LPV” 

(Localizer Performance with Vertical Guidance) and “LNAV/VNAV” (Lateral/Vertical 

Navigation).  Note that they have DAs (decision altitude) as opposed to just MDAs 

(minimum descent altitudes).  This informs the pilot that the approach is precision – 

meaning it has vertical guidance (glide slope) in addition to lateral guidance (approach 

course).  Also note that the DAs are lower than the MDAs, allowing the approach to be 

shot a little farther.  Suitably equipped aircraft may shoot these precision GPS approaches. 
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Figure 2-3.  Approach plate courtesy aeronav.faa.gov.  Note the lower altitudes pilots may descend to.  
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Now, due to the high-stakes elements related to shooting instrument approaches, 

it isn’t hard to realize the dangers of having GPS fail due to space weather.  Imagine 

being on final approach, in the midst of clouds and rain, with no view to the outside 

world, and having the instrument guiding the pilot down suddenly go haywire.  Best-case 

scenario, the nature of the failure is such that it is obvious to the pilot that the instrument 

is now unfit for use.  One such indication would be a loss of RAIM (Receiver 

Autonomous Integrity Monitoring).  RAIM is achieved when a GPS receiver is picking 

up signals from six different satellites.  If a GPS no longer receives transmissions from 

any one of those satellites, RAIM is lost and a pilot must report “going missed” (failing 

to properly complete the approach, then trying to complete an approach again or depart 

towards a holding pattern or alternate).  The best thing to do then is to fly one of the 

radio-based instrument approaches that will be discussed in Chapter Three.  In an 

emergency scenario, when the pilot must absolutely get down and does not have the 

option of going around or getting to an alternate, hopefully said pilot is already 

established on final approach, and has wind corrections and descent rates in use that were 

working to keep him or her on course and glide slope (if applicable) before loss of GPS 

approach capability. 

 However, what if the manner in which the malfunction manifested itself was less 

obvious and more insidious?  What if the extent of the error simply resulted in subtle 

deflections of instruments, something a pilot might reasonably expect to correct for?  If 

followed down to the decision altitude, the best outcome of this worst-case scenario is 

that the reading error resulted in only a minor deviation from the actual approach course, 

and the pilot is still able to locate the runway environment and make a successful landing.  
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The worst outcome of this scenario would cause the pilot to end up in CFIT (controlled 

flight into terrain – an airport like Ruidoso, NM comes to mind, where the final approach 

course is flanked by mountains).   

 So what can be done about this?  What can we do to ensure the reliability of 

satellite signals?  Are there back-up systems we can use?  After a look at classic radio 

navigation in the next chapter, these questions will be answered and recommendations 

suggested in Chapter Four. 
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CHAPTER THREE 
 

Space Weather Effects on Radio Navigation 
 
 

 Before the advent of GPS, pilots utilized radio navigation aids to find their way 

across the country and make their way into airports while flying in instrument conditions.  

Very High Frequency Omni-Directional Ranging (VOR’s), localizers, and Instrument 

Landing Systems (ILS’s) were the standard, and continue to be utilized today.  Federally 

designated airways exist between VOR’s, much like Interstates between cities, providing 

a structured system for navigating great distances across the country.   

  

Space Weather and Basic Radio Navigation 

 One of the advantages to radio NAVAIDS is their time-tested reliability.  Another 

advantage is that they face relatively minimal interference from space weather events.  

Ionospheric scintillation can cause disruption in Very High Frequency (VHF) signals 

from 30.0 to 300.0 MHz [ips.gov.au].  VOR’s operate within the 108.0 to 117.95 MHz 

band – well within the range disturbed by ionospheric disruptions [FAR/AIM, 2013].  

These interferences cause only short disruptions lasting a few minutes.  Radio bursts from 

the Sun can also cause short-duration loss of VOR. 

 Again considering a skilled and prudent pilot, ideally a proper wind-correction 

heading will already be in use, keeping the pilot where he or she needs to be.  

Additionally, Distance Measuring Equipment (DME) frequencies are unaffected by 

ionospheric scintillations as they are at a higher range (962 – 1215 MHz), though it 

should be noted DME can be affected by solar radio bursts for short-term durations 
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[NTIA, 2013].  This is important because as a pilot reaches a critical point in VOR 

navigation, crossing a VOR station, having operating DME will still be a cue that it’s 

time to turn onto the next radial.   

 The other cue affected by ionospheric scintillations is known as the “cone of 

confusion”.  When all 360 radials from a VOR converge at the station, it becomes 

difficult for the aircraft’s instruments to distinguish which radial the aircraft is on 

anymore.  When a pilot gets close enough to the converging radials, this serves as the 

first warning that it will soon be time to turn.  Still having DME lets the pilot know he or 

she has arrived, and the very least they can still make a turn to a published heading, and 

make tracking corrections when the VOR comes back online at the end of an interference. 

 

Space Weather Effects on Radio-guided Instrument Approaches 

 As with GPS, non-precision and precision approaches exist with radio instruments.  

The non-precision approaches are VOR and Localizer, and the precision approach is the 

ILS, which combines glide slope indications with a localizer’s lateral guidance.  Having 

already examined VOR interference, it’s easy to make the connection that having a VOR 

interrupt at the wrong time of the approach could have potentially disastrous results. 

 Likewise, localizers might be affected as well; they operate from 108.1 MHz to 

111.95 MHz.  Interestingly enough, the ILS’s glide slope operates from 329.15 MHz to 

335.0 MHz, which is outside of the affected range [NTIA, 2013].  So, theoretically, if an 

aircraft shooting an ILS were to experience a temporary loss in localizer reception, it 

would still have vertical guidance from the glide slope indicator.  Hopefully, if the pilot 

has established an approach heading that works, a successful landing could be carried 
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through.  However, if winds were rough, it would be considerably more difficult if not 

impossible to maintain a trustworthy horizontal correction.   

 

Figure 3-1.  Approach plate courtesy aeronav.faa.gov.  The precise nature of this approach coupled with 
time-to-complete estimates makes this approach a time-tested favorite.   
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 Take a look at Figure 3-1.  Notice in the lower left corner that this approach (as 

does a VOR approach) has a table to estimate how long the approach will take.  This 

back-up of having a timeframe to expect to complete the approach within serves as 

another advantage over GPS approaches in case something goes wrong.  DME also 

comes in handy, since mileage breakdowns from the final approach fix (glide slope 

intercept, around the point labeled “COFFI”) to the missed approach point (where the line 

goes from solid to dashed) are given to provide pilots with a reference for when and 

where they should be nearing critical points of the approach. 

 

Radio Navigation as a Back-up 

 Over eighty percent of the nation’s VOR’s have surpassed their economic lifespan, 

and maintaining them is costly:  the FAA estimates that cost to be $220 million every 

year.  The FAA also plans to phase out VOR’s in favor of GPS, WAAS, and ADS-B, the 

phase-out is planned to occur by January 2020 [UASC, 2012].  It is also difficult and 

costly to assemble VOR stations, especially in areas with difficult terrain, which in turn 

limits the number of locations they can be installed and consequently how much airspace 

they can cover.  However, since radio navigation aids are affected to a lesser extent than 

their GPS counterparts, they are still viable despite their age, and help create a robust 

safety net of options for pilots. 

 Radio NAVAID’s viability and the looming replacement by GPS systems brings 

this thesis into its final chapter, where the future will be discussed a little more in-depth 

and recommendations for continuing research into space weather will be made. 
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CHAPTER FOUR 

Conclusions and Recommendations 
 
 

 In Chapter One, we gained an understanding of our atmosphere and near-space 

environment, the sun’s composition and solar cycle, and how the Sun and Earth interact 

as a system.  We also became familiar with the applicable space weather events to the 

scope of this thesis.  Chapter Two exposed the vulnerabilities of satellite navigation, both 

during cross-country scenarios and approaches into airports.  It is easy to see how crucial 

it is not to become too reliant on satellites too quickly, and to remain fluent in alternative 

navigation methods and vigilant during space weather-affected scenarios.  Chapter Three 

introduced the benefits to radio navigation.  Although still vulnerable, those systems are 

not as severely affected as satellites.  So, as the traditional radio navigation aids begin to 

go the way of the dinosaur, it is important to realize their viability as a solid backup to 

their more vulnerable GPS counterparts.  But not only can space weather of all kinds 

wreak havoc on hardware sent to space, but so too can other hardware.   

 In the early days of aviation, there was a “big sky” theory where people thought 

the sky was just too big for aircraft to collide.  This of course is not the case, and hard 

lessons were learned.  Likewise, space, although vast, is just as susceptible for collisions 

– chiefly in orbit around the Earth.  All kinds of space debris exist to potentially damage 

satellites.  Satellites also have degrading orbits, and will eventually fall out of the sky.  

Perhaps as technology becomes more advanced and more affordable, replacing satellites 

won’t be as big an issue, especially with the advent of commercial space aviation 

operations in the last few years and their promising future. 
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 Regardless, the FAA still plans to have VORs phased out by January 2020, and 

ILS will eventually be replaced in favor of WAAS, which leaves approximately seven 

years for all aircraft to fulfill the government mandate of having ADS-B on board, and 

also only gives scientists and engineers seven years to make more robust, survivable 

satellites and develop more accurate space weather prediction capabilities.  But there is 

another time crunch to be concerned with.  2013 is a solar maximum year, so, according 

to the solar cycle, the next maximum should occur around the year 2024.  This timeframe 

is four years after the FAA’s 2020 technology conversion mandate.  Government officials, 

scientists, engineers, and aviation professionals alike should remain vigilant during those 

four years.  If the transition goes smoothly around 2020, the solar cycle will still not have 

reached a maximum.  Less activity from the sun might lull the community into a false 

sense of security until activity peaks in 2024, and then the true test of our sole reliance on 

satellites will be administered.   

 There is no doubt that satellites are the way of the future, and that they provide 

many advantages over radio-based installations and instruments, but the aviation industry 

will not be able get the full utility out of GPS until better prediction methods are 

discovered and implemented, and satellites designed to be more survivable.  In the words 

of Pete Riley, “As our society become progressively more dependent on technology, 

assessing the impact of, and ultimately predicting space weather events, and particularly 

the extreme ones, will become ever more crucial.” [2012] But is seven years (from now 

until 2020) enough time to develop these processes and technologies before aviation 

becomes completely dependent on satellites?  Not only will GPS replace VORs, but 
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eventually radar as well, to provide real-time traffic updates to air traffic control and 

other aircraft. 

 Something else needs to happen, and this is within the aviation industry itself:  

pilots need to be made aware of space weather effects on their daily operations.  Not only 

does space weather effect navigation, but other facets of aviation as well, such as 

planning and authorizing international flights or flights at certain altitudes due to 

radiation concentrations or increased tendencies of radio blackout at higher latitudes near 

the poles.  Space weather awareness should be introduced into pilot training and into 

NOTAMs (notices to airmen).  Pilots who are aware that they might experience errors or 

brief failures of navigation systems will be able to make more informed route or go/no-go 

decisions.  Aviation training entities like flight schools and especially universities can 

also start advocating space weather awareness and implementing its study into their 

curriculums.  Additionally, Designated Pilot Examiners and Flight Standards District 

Office examiners would do well to start making their certificate applicants think about 

space weather during check-rides.   

 But, as always, perhaps the solution to navigation fail-safes and other aviation 

woes brought on by space weather will be the development of completely revolutionary 

technology altogether.  Combined with academic awareness and integration into training, 

aviation professionals will be able to successfully blaze forward into the next century of 

flight and beyond.   

 
Areas for Further Study 
 
 In the future, I would like to broaden the scope of this thesis.  Not only would I 

include more information on covered topics, but also expand the content to include a look 
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at space weather effects on global navigation and aviation operations.  For instance, radio 

blackouts and increased high-altitude radiation levels over the poles causing delays, 

cancellations, or re-routes of international flights.  Not only would effects on pilots be 

covered, but also effects on operators, such as costs to the airlines of such events.   

 Right now, my aviation experience is that of a low-time (a little more than 300 

flight hours) general aviation pilot.  As I spend more time in the industry gaining more 

experience and expanding my studies of space weather at the graduate level, I would like 

to report on effects to general aviation, corporate and airline, and military operations.  

Ultimately, I would like to collaborate with academia, airlines, the military, and general 

aviation on published texts available to the aviation and space weather communities.  One 

such text might be titled something along the lines of Space Weather for Aviators, and 

would feature pertinent information for pilots about how space weather basically works, 

and more importantly how it effects their day-to-day operations.  A text such as this 

would greatly contribute to the aviation community’s knowledge and awareness of the 

subject, and would be a crucial part of this new era of aviation. 
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