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INTRODUCTION

The ionosphere is a region of the Earth’s upper atmosphere from about 80 km to over 1000 km altitude
that constitutes the boundary between Earth and interplanetary space. It is highly influenced by the sun
and the plasma processes occurring within the Earth’s magnetic field environment, as well as atmo-
spheric waves and other disturbances propagating from the troposphere to high altitudes. The maximum
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electron density in the ionosphere is normally found in the F-region between approximately 150 and
450 km. However, under some circumstances, the maximum electron density can occur in the E-region
between about 100 and 150 km, either as a result of energetic particle precipitation in the auroral region,
or because the F-region has decayed. Because of its plasma properties, the ionosphere interacts with a
broad range of electromagnetic waves at frequencies that are important to civilian and military activities.
Moreover, since the processes that influence the ionosphere vary over time scales from seconds to years,
it continues to be a challenge to adequately predict its behavior in many circumstances.

Tonospheric variability is an important aspect of space weather, which refers to conditions in space
(the Sun, solar wind, magnetosphere, ionosphere, or thermosphere) that can influence the performance
and reliability of space-borne and ground-based technological systems. It could be argued that the most
important region of variability in space weather is the ionosphere because so many applications either
depend on ionospheric space weather for their operation (HF communication, over-the-horizon or OTH
radar), or can be deleteriously affected by ionospheric conditions (e.g., GNSS navigation and timing,
UHF satellite communications, synthetic aperture radar, HF communications, the electric power grid).
As the global community becomes ever more reliant on technology, the threats from space weather
increase. What is not well known is the immense degree of inter-connectedness of these technological
systems, as displayed for example in Fig. 1 for Global Positioning System (GPS) applications.
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The figure indicates that GPS outages can affect not only the surveyor (positioning) or farmer (preci-
sion agriculture), which are not part of the critical infrastructure, but also financial institutions, multi-
modal transportation, communications systems, and the internet, and perhaps most importantly, the
power grid, which relies on timing signals provided by the GPS system.

Given the importance of GPS to our modern society, this chapter examines the effects of extreme
ionospheric storms on GPS/GNSS signals and systems. In Section 2, we provide a brief description of
the GPS satellite system and GPS signals. In Section 3, we describe ionospheric storms and some of the
ionospheric structures that accompany them. In Section 4, we describe in more detail some of the sys-
tem effects of extreme ionospheric storms — specifically on communications, navigation, and surveil-
lance. In Section 5, we describe three of the largest ionospheric storms of the last 15 years, pointing out
their features captured through data analysis and modeling. We also describe the impacts of the storms
on GPS signals. In Section 6, we summarize some of the effects of the ionosphere on GPS systems.
Finally, in Section 7, we discuss the implications for extreme ionospheric storms and their effects
on operational systems, with a focus on GPS-reliant systems.

GLOBAL POSITIONING SYSTEM

The GPS satellite constellation consists of 32 satellites (31 operational satellites) in 6 equally-spaced
orbital planes at 55 degrees inclination, separated by 60 degrees right ascension of the ascending node
(angle along the equator from a reference point to the orbit’s intersection), and at 20,200 km altitude
(Misra and Enge, 2011). Each plane contains at least four “slots” occupied by GPS satellites. This or-
bital geometry and the distribution of GPS satellites ensures that users on the ground can view at least
four satellites from virtually any point on Earth. Each of the legacy GPS satellites broadcasts its signals
continuously at two radio frequencies in the L-band of the radio spectrum. The center frequencies of
these two GPS signals are at 1575.42 MHz and 1227.60 MHz, commonly referred to as L1 and L2. The
original GPS signal design contained two ranging codes: the Coarse/Acquisition code or C/A, which is
freely available to the public, and the Precision (encrypted) code, or P(Y)-code, reserved for DoD-
authorized users. The L1 GPS signals include C/A and P(Y) codes while the L2 signal is intended
for DoD users only and thus includes the P(Y) code only. On more recent satellites, a second civilian
signal (L2C) and a lower L5 frequency at 1176.45 MHz have been added.

As the signals from the GPS satellites propagate through the atmosphere they undergo path delays
due to the refractive index. Variation of the refractive index along the path of the signal results in bend-
ing of the propagation path making it longer than the geometrical straight-line path expected in a vac-
uum. This bending of the signal path, changes the apparent range between the GPS receiver and the
satellite. If the refraction of the GPS signal is not accounted for, it leads to atmosphere-induced position
errors. The two largest sources of errors in GPS path delays are the ionosphere and troposphere. For a
typical single-frequency application, the errors introduced in GPS measurements by the ionosphere and
the troposphere are on the order of 5 m and 0.5 m, respectively (http://www.trimble.com/gps_tutorial/
howgps-error2.aspx). These ionosphere errors are representative of periods when space weather is not a
significant factor. It should be noted that unlike the neutral atmosphere, the ionosphere acts as a dis-
persive medium for RF waves, that is, the refractive index of the ionosphere is a function of frequency.
As aresult, refractive errors due to the ionosphere in GPS measurements can be corrected by using dual
frequency GPS measurements (Spilker, 1978; Brunner and Gu, 1991; Ware et al., 1996).
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The ionosphere can also degrade GPS receiver performance by producing diffraction of GPS sig-
nals from small-scale irregularities in the electron density distribution. These small-scale irregularities
in the ionosphere, particularly those with spatial scales smaller than the Fresnel length at GPS frequen-
cies, can produce rapid fluctuations in signal amplitude (C/No) and carrier phase, called amplitude
scintillation and phase scintillation, respectively. Scintillation can cause a GPS receiver to suffer from
cycle slips or even loss of phase lock in conditions of severe scintillation (Doherty et al., 2000; Skone
et al., 2001; Aquino et al., 2005; Sreeja et al., 2012). Severe scintillations are often observed at high
(auroral) and low latitudes (£20 degrees of the geomagnetic equator), and in general phase scintillation
is dominant at high latitudes, whereas amplitude scintillation is dominant at low latitudes, as explained
in more detail in subsequent sections. Thus, it is vitally important to understand the sources and char-
acteristics of ionospheric irregularities in order to develop predictive capabilities for scintillation
events.

In addition to the GPS constellation, there are other satellite navigation systems such as GLONASS
(Russia), Beidou (China), and Galileo (Europe). Like GPS, these also operate at L-band, and are there-
fore subject to the same ionospheric effects as GPS.

THE IONOSPHERE

The ionosphere is formed by the stripping away of electrons from atmospheric atoms and molecules by
solar UV, EUV, and X-rays and energetic particle precipitation. Enhanced levels of X-ray and EUV light
from solar flares can rapidly increase the amount of ionization and can change the height at which the
ionization is created in the ionosphere. Energetic particle precipitation (typically electrons and protons)
can also play a role, especially in the auroral regions. The loss of ionospheric plasma is governed by
atmospheric chemistry, and by transport of plasma both downwards and out to the plasmasphere. Within
the ionosphere, the plasma can be transported by both neutral winds, and by electric fields. Increased solar
wind speeds and densities in some Coronal Mass Ejections (CMEs) and High Speed Streams (HSSs),
along with changes in the Interplanetary Magnetic Field (IMF), can increase the high-latitude electric
fields, which also increase the deposition of Joule heating and momentum into the polar neutral atmo-
sphere. These disturbances in turn change the global thermospheric composition, temperatures, winds,
and electric fields which then cause changes in the global ionosphere (e.g., Crowley et al., 1989a,b).
These variations in the ionosphere can alter the propagation of radio waves in general, including
GNSS radio signals. During a geomagnetic storm the interactions of the solar wind, magnetosphere,
thermosphere, and ionosphere, cause dynamical changes over different spatial and temporal scales.
These disturbance conditions in the ionosphere can range from large scale (100-1000 km) electron
density gradients to localized (1-100 km) regions of irregular plasma structure, with embedded irregu-
larities of less than 1 km scale size.

As noted above, the ionosphere is not uniform globally. Therefore, location will have a major
impact on whether the ionosphere has a significant effect on GPS signals. We noted above that the
ionospheric plasma distribution is subject to production, loss and transport processes, therefore as these
processes vary with latitude, the ionospheric plasma distribution can be expected to also vary with
latitude, and it is important to distinguish the ionospheric phenomena that occur at high latitudes,
mid-latitudes, and low latitudes. The mid-latitude ionosphere tends to be relatively benign. In contrast,
both the low-latitude and high-latitude ionosphere include significant features and structures that must
be taken into account when predicting radio propagation and GPS signal variability. Furthermore, these
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FIG. 2

Typical example of structure in the electron density at 350 km for 05 UT (left) and 17 UT (right) from the IRI
climatological model predicted for January, 2018, under geomagnetically quiet conditions and low solar
activity. The magnetic equator drives the location of major structures.

significant features are also very variable. Below, we describe major ionospheric features of the low-,
mid-, and high-latitude ionosphere.

Fig. 2 shows the global ionospheric structure, including the Appleton Anomalies (peak values of
electron density) at low latitudes, on either side of the magnetic equator. The two panels show the struc-
ture in the electron density at 350 km for 05 UT (left) and 17 UT (right) for January 2018 predicted from
the IRI climatological model (Bilitza et al., 2014) under geomagnetically quiet conditions and low solar
activity. These structures are also reproduced by full-physics models (e.g., Crowley et al., 2006). The
Appleton Anomalies are the location of the largest electron densities and TEC. They are also the home
of the most intense ionospheric irregularities, which we discuss in the next sub-section.

One way to monitor ionospheric conditions is to use specialized ground-based GPS receivers that are
designed to measure ionospheric properties. These GPS receivers typically yield Total Electron Content
(TEC), and some, like Atmospheric and Space Technology Research Associates (ASTRA’s) CASES
receivers can also measure amplitude and phase scintillation (Crowley et al., 2011; O’Hanlon et al.,
2011). There are thousands of ground-based GPS receivers located across the United States and North
America operated by federal, state, and local agencies, as well as private companies. Derived ionospheric
data from many of these systems allow monitoring of the ionosphere, and these data could in turn be used
for specification of the ionosphere-induced errors in the positioning and timing information that would be
provided by the standard GNSS receivers in common use. Coster and Komjathy (2008) provided a brief
history of GNSS development and its application to space weather measurements. In the sections below,
we describe some of these GPS-derived TEC and scintillation measurements.

3.1 TOTAL ELECTRON CONTENT

The speed and propagation path of the GNSS signals in the ionosphere depend upon the number and
distribution of free electrons in the path, or Total Electron Content (TEC). Changes in the TEC result in
variable time delays in the signal propagation due to refraction. Space weather disturbances can cause
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the ionospheric electron density profile and the corresponding TEC to vary in a variety of different
ways and on different time scales. Many GNSS receivers utilize the Klobuchar ionospheric model
(Klobuchar, 1987) to account for the additional delay due to ionospheric TEC. However, during intense
solar and geomagnetic disturbances, the Klobuchar ionospheric model is inappropriate and can result
in increased Positioning Navigation and Timing (PNT) errors particularly for single frequency GPS
receivers. The PNT corrections are discussed in more detail in Section 6 of this chapter.

To support the GPS user community, various groups provide maps of TEC in real-time (e.g., Fuller-
Rowell, 2005). These products often use ionospheric data assimilation models and ingest ground-based
GPS data from across the United States, Canada, and Mexico to produce 2D maps of TEC. These maps
can, in principle, be used to estimate the GPS signal delay due to the ionospheric TEC between a
receiver and a GPS satellite. This delay can then be translated into GPS positioning error. However,
this processing is non-trivial. TEC maps can be characterized in terms of RMS error and provide quan-
titative information about the delays. This is similar for the WAAS system, which uses a similar
approach (see detailed discussion in the accompanying chapter by Mannucci and Tsurutani).

LOW-LATITUDE SCINTILLATION

One of the often observed impacts of ionospheric irregularities on RF communication and navigation
systems is scintillation. Ionospheric scintillation is a rapid temporal fluctuation in amplitude and/or
phase of a GNSS signal due to the presence of ionospheric irregularities (Kintner et al., 2007). These
rapid fluctuations can be represented by computing indices called S4 and sigma-phi (Van Dierendonck,
1999). S4 and sigma-phi are computed as the normalized standard deviation of the intensity and stan-
dard deviation of the phase, respectively, over some defined time interval (typically 60 or 100 s). The
refraction and diffraction effects cause group delay, phase advance, and constructive/destructive inter-
ference of the radio signal as it interacts with electron density structures in the ionosphere. Scintilla-
tions are produced when a radio wave propagating through the ionosphere undergoes diffraction due to
irregularities with scale sizes less than the Fresnel length (Lp= (2/12)]/ 2, where 1 is the wavelength and z
is the distance from the irregularity to the receiver). For the GPS L1 frequency (1.5 GHz) the Fresnel
length is on the order of 350 m at 350 km altitude. Scintillations, when intense, can produce message
errors in satellite communication systems and may result in outages or degradation of accuracy in
GNSS navigation systems. The occurrence of scintillation depends on the local time, season, solar
and magnetic activity and magnetic latitude. Scintillation is most intense at low latitudes (magnetic
equator and Appleton Anomalies), and at high latitudes (Aarons, 1982, 1993; Basu and Basu, 1985;
Kersley et al., 1988; MacDougall, 1990; Alfonsi et al., 2011).

In the equatorial regions, ionospheric irregularities can occur on a daily basis causing severe scin-
tillations, and especially amplitude scintillation. Here, fades at L-band can exceed 30 dB and are more
severe at lower frequencies. Fig. 3 compares the carrier-to-noise ratio of scintillating and non-
scintillating signals recorded simultaneously in Brazil from two GPS satellites, PRN 21 (blue curve)
and PRN 25 (green curve). The received power of the scintillating PRN 21 signal varies by more than
40 dB. These fades can cause loss of GPS receiver tracking lock, increase cycle slips, lengthen acqui-
sition times, decrease PNT accuracy, and in severe cases, cause loss of navigation if multiple satellites
are affected simultaneously. For typical GPS receivers, tracking normally fails below 26 dB-Hz. At
UHF frequencies, scintillations are even more severe and can interfere with satellite communication
networks. Thus, GPS scintillation can serve as an index for disruptions of UHF satellite
communication links.
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FIG. 3

Comparison of scintillating (PRN 21) and non-scintillating (PRN 25) signals using data taken with ASTRA
CASES GPS receiver in Brazil

Low-latitude scintillation is associated with Rayleigh-Taylor instabilities that occur when the east-
ward electric field is enhanced and irregular plasma density depletions are generated on the bottom-side
of the nighttime equatorial F region, which then rise to higher altitudes (e.g., Basu et al., 1978; Kelley,
1989; Fejer et al., 1999). The probability distribution of amplitude scintillations at low latitudes with
values in excess of S4 =0.5 is highest during the post-sunset to midnight local time sector (e.g., Rama
Rao et al., 2009; Steenburgh et al., 2008). Using 7 years of data, Steenburgh et al. showed that low-
latitude scintillation tended to maximize at the equinoxes, and showed a strong correlation with the
solar cycle.

The impact of geomagnetic storms on low-latitude amplitude scintillations remains a topic of active
research. Several studies have suggested that geomagnetic storm activity will inhibit the occurrence of
ionospheric irregularities and corresponding scintillations during the storm periods (Aarons, 1991;
Abdu et al., 1995, and the references therein). However, studies by Basu et al. (2001a,b); and
Tulasi Ram et al. (2008) have shown that in the longitude sector where the main phase of the magnetic
storm happens to coincide with local sunset period, there is a greater probability that the storm-induced
electric fields will enhance the post-sunset vertical drifts at the equator, resulting in conditions condu-
cive for the onset of irregularities and ionospheric scintillations.

HIGH-LATITUDE SCINTILLATION

High-latitude studies generally show that phase scintillation can be severe, but that the amplitude scin-
tillation tends to be small. There are multiple physical causes of the ionospheric irregularities that pro-
duce high-latitude scintillation, and not all are well understood. Both high-latitude particle precipitation



562 CHAPTER 23 GPS IMPACTS OF EXTREME IONOSPHERIC STORMS

and convection dynamics can lead to plasma irregularities that cause scintillation of satellite signals.
High-latitude GPS phase scintillation studies have shown that the variation in their occurrence rate is
controlled by various factors including season and magnetic activity (Kinrade et al., 2013; Prikryl
etal., 2011, 2013a,b). The main ionospheric regions that are affected by scintillation are the nightside
auroral oval, the cusp/cleft on the dayside and the polar cap (Coker et al., 1995; Aarons, 1997; Aarons
etal., 2000; Basu etal., 1995; Spogli et al., 2009). Using the Canadian High Arctic Ionospheric Network
(CHAIN) of GPS receivers, Prikryl et al. (2010) has suggested that GPS phase scintillations are largest in
the nightside auroral oval. The characteristics of the nightside phase scintillations have been shown to be
significantly different from those of the dayside (cusp) ionosphere. Loucks et al. (2017) compared the
climatology of phase scintillation measured in Alaska versus other sites, and pointed out the differences
between auroral sites versus higher magnetic latitude polar cap sites.

To provide space weather services to GPS users and to initiate a detailed investigation of high-
latitude scintillation ASTRA deployed a number of their CASES GPS receivers in Alaska, which have
been operational since November 2012. These dual-frequency receivers form a longitudinal chain
extending from Kaktovik to Anchorage in Alaska, and measure total electron content (TEC) and scin-
tillation parameters, providing real-time data to users. The data and results are particularly valuable
because they illustrate some of the challenges of using GPS systems for positioning and navigation
in an auroral region such as Alaska.

Fig. 4 compares the GPS phase measured by a CORS receiver (upper panel) in Alaska, versus an
ASTRA CASES receiver (middle panel). The CASES receivers are designed with special tracking
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FIG. 4

Phase measurements from CORS receiver (upper panel) and CASES receiver (middle panel) for Day 76,
2013. Lower panel shows phase scintillation index measured by CASES receiver.




3 THE IONOSPHERE 563

loops to provide resilience against loss of lock during strong scintillation events, and the middle panel
indicates a gradual phase change with no loss of lock. In contrast, the CORS receiver (upper panel)
exhibited frequent and sustained loss of lock at this time. The lower panel illustrates the scintillation
level measured by the CASES receiver, and reveals the cause of the loss of lock on the CORS receiver.
Loss of lock tends to occur for the CORS receiver when the scintillation index is elevated. The CASES
GPS receiver is specifically designed for monitoring and measuring ionospheric scintillations. It uti-
lizes specialized tracking loops designed for operation in both weak-signal and scintillating environ-
ments. The incorporation of these tracking loops allows the CASES GPS receiver to provide
continuous phase tracking in a scintillating environment when other GPS receivers might suffer from
loss of lock.

Data from the ASTRA CASES receivers include carrier-phase and pseudo-range measurements
of the L1 (f; =1.57542 GHz) and L2 (f, =1.22760 GHz) GPS signals at 1 Hz. Fig. 5 shows the varia-
bility of the phase scintillation index, sigma-phi, measured by receivers in Alaska. Fig. SA-D shows
phase scintillation activity on November 13, 2012, from four stations in the CASES Alaskan chain.
The four receivers shown here are located at sites in Kaktovik (70.1 degrees N, 143.6 degrees W),
Fort Yukon (66.6 degrees N, 145.2 degrees W), Poker Flat (65.1 degrees N, —147.4 degrees W), and
Gakona (62.4 degrees N, —145.2 degrees W). The Kp index is plotted in the lower panel (Fig. 5F)
showing that for most of the day the geomagnetic activity was low. In general, moderate phase
scintillation was present on November 13, 2012. The scintillation strength during this period is larg-
est at Kaktovik and Fort Yukon, and shows a latitudinal dependence with the southernmost receiver
recording the smallest phase scintillation. In Northern Alaska, scintillation will be a frequent prob-
lem due to the omnipresence of the aurora, versus southern Alaska where it will occur predominantly
near midnight.

Poker Flat Research Range (PFRR) operates a meridian spectrograph to observe the location and
intensity of key auroral emissions. Fig. 5 (panel-E) shows the corresponding auroral activity on
November 13, 2012, measured by the PFRR meridian spectrograph. The imaging spectrograph maps
a meridian slice of the sky aligned to the local magnetic meridian from horizon to horizon onto a
reflection grating and collects the 2-D (spectral x spatial) images at a 15-s cadence. Auroral emission
intensities at 630.0 nm, are shown in panel-e of Fig. 5. This was geomagnetically a moderately quiet
day, and most of the auroral activity was observed poleward of Poker Flat at 65 degrees N. The
Meridian Spectrograph data show that auroras were generally confined to higher latitudes early in
the day (2-5 UT), corresponding to the larger scintillation levels observed at the more northerly
GPS sites, versus the lower latitudes. At about 67 UT, the auroral brightness is concentrated near
67 degrees (Fort Yukon), and there is a corresponding spike in the GPS scintillation at Fort Yukon
at that time. At about 15 UT, there is a brightening of the aurora across all latitudes in Alaska, and
the GPS scintillation levels at all four sites increase. We did not have meridian spectrograph data after
17 UT because of the daylight, and therefore we could not ascertain whether the later scintillation
increases were correlated with auroral intensity.

ASTRA uses the CASES GPS receiver measurements to create maps of phase-scintillation in
real-time (http://cases.astraspace.net/alaska_sigphi.html). Fig. 6 shows the map of Alaska with phase
scintillation superposed. Each panel represents 3 h of data from 9—12 UT. The arcs indicate motion of
the ionospheric pierce-point during the 3 h, and the colors indicate scintillation intensity. The left panel
is typical of quiet conditions, while the right panel is indicative of active conditions. We note that a
relatively modest array of GPS receivers can map large regions of scintillation.
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Phase scintillation index measured by the CASES GPS receiver from (A) Kaktovik, (B) Fort Yukon, (C) Poker Flat,
and (D) Gakona on November 12, 2012. (E) 630.0 nm (red line) auroral emissions from meridian scanning
photometer; (F) 3-h Kp index. The keogram data is shown as a function of geographic latitude and UT. The
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FIG. 6
Real-time maps of ionospheric scintillation over Alaska using ASTRA’s CASES GPS receivers.

Fig. 7 shows the climatology of phase scintillations measured by three of the Alaskan CASES re-
ceivers as a function of solar local time (SLT) from November 9, 2012 to February 26, 2016. The cli-
matology is computed by binning phase scintillation data into 30-min segments for each day of
observations. To minimize spurious scintillations due to multipath effects we use an elevation mask
of 20 degrees to compute the climatology. The most northerly receiver site, Kaktovik, AK shows
the most intense phase scintillation while Poker Flat, which is the southernmost site in the figure,
on average has the smallest phase scintillation values. Phase scintillations at Kaktovik show a prepon-
derance of large values near midnight around 1000 UT (or 2300 MLT/0100 SLT). Comparison of phase
scintillation measurements from the CASES receiver stations in the Alaska GPS chain reveals two
main findings: (1) Severity of phase scintillation decreases with decreasing latitude and (2) largest
phase scintillations occur near magnetic midnight (Azeem et al., 2013).

IONOSPHERIC STRUCTURES EVIDENT IN TEC DATA
STORM ENHANCED DENSITIES, PATCHES AND BLOBS

Although the ionosphere at mid-latitudes is generally more benign than in other regions, a number of
significant perturbations can occur there. In the sub-auroral region, large-scale structures like Storm
Enhanced Densities (SEDs) and tongues of ionization can be present. These are enhanced plumes
of electron density typically 500-1000 km in width that are transported into the polar cap where they
are broken up into patches and blobs. Polar cap patches are localized enhancements in ionospheric
density which originate from solar EUV ionization on the dayside, enter the polar cap at the dayside
cusp, drift anti-sunward with the plasma convection at up to 1-3 km/s velocities, and then exit the polar
cap near midnight to merge with sunward returning flow patterns. There is evidence that sometimes
particle precipitation in the cusp or aurora may also play a role in enhancing the electron density.
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Maps of 30-min averaged phase scintillation index over nearly 4 years from 2012 to 2016, shown as a
function of Local Time (LT) and day for (A) Kaktovik, (B) Fort Yukon, and (C) Poker Flat. (On the time axis,
S =September, D=December, etc.)

Crowley (1996) defined polar cap patches as plasma structures with a horizontal extent of at least
100 km and a plasma density of at least twice the density of the surrounding background plasma.
Crowley et al. (2000) developed a plasma trajectory analysis code that used high-latitude convection
patterns and plasma drift velocities obtained from the Assimilative Mapping of Ionospheric Electro-
dynamics (AMIE) algorithm. They showed that long thin strands of ionospheric F-region plasma are
convected from the dayside, reorganize into quasi-circular patches over the polar cap due to the dif-
ferential flows in the convection pattern, and then exit the polar cap as long thin strands known as
“blobs.” The trajectory code was later used with AMIE to analyze different events, and to identify
and track measured patches of F-region plasma as they traversed the polar cap from the dayside to
the nightside. These studies showed that the AMIE convection pattern has sufficient fidelity to specify
the trajectory of plasma over the polar cap, while at the same time there is enough data for ionospheric
electron density assimilation codes to specify the plasma distribution and its evolution with time.
Fig. 8 shows an example of SEDs, polar cap patches, and blobs derived from ASTRA’s ionospheric
electron density assimilation code. The figure shows AMIE potential patterns plotted over the southern
hemisphere plasma densities (color-scale) in geographic coordinates for four selected UTs during the
SED growth and decay. Each panel is labeled with its corresponding time and the color-scale appears at
the bottom right. The AMIE electric potential contours are labeled in units of kiloVolts. The outer pe-
rimeter of each map corresponds to 37 degrees S geographic latitude, and a black line with a red “X”
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FIG. 8

Time evolution of the southern SED feature in electron density (color map) with AMIE potential patterns
overlapped (line-contours). Results from ASTRA’s assimilation algorithm are shown in geographic coordinates
with the DICE orbit shown (red cross indicates precise DICE location at that UT). The assimilation includes
data from 4559 ground-based TEC receivers, five radio occultation satellites, 3 beacon satellites combined

with 32 beacon ground-stations, and 9 topside TEC instruments.

symbol indicates locations of ASTRA’s DICE Cubesat (Fish et al., 2014) at this UT. By 18:15 UT
(panel B) the SED plume was well developed, and a “tongue” of ionization extended from the Antarctic
Peninsula near 14 LT, and between the two convection cells in the noon sector.

By this time, enhanced plasma densities appear to have been carried across the polar cap by con-
vection, and are visible all the way into the midnight sector. A very similar structure was present at
19:45 UT (panel C), and the mid-latitude end of the SED has rotated towards a solar local time of
16 LT. By 21:30 UT the SED feature appears to originate closer to 18 LT, and wraps halfway around
the dusk convection cell.
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The SED in Fig. 8 occurred in the American longitude sector, and we note that SEDs do not seem to

be as prevalent in other longitudes. SEDs regularly occur over the northern United States and Canada,
but not in Europe, for example. Foster and Coster (2007) showed that SEDs can occur in conjugate
hemispheres in the American sector. We do not understand exactly what causes SEDs, and we can only
predict their occurrence and location on a statistical basis, therefore features like the SED and their
effects on radio systems speak to the need for a better understanding of ionospheric variability and
structure, and ultimately the need to predict its behavior more accurately.

SEDs seem to be associated with the occurrence of Sub-Auroral Plasma Streams (SAPS), which are
regions of enhanced electric field. Observational data covering two solar cycles (1979-2000) from the
Millstone Hill incoherent scatter radar have been used to study SAPS. The data show that there is a
linear relationship between the MLT and the average magnetic latitudes (i.e., geomagnetic coordinates)
in which SAPS are observed, indicating that SAPS are predominately an early evening/pre-midnight
phenomenon (Foster and Vo, 2002).

Fig. 9 shows a map of North America with superposed the Foster and Vo (2002) magnetic latitude of
the peak polarization stream as a function of magnetic local time (MLT) for several Kp values, from
Kp=4 to Kp=7. Kp=3 corresponds to moderately disturbed geomagnetic conditions. The figure
indicates that SAPS and therefore SEDs would not generally occur at latitudes south of Washington
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Average SAPS characteristics applied to the U.S./Canadian region.
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DC, although the dramatic low-latitude plasma enhancements associated with storms and SEDs occur
at latitudes down to Florida and the Caribbean during Superstorm events, as indicated in Fig. 13.
For completeness, we note that in the northern hemisphere Asian sector, SAPS and SEDs will occur
at much higher geographic latitudes than in the United States because of the offset between the geo-
graphic and geomagnetic poles.

TRAVELING IONOSPHERIC DISTURBANCES

Again, although the mid-latitude ionosphere is generally considered benign, there is another type of
disturbance called a Traveling Ionospheric Disturbance (TID) that can be present at almost all times
and all latitudes. TIDs are propagating perturbations in the ionospheric electron density that can be
detected by a number of different instruments, including ionosondes, GNSS receivers, incoherent scat-
ter radars, and HF Doppler systems. Signatures of quasiperiodic structures detected by optical systems
observing nighttime airglow emission were also linked to the occurrence of TIDs. The TID disturbance
is driven by propagating acoustic gravity waves (AGWs) that perturb the ionospheric electron density.
Based on their phase velocity and wave period, AGWs and classical TIDs are often classified into me-
dium and large-scale waves. Some coarse guidelines on the properties of these two groups are sum-
marized in Table 1. The large-scale gravity waves are generated by auroral sources. There are
many sources of Medium Scale waves, including the aurora and several lower atmosphere sources in-
cluding ocean waves, tsunamis, explosions, weather fronts, thunderstorms, and winds blowing over
topography. Both LSTIDs and MSTIDs are thought to impact operational HF systems, and are gener-
ally considered to be the largest source of uncertainty in predicting the behavior of HF systems. Not
shown in the Table are acoustic waves, below the Brunt-Vaisala period, as they are not thought to affect
HF systems significantly.

TIDs and the underlying AGWs play a critical role in driving the day-to-day variability of the ion-
osphere. Theoretical understanding of upward AGW propagation in the atmosphere (Vadas and Crowley,
2010, 2017) suggests that while small spatial scale GWs are confined to below the stratopause, the me-
dium and large scale AGWs have appropriate characteristic amplitudes and phase velocities to allow
them to penetrate into the mesopause and ionosphere. The signature of an AGW in the ionosphere is
manifested as oscillations of the ionospheric electron density resulting in a TID (Crowley and
Williams, 1987; Crowley et al., 1987; Crowley and McCrea, 1988). The electron density perturbations
are caused by AGWs via ion-neutral collisions (Hines, 1960; Hooke, 1968; Hocke and Schlegel, 1996).

Because of the variability of TIDs, we are unable to predict their occurrence even on a statistical
basis. This variability arises from the multiple sources of gravity waves in both the troposphere and
thermosphere, and the variability of the medium (background winds and temperature) through which
they propagate. To add to the difficulty, both the gravity wave sources and the atmospheric medium
vary with latitude, local time, and season.

Table 1 Typical properties of medium and large-scale AGWs/TIDs
Period Vy (m/s) Ag (km)

Medium scale 10-30 min 50-300 100-300
Large scale 0.5-5h 300-1000 300-3000
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FIG. 10

Radio reflection surface perturbed by five TID components measured simultaneously by the TIDDBIT TID
Mapping System, and extrapolated out to several hundred kilometers of horizontal distance to show the wave
structure clearly. Color scale represents height perturbations from —10 km to +10 km, Consecutive frames
can be viewed as a movie showing TIDs propagating with time.

TIDs and their effects on radio systems speak to the need for a better understanding of their mor-
phology and climatology, and ultimately the need to predict their behavior more accurately. Before such
a climatology can be constructed, more measurements of TIDs are needed, like those shown in Fig. 10
using systems like ASTRA’s TIDDBIT Mapper, which provide continuous detailed TID information
(Crowley and Rodrigues, 2012). The completeness of the wave information obtained from the TIDDBIT
system (amplitudes, horizontal phase speeds, wavelengths, and propagation direction, vertical phase
speeds all as a function of wave period) makes it possible to reconstruct the vertical displacement of
radio reflection surfaces over the 200-km horizontal dimension of the sounder array. Fig. 10 illustrates
a reconstruction of the TIDs/tilts for a given radio reflection surface, measured by ASTRA’s TIDDBIT
HF Doppler sounder array operating in Virginia, and reveals ionospheric corrugations caused by TIDs.
In this figure, the wave field is comprised of five (5) wave components traveling in slightly different
directions and with different speeds and wavelengths. The figure shows height perturbations of up to
10 km caused by the superposition of multiple TIDs. The resulting pattern resembles the surface of
the ocean. Radio raytracing permits the effects of TIDs on operational systems to be explored. The
amplitude of the TIDs depends on their source, propagation conditions, and damping factors, all of
which can be difficult to determine. There is no useful F-region TID climatology at the present time
that could be used to predict TID periods, amplitudes, speeds and directions at a given location.
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Therefore, any operational requirement for TID information means the TID characteristics have to be
measured at the required location.

While TIDDBIT provides the height perturbations of a given reflection surface, we often need to
extend this to specify the ionospheric perturbations due to the TIDs at other altitudes. A number of
approaches may be considered in order to extend the waves throughout the ionosphere. In practice,
waves propagate with both horizontal and vertical velocity components that vary from one wave to
another. Long period waves generally propagate more horizontally, while shorter period waves prop-
agate more vertically. The TIDDBIT sounder, operating on two frequencies, can measure the vertical
speed as a function of wave period. Therefore, the TIDDBIT system enables specification of both the
vertical and horizontal components of wave velocity as a function of wave frequency.

Increasingly TEC measurements from networks of GPS receivers are being used to identify TIDs,
and then to characterize the TID spectrum and propagation characteristics (Tsugawa et al., 2011;
Nishioka et al, 2013; Crowley et al., 2016). Fig. 11 shows an example of medium scale TIDs seen
in GPS TEC over the continental United States. When analyzed sequentially in time, these maps of
TEC perturbations reveal that the TIDs were propagating towards the south-east for several hours.
The right-hand panel in Fig. 11 shows a close-up of the TEC perturbations over Florida, where the
phase-front alignment is clear.

In recent studies, ASTRA has used 5000 dual-frequency GPS receivers distributed throughout the
United States to map TEC perturbations caused by TIDs (Azeem et al., 2015a,b; Crowley et al., 2016;
Azeem et al., 2017), as shown in Fig. 11. Fig. 12 illustrates how the technique allows “imaging” of a
wide range of TIDs including those caused by a tsunami, a thunderstorm, and auroral activity during a
geomagnetic storm. Spectral analysis of these images can provide the TID frequency spectrum,
horizontal phase velocities and corresponding wavelengths. We refer the reader to Azeem et al.
(2017) for a detailed description of GPS TEC data processing used to create the TID maps shown
in Figs. 11 and 12.
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FIG. 11
Maps of GPS-TEC perturbations reveal the presence of propagating waves across the United States.
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FIG. 12

GPS-TEC maps of TIDs generated by a tsunami (/eft panel), thunderstorm (middle panel), and auroral
perturbations (right panel).

EVENT STUDIES FOR LARGE IONOSPHERIC STORMS

The most extreme storm on record was the Carrington event of 1859, which was described by Tsurutani
et al. (2003). Unfortunately, there were few measurements available at the time, but newspapers
reported fires in railway signals and telegraph wires due to the strong electrical currents induced in
these long conductors. There was also an extreme event in 1921, and these two extreme events are
described in more detail elsewhere in this book.

The Carrington event of 1859 was several times more intense than anything we have recorded in the
space age (Ngwira et al., 2013). The impact of such an event today is difficult to imagine, but the most
likely impact would be on the electrical grid due to the presence of long conductors. At the same time,
the GPS satellites may find themselves outside of the protection of the magnetosphere, and subject to
more radiation than normal, possibly causing problems with the satellite electronics. Finally, the ion-
ospheric effects on GPS receivers could be significant. In the Carrington event, aurora sightings were
reported as far south as Florida and the Caribbean, thus we would expect to see phase scintillation at
most latitudes.

The largest ionospheric storms of the past 20 years occurred in October and November 2003, and in
November 2004, when relatively few GPS receivers were deployed. We here describe TEC effects
measured during the Halloween Storm of October 2003 to indicate the kind of effects likely to be ex-
perienced during extreme events. There have also been a number of papers published describing some
of the GPS measurements obtained during these and other Super Storms, and we summarize some of
those papers below.

The global thermospheric and ionospheric responses to the three superstorms mentioned above all
had similarities. Specifically, the deposition of energy at high latitudes caused upwelling of the ther-
mospheric gases, with nitrogen-rich air depleting the high-latitude ionospheric electron densities, and
oxygen-rich air enhancing the low-latitude ionosphere. For the November 20, 2003, storm, these global
effects were described by Meier et al. (2005), and by Crowley and Meier (2008).

Superposed on these global changes, in each superstorm were large SED events that created mas-
sively enhanced TEC values over the United States and Canada. Fig. 13 depicts the TEC distribution
derived from ASTRA’s ionospheric electron density assimilation code for two SEDs in October 2003.
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TEC distribution for the SEDs that occurred at 21.15 UT on (/eft) Day 302, 2003, and (right) 21.15 UT on Day 303,
2003. These maps are generated by ASTRA’s ionospheric electron density assimilation package. The assimilation
includes data from 1200 ground-based TEC receivers, two radio occultation satellites, 5 beacon satellites
combined with 41 beacon ground-stations, 5 topside TEC instruments, 23 ionosondes, and 3 DMSP satellites
measuring in situ electron density.

These SEDs occurred on Day 302, 2003 between 20:00 to 24:00 UT (left panel), and on Day 303,
2003, between 20:00 to 24:00 UT (right panel). In each case, there is a region of enhanced mid-
latitude plasma that reaches as far north as the U.S.-Canada border, and emanating from that location
is a plume of plasma heading into the polar cap as a tongue of ionization that then is broken up into
patches and blobs.

Fig. 14, shows the corresponding TEC values for PRNO7 derived from eight (8) GPS receivers in the
United States between 21:00 and 24:00 UT for each day. The receiver sites are more or less evenly
spaced about 100 km apart every ~3 degrees longitude from —116.3 degrees to —94.7 degrees.
The GPS receivers are at latitudes of 43 degrees to 47 degrees north. In the left-hand panel, the
TEC reached values of about 160 TECU, and in the right panel, TEC reached about 230 TECU. How-
ever, what is remarkable is that even though they were all observing GPS signals from the same satellite
(PRNO7) at any given UT, the range of TEC values observed from these eight sites differed dramat-
ically leading to gradients of about 70 TECU per hundred kilometers which existed for several hours.
Similar effects were reported by Mannucci et al. (2008) for the November 20, 2003, storm, who showed
an example of severe ionospheric gradients in the mid-Atlantic region of the United States, as dem-
onstrated by rapidly changing ranging errors (as a function of time), corresponding to about 200 TECU.

An online search reveals dozens of scientific and engineering studies that have reported on the TEC
and scintillation environments of the three Superstorms considered here, as well as many other smaller
storms. It is not possible to list all of them here, but the studies mentioned below can be considered
representative of the types of effects that might be expected from an extreme event like the Carrington
event, although we are reminded that the Carrington event was much more extreme than the three
Superstorms of the past 15 years.
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TEC values from the 2003 Halloween Storm, measured from GPS receivers in the continental United States,
located at longitudes of —116.28, —113.24, —111.53, —107.00, —103.27, —100.82, —97.96, —94.72 in a band
of latitudes from 43 degrees to 47 degrees north. Only signals from PRNO7 were used to construct this figure.

OCTOBER 2003

Mannucci et al. (2005) studied the dayside ionospheric TEC response to the storm. Mannucci et al.
(2014) investigated the effect of the IMF By component on the TEC response. Mannucci et al.
(2008) compared the TEC response of all three superstorms listed here. Rao et al. (2010) compared
the measured TEC against the TEC from the IRI model as preparation for development of the Indian
SBAS system known as GPS Aided GEO Augmented Navigation (GAGAN). Bergeot et al. (2011)
studied TEC variations and their impact on kinematic GPS positioning in Europe. Filjar et al.
(2008) demonstrated significant vertical and horizontal positioning errors in Croatia during the storm.
Mitchell et al. (2005) studied GPS TEC and scintillation measurements from the polar ionosphere.
Bonelli (2008) studied scintillation in the Brazilian sector for several of the largest storms and found
that scintillation is often inhibited during storms because of the westward electric field caused by the
disturbance dynamo. Evans et al. (2004) described various impacts and operational challenges that oc-
curred during the October 2003 time period.

NOVEMBER 2003

Meier et al. (2005), and Crowley and Meier (2008) described the development of the storm and used
full physics models to explain the global changes occurring in the thermosphere and ionosphere. Kil
et al. (2011) described the global TEC variations and their relationship to thermospheric composition.
Astafyevaetal. (2014) described loss of lock and cycle slips from a global distribution of GPS receivers
during four magnetic storms, including the November 2003 storm, and found that the loss of lock tends
to peak during the maximum displacement of the geomagnetic Dst (or SYM-H) index.
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NOVEMBER 2004

Mannucci et al. (2009) described the local time dependence of the prompt ionospheric response and
TEC for the November 7, 9, and 10, 2004, superstorms. Rama Rao et al. (2009), demonstrated adverse
effects on GPS, including phase slips, loss of lock, and range delay inferred from TEC in the Indian
sector. Li et al. (2009) presented GPS TEC measurements of the November 2004 Superstorm in South
East Asia. They found intense scintillations from low to middle latitudes in the Japanese sector during
the second main phase (Nov. 10) of the storm, although the Chinese sector had no scintillation lower
than 20 degrees latitude. Meggs et al. (2006) showed that the relationship between scintillation and loss
of lock in northern Scandinavia depended on the receiver type.

Other large storms include the 2015 St. Patrick’s Day Storm, which was the first storm of Solar
Cycle 24 to reach a level of "Severe" on the NOAA geomagnetic storm scale (Wu et al., 2016).
Astafyevaetal. (2015) and Carter et al. (2016) studied the global variation of plasma bubble occurrence
during the storm. Jacobsen et al. (2016) provide an overview of scintillation in Norway, and its con-
sequences for RTK and PPP positioning. Cherniak et al. (2015) and Prikryl et al. (2016) found that GPS
phase scintillations were enhanced at the edge of the auroral region. Heine et al. (2017) identified
small-scale irregularities along the poleward edge of the SED plume. Nayak et al. (2017) report that
scintillation was suppressed in the Taiwanese sector on the storm day due to a reduced pre-reversal
enhancement (PRE) in the eastward electric field, in contrast to the Indian sector, where both the
PRE and scintillation were enhanced. A number of papers have described the ionospheric response
in the Indian and Asian sectors (Ramsingh et al., 2015; Kakad et al., 2016; Nava et al., 2016;
Tulasi Ram et al., 2016; Spogli et al., 2016). A special issue of Space Weather Journal was published
in 2017 describing the responses to the St. Patrick’s Day storms in 2013 and 2015 (Zhang et al., 2017,
and references therein).

SYSTEM EFFECTS OF IONOSPHERIC STORMS

Because of its plasma properties, the ionosphere interacts with a broad range of electro-magnetic waves
at frequencies that are important to civilian and military activities. lonospheric “space weather” is one of
the largest sources of error in Positioning, Navigation, and Timing (PNT) applications that use the Global
Navigation Satellite System (GNSS) satellite constellations, including the U.S. government’s GPS sys-
tem. These space weather effects are important because GNSS signals are used by millions of people
for positioning, navigation, and timing in a plethora of industries, including surveying, oil and mineral
exploration, agriculture, construction, airlines, and the power industry (e.g., Hapgood, 2017).

In 2013, the U.K.’s Royal Academy of Engineering (Cannon et al., 2013) drafted a comprehensive
report detailing the impacts of extreme space weather on engineered systems and infrastructure, includ-
ing GNSS applications. As might be expected from the previous sections of this chapter, the main im-
pacts will arise from TEC gradients and scintillation. Cannon et al. (2013) broke down the GPS-related
infrastructure into different segments that will be impacted in different ways: single frequency re-
ceivers, dual frequency receivers, and augmented navigation systems.

o Single-frequency GPS receivers are now commonly used in automobile navigation systems and
smart phones sold today. The single-frequency GPS receivers often operate on the L1 frequency,
and their navigation accuracy is limited by ionospheric path delay. Earlier studies (Klobuchar,
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1987) proposed a correction method to mitigate this delay using an empirical ionospheric model.
Among the various models reported in the literature, the Klobuchar model is the one employed
in most GPS receivers, and it makes use of eight broadcast coefficients (Klobuchar, 1987).

As noted above, during intense solar and geomagnetic disturbances, the Klobuchar ionospheric
model is inappropriate and will not be an accurate representation of the ionospheric TEC, resulting
in increased PNT errors for single frequency GPS receivers. Cannon et al. point out that scintillation
will add to the problem, because loss of signal from several satellites may result in greater
dilution of precision, thus position errors of hundreds of meters may result, and there could even be
a complete loss of positional and navigational solutions.

* Dual-frequency GPS receivers are an essential component of the precise position and timing
services that are widely used in maritime and aviation navigation, surveying, agriculture, oil and
mineral exploration, and banking industries. Dual-frequency GPS receivers require no modelling
of the ionosphere because the availability of two signals, which have undergone the same
ionospheric effects, is exploited to provide a direct measurement of TEC and a corresponding
correction for ionospheric path delay. In the absence of measurement errors, the first-order
ionospheric delay can be cancelled via a linear combination of the L1 and L2 pseudorange
measurements (Misra and Enge, 2011). Thus, even in the presence of ionospheric electron density
gradients, the dual-frequency receivers should remain operational. However, in an extreme event, it
is likely that loss of signal from several satellites due to scintillation (e.g., Pi et al., 2017) will
result in greater dilution of precision, large position errors and possibly complete loss of positional
and navigational solutions. In an extreme event, Cannon et al suggest dual-frequency receivers
may provide only a slight improvement over single frequency technology.

o Augmented navigation systems are designed to facilitate higher cadence aircraft landings by
providing improved positioning and navigation capabilities. The FAA’s Wide Area Augmentation
System (WAAS) (Enge et al., 1996; Sparks et al., 201 1a,b; ) augments the GPS system with the goal
to improve accuracy, integrity and availability. It enables aircraft to rely on GPS for all phases
of flight, but especially landing. WAAS consists of a network of ground-based reference receivers
that measure TEC and compute a “deviation correction” (Loh et al., 1995). These measurements
are routed to Master Stations, and the deviations are transmitted up to dedicated WAAS
satellites in geostationary orbit every 5 s. In turn, the satellites broadcast the corrections back to
Earth, where WA AS-enabled receivers onboard aircraft can utilize corrections while computing
their positions to improve accuracy. The accuracy goal of WAAS is 25 ft (vertical and
horizontal positioning) or better for 95% of the time. Typically, accuracies are better than 3 ft
both vertically and horizontally. Various countries are deploying their own WAAS-equivalent
SBAS (Satellite Based Augmentation Systems) systems, including Brazil and India.

When strong gradients in the electron density occur, as during SED events, the WAAS system recog-
nizes the situation and notifies users not to rely on it for precision navigation until the gradients have
disappeared and the situation has returned to normal. Other differential systems, including those used
for precision agriculture are similarly susceptible to ionospheric gradients, although many of them will
warn users of the loss of integrity.

Cannon et al. (2013) point out that during the October 2003 Halloween Superstorm, while vertical
navigation guidance from WAAS was unavailable for 30 h, horizontal guidance was continuously
available, and the WAAS system worked exactly as planned by increasing the error bounds at the
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Typical WAAS display showing a map of the Horizontal Protection Level (HPL). HPL is the radius of a circle in the

horizontal plane (the plane tangent to the WGS-84 ellipsoid), with its center being at the true position, which

describes the region that is assured to contain the indicated horizontal position. It is based upon the error
estimates provided by WAAS.

affected locations. The magnitude of the October 2003 storm led to large TEC perturbations that came
close to creating a hazardous situation for users, which necessitated the development of an "extreme
storm detector" that has since been implemented in WAAS. This is discussed in more detail in the ac-
companying book chapter by Mannucci and Tsurutani (Fig. 15).

Figs. 11 and 12 depicted various TID structures seen in GPS TEC data over the Continental United
States (CONUS). These TIDs in TEC data have spatial scales with a horizontal wavelength of 100 km to
3000 km, and periods of 10 min to several hours. These perturbations propagate at speeds of 50 to
~700 m/s. It is noteworthy that these TID speeds are similar to aircraft speeds, and the possibility exists
that a TID and an airplane could be traveling in the same direction and at the same speed, so that the GPS
receiver on the airplane “sees” a constant offset of TEC, and therefore height relative to the fixed ground
systems surrounding an airport. If the TEC amplitude is large enough, the height difference between the
airplane and ground-receiver could be significant enough to cause some danger. While this geometry is
clear for a TID, the same problem arises for any phenomenon that causes the delay seen by the ground
station to be significantly different from that seen by the airplane. Hence, SEDs and tongues of ioni-
zation that gradually move across the United States have the potential for steep TEC gradients that
could similarly trigger the aforementioned situation. Clearly this is a potential problem for aircraft.
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With sufficiently localized gradients, hazardous conditions could be created, as almost occurred after
the storm of October 30, 2003. In the Chapter 20 of the same volume, Mannucci and Tsurutani discuss
a different sort of feature that arose at night, but as yet has no adequate physical explanation.

DISCUSSION

This paper is intended to provide an understanding of how extreme ionospheric storms can affect GPS
(or GNSS) systems. The GNSS systems are primarily affected by changes in TEC, and by the iono-
spheric irregularities that cause scintillation. We described a number of ionospheric phenomena that
can lead to changes in the TEC, and we also presented GPS TEC measurements along with scintillation
measurements. The largest ionospheric storms of the past 20 years occurred in October and November
2003, and in November 2004, when few GPS receivers were deployed. Since that time, the use of GPS/
GNSS has exploded. Ionospheric space weather effects are now more important than ever, because
GNSS signals are used by millions of people for positioning, navigation, and timing in a plethora
of industries, including surveying, oil and mineral exploration, agriculture, construction, airlines
and the power industry. Most users of these applications have never experienced the impact of a sig-
nificant space weather event on their systems.

During a “geomagnetic storm” or ionospheric storm, the polar cap and aurora expand to lower lat-
itudes, and enormous amounts of energy and momentum are deposited in the high-latitude region,
resulting in global changes to the ionosphere and thermosphere as described in Section 3 above.
The most extreme storm on record is the Carrington event of 1859, which was several times more in-
tense than anything we have recorded in the space age (Ngwira et al., 2013). During large storms, the
aurora, which is normally confined to the Arctic (or Antarctic) circle can be observed over the conti-
nental United States, United Kingdom and Europe, but in the Carrington event, auroras were reported
as far south as Florida and the Caribbean. During such an event the ionospheric effects on GPS
receivers would likely be significant. During large storms, the ionospheric electron densities at
latitudes poleward of the aurora are significantly reduced due to upwelling molecular nitrogen gas,
so the United States, Europe, Japan, and Southern Australia would experience dramatically reduced
TEC compared to normal values. At other times, large variations in TEC could be expected due to
dayside SEDs, polar cap patches, and nightside blobs. Because of the aurora and polar cap processes,
phase scintillation could be expected throughout the United States, Europe, Japan, and Southern
Australia for significant fractions of a day.

At the same time as the aurora expands equatorwards, large electric fields cause uplift of the low-
latitude ionosphere, and the extent of the Appleton anomalies grows polewards. Thus, the mid-latitude
ionosphere essentially disappears, squeezed by the high and low-latitude encroachment. Across Central
America and Brazil, the Middle East, Southeast Asia, Northern Australia, and Africa, the Appleton
anomalies will experience larger electron densities, but the embedded irregularities will generally
cause scintillation within these regions.

Thus, at all latitudes, one can expect to see large changes in TEC, TEC gradients, and scintillation.
At low latitudes, the amplitude scintillation will dominate, and at higher latitudes, the phase-
scintillation will dominate. These changes will be modulated by variations of the Interplanetary
Magnetic Field (IMF). During northward and southward IMF By states, penetration electric fields will
diminish or enhance, respectively, the conditions that produce ionospheric irregularities and cause
low-latitude scintillation. Similarly, at high latitudes, a southward IMF B strengthens and expands
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the aurora, whereas a northward IMF (Crowley et al., 1992) can result in transpolar arcs, both condi-
tions causing phase scintillation.

Needless to say, the effects on GPS navigation and positioning systems will likely be severe. The
large TEC variability will invalidate the Klobuchar model used in single frequency systems, and scin-
tillation will likely result in dilution of precision for positioning users. Cannon et al. (2013) note that in
an extreme storm, even dual frequency systems will likely be similarly affected. SBAS systems like
WAAS will experience strong TEC gradients, so they will have reduced capability that will also likely
be made worse by scintillation and loss of lock.

While the use of GNSS signals to provide precise position information for navigation, tracking, and
mapping is well known, their use for precise timing, time intervals, and frequency measurements is
much less well known. Precise timing is crucial for a variety of economic activities around the world.
Communication systems, electrical power grids, and financial networks all rely on precision timing for
synchronization and operational efficiency, as noted in the introduction to this chapter. The free avail-
ability of GPS time has enabled cost savings for companies that depend on precise time and has led to
significant advances in capability. Significant timing errors can cause automated systems using GPS
timing data to automatically shut down. GPS-disciplined timing servers are increasingly being utilized
for providing precise timing information in a diverse array of settings including power grid operations.
As our nation’s dependence on reliable satellite navigation systems for precise position, navigation and
timing applications increases, any errors/uncertainties or degradation of service will have significant
life, safety, and economic impacts. The problem is exacerbated by the fact that many new applications
of GPS have been deployed in the last 5 years, during which time there were few major space weather
storms because the sun was at the lowest point in its eleven-year solar cycle. Thus, there are numerous
customers for GPS correction products who do not yet know they are customers. Loss of GPS timing
signals may be a greater threat than positioning and navigation problems during an extreme storm.

The Halloween 2003 and November 2004 storms lasted for 3—4 days due to the solar drivers. It
seems likely that an extreme storm would develop under similar circumstances and would last for sev-
eral days. During that time, any systems relying on GPS (or GNSS) signals will be unreliable. For this
reason, GPS-reliant systems should consider mitigation techniques to withstand GPS outages lasting
several days. In both the United States and Europe, extreme space weather has been recognized as a
significant threat to critical infrastructure (e.g., Evans et al., 2004; Obama, 2016), and efforts are un-
derway to understand and mitigate against this threat.

While engineering approaches to mitigation are likely to protect critical systems during quiet
times and even during Superstorms like those in 2003 and 2004, there is a danger in relying on current
knowledge and experience and assuming things will be the same during an Extreme Storm like the
Carrington event. There is much that is still not understood about space weather, and several exam-
ples were mentioned above. It is important to continue the current strong thrust to study and under-
stand space weather, and especially the ionospheric phenomena that have the greatest impact on
operational systems and critical infrastructure. Areas of research that should be a high priority include
the complex combination of physical processes involved in SAPS and SEDs, TIDs and their clima-
tology, scintillation and its causes. It is critical to recognize the importance of fundamental research
to understand the phenomenology and physical processes involved, as well as developing engineering
solutions to mitigate the effects of space weather. Without understanding the physics and the pheno-
mena, it seems likely that mitigation solutions will address perceived problems, but may lack the
fundamental underpinning to avoid other phenomena that may be less common and just as dangerous
or destructive.
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FURTHER READING

Trimble—GPS Tutorial—Error Correction, from http://www.trimble.com/gps_tutorial/howgps-error2.aspx
(Accessed July 2017).


http://www.trimble.com/gps_tutorial/howgps-error2.aspx
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