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Abstract

Space weather refers to a variety of phenomena that mostly originate at the Sun and

affect the Earth’s atmosphere. Space weather can have adverse effects on technology,

such as causing disturbances of Global Navigation Satellite Systems (GNSS). Just like

normal weather, space weather cannot be influenced and thus space weather effects on

GNSS cannot be mitigated. Therefore, it is of vital importance to develop a method for

space weather forecasting. The objective of this thesis is to advance our space weather

forecast capabilities, in order to be able to predict periods of adverse effects on GNSS

in the European Arctic region.

Firstly, we wish to document the motivation for developing a space weather forecast.

In Paper 1, we monitor the performance of a commercially available centimeter-level

accuracy positioning service, CPOS. Here, we observe the accuracy over a three-year

period, and find seasonal, diurnal and latitudinal variations. We also connect the accuracy

level to geomagnetic disturbances and observe that CPOS accuracy decrease when the

user is in the proximity of the auroral oval.

Knowing that a space weather forecast is desirable, we present a method to predict the

condition for the worst disturbances on GNSS systems in Paper 2. This paper describes

the formation and propagation of polar cap patches and predicts their arrival at the

nightside auroral oval. The model is validated in a case study, which compares results

from the prediction model to ground observations. Our results show that the Expanding

Contracting Polar Cap (ECPC) paradigm describes the polar cap patch motion well and

can be used to predict conditions for scintillations of GNSS signals at high latitudes.

Lastly, a method to monitor the polar ionosphere and detect polar cap patches using

only the Swarm satellites is presented in Paper 3. Plasma density variations in the polar

cap ionosphere are inferred using Total Electron Content (TEC) estimates from the

Swarm satellites’ GPS receivers. The method is validated using in situ Langmuir probe

measurements and ground-based TEC observations. We find that the new method can

reproduce density variations very well under favorable conditions. The reconstruction
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Abstract

method allows for the detection of polar cap patches and the deduction of its horizontal

extent. Accurate information about the location and shape of polar cap patches will

allow for more accurate predictions using the forecast model presented in paper 2.

Together, the three papers that comprise this thesis demonstrate the need for a space

weather forecast service (Paper 1) and show that it is possible to predict the worst

disturbances on GNSS in the European Arctic region by laying the foundation for a

space weather forecast method (Paper 2 and 3).
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Chapter 1

Introduction

Satellite-based positioning and navigation systems, often abbreviated GNSS (Global

Navigation Satellite Systems), have emerged as vital instruments in industries like

aviation, maritime and shipping, agriculture and civil engineering. The concept of

using satellite signals for positioning has been available since the Global Positioning

System (GPS) was launched for military users in 1983, and opened to the general

public in 1994 (S. Jin et al., 2014). Today, there are a number of different positioning

systems available; the Russian concept GLONASS (Global Navigation Satellite System),

the European Galileo and the Chinese BeiDou. Additionally, augmented systems use

additional satellites to provide safety of life level integrity, or base stations and/or digital

processing techniques to provide centimeter level accuracy positioning.

Demands for ever improved integrity, availability and accuracy of GNSS have revealed

several challenges related to space weather. Space weather comprises several phenomena

that originate on the Sun, and affect the Earth’s magnetosphere, thermosphere and

ionosphere, resulting in adverse effects on technology. Space weather can cause power

outages, increased radiation exposure, damage to satellites near Earth, and disturbances

and disruptions on trans-ionospheric radio waves, including GNSS signals.

Space weather effects on GNSS signals are essentially caused by irregular plasma

density in the ionosphere. When electromagnetic waves, like GNSS signals, propagate

through regions of varying plasma density, the wave can become refracted and diffracted

(Kintner et al., 2007), thus changing both the amplitude and phase of the wave. The

signal that arrives at the receiver on Earth is now different than what was broadcast

from the satellite, and the propagation path may also be changed. The GNSS receiver

can experience an incoming signal with highly fluctuating phase and amplitude, and

ultimately experience loss of lock, which in simple terms means that the receiver loses

contact with the GNSS satellite. The disturbance on GNSS signals that the end user will

experience, can range from a small error in position (cm) to a complete loss of signal

(Kintner et al., 2007; Yeh et al., 1982).
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1. Introduction

Understandably, space weather effects on GNSS signals are troublesome for the end user,

whether that user being a civilian, military personnel, or companies that require precise

positioning for their services such as drilling, surveying or excavation. Users who are

reliant on GNSS positioning in their work, must cease operation when the GNSS service

is unreliable or unavailable. The number of industrial users who depend on GNSS is

increasing, thus space weather has significant practical and economic consequences

(Eastwood et al., 2017). For example, as a part of a study group that sought to quantify

the economic losses due to space weather, a petroleum service vessel (PSV) operator

on the Norwegian Continental Shelf estimated its downtime due to space weather to

cause losses of about 50 million NOK per year (K. Fjørtoft, SINTEF Ocean, Personal

Communication, 5 October 2016).

Unfortunately, the physical mechanisms that cause disturbance of GNSS signals cannot

be influenced by humans. Their effects can only to a limited extent be compensated

for by development of satellite and receiver technology and/or data processing. This

leaves the final option as the only viable solution: to develop a space weather forecast.

Predicting when and where disruptions will occur would be valuable to the end user

and broaden the range of possible applications of GNSS for positioning and navigation.

Knowledge ahead of time enables the user to take necessary precautions and thus

accommodate for the expected disruptions, saving the user money and time, and allows

for increased security in operations. On a quiet day, a "good weather" forecast enables

the user to be confident that the measurements taken are correct and reliable. A physical

process inherent to the Sun-Earth interaction, space weather is a challenge that we will

have to address in the years to come.

The practical and economic consequences of space weather effects motivate the

development of a space weather forecast service. Therefore, the overarching goal

of this doctoral research project was to document the actual problem of space weather

for the end user, and to develop a forecast model to predict the occurrence of GNSS

space weather events. This thesis focuses on space weather effects in the European

Arctic sector.

We have examined three years of data from a commercially available, centimeter level

accuracy positioning service. The statistics showed that at high latitudes, there are

significant deviations from the desired accuracy level, and the deviations form a pattern

that is consistent with known space weather processes in the European Arctic region.
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Next, we develop the prediction method that can forecast the most severe disturbances.

Previous research (Y. Jin, 2016) has shown that in the European Arctic region, the worst

disturbances on GNSS signals occur when regions of high density plasma called polar

cap patches enter the nightside auroral oval. The main focus for the space weather

forecast method is therefore on the modeling and prediction of patch transport across

the polar cap, shown conceptually in Figure 1.1. The figure shows the polar cap, seen

from above the magnetic north pole. The coordinates are magnetic latitude (where

90◦ is the north pole) and magnetic local time (MLT), meaning that 12 noon points

toward the Sun at the top of the figure, and 00 on the bottom of the figure is midnight.

A statistical auroral oval is drawn in green, together with Norway’s location at local

midnight. The blue ellipses are polar cap patches, formed on the dayside (top of the

figure) and propagating across the polar cap to arrive at the nightside auroral oval.

Finally, we explore a new method for detecting polar cap patches using the Swarm

satellites, a constellation of three low Earth orbit (LEO) satellites. In Figure 1.1, the

polar cap patch could be detected at any of the positions shown. After having detected

polar cap patches and determined their shape and size using the Swarm satellites or some

other method, their transport and eventual arrival at the auroral oval on the nightside

can be predicted.

This thesis comprises three parts. First, chapter 2 provides an overview of relevant

background knowledge, starting with explaining the concept of space weather and the

basic principles of how GNSS works. We will briefly introduce the solar wind, where

most space weather originates. Next, we explain the interaction between the solar wind

and the Earth’s magnetic field and ionosphere, how plasma is transported in the polar

cap, and why polar cap patches are so important in relation to GNSS signal disturbances.

We will explain the concept of space weather, as well as the basic principles of how

GNSS works. Next, a brief overview of the most important measurements used in

this thesis is detailed in chapter 3. Finally, chapter 4 summarizes the three papers that

comprise the results of this doctoral research project, as well as making some concluding

remarks.
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1. Introduction

Figure 1.1: Concept illustration of a space weather forecast. The sketch shows the polar
cap as seen from space, looking down on the magnetic north pole (center of the figure).
The statistical auroral oval is colored green, and Norway’s location at local midnight is
outlined. The key problem is to model patch transportation across the polar cap and
predict when they will reach the auroral oval on the nightside.
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Chapter 2

Space Weather and GNSS Basics

2.1 Introduction to Space Weather

The term space weather refers to dynamic phenomena that mostly originate at the Sun

and affect the Earth’s magnetosphere, thermosphere and ionosphere. Space weather

includes phenomena such as coronal mass ejections, solar energetic particles, and solar

flares. Space weather is known to have adverse effects on Earth’s technology systems.

The concept is shown schematically in Figure 2.1.

Figure 2.1: Space weather concept sketch. Many space weather effects occur in the
ionosphere, here shown as a broad green/yellow belt encapsulating the Earth. Space
weather causes disruptions in satellite signals, power grid failures, and damage to
satellites and spacecraft.

The figure shows the Earth and the ionosphere (not to scale) represented by a belt

of northern lights (green/yellow area) and illustrates some common space weather
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effect on our technology. For example, space weather has been known to induce

currents in power transmission lines, causing overloading and subsequent failure in

power grids (Béland et al., 2005; Boteler, 2001; Pirjola et al., 2000). Satellites and

spacecraft are subject to harmful radiation and energetic particles, which poses a health

hazard to astronauts (Turner, 2001) and can cause disruptions of the vehicle’s electronic

systems (Baker et al., 1996). Furthermore, the Sun-Earth interaction causes complex

dynamic plasma phenomena in the ionosphere (represented by the yellow/green belt of

northern lights in Figure 2.1), which can cause disturbances of radio communications

and satellite-based positioning and navigation systems such as GNSS. Our society and

industry are increasingly dependent on technology, and in particular satellite-based

communication and navigation systems. Therefore, it is of utmost importance to

understand the underlying processes that drive space weather effects.

This chapter seeks to provide the necessary theoretical background to understand the

underlying mechanisms that govern space weather effects on GNSS systems, and what

steps we must take to deal with its consequences. We will start by providing an overview

of the basics of GNSS in section 2.2 and the space weather caused disturbances on

GNSS signal in section 2.3. We will explain what the ionosphere is in section 2.5, before

turning our eyes toward the Sun and the solar wind in section 2.6. Next, we will explain

how the solar wind interacts with the Earth’s magnetic field and ionosphere in sections

2.7 and 2.8. Taking a step closer to concrete space weather phenomena, we will discuss

polar cap patches, ionospheric plasma instabilities and the aurora in sections 2.9, 2.10

and 2.11. Finally, we review previous scintillation studies in the polar region in section

2.12 before we describe the concept of the space weather forecast in section 2.13.

2.2 Global Navigation Satellite Systems (GNSS)

The first GNSS system was the Global Positioning System (GPS), developed by the

military of the USA in the 1970s. During the first years of operation, the system was

encoded and only a limited version was available to civilian users, before it was made

publicly available in 1994. As the years progressed, several other GNSS systems have

entered the market; GLONASS (Global Navigation Satellite System) was originally

developed by the Soviet Union and the current version became operational in 2010. The

EU/European Space Agency’s GNSS, named Galileo after the famous astronomer, and

the most recent BeiDou developed by China, are expected to become fully operational

in 2020.
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Common for these GNSS systems is that they consist of a space segment and a user

segment. The space segment of a GNSS system consists of a number of satellites,

which varies from 24 (GLONASS) to 32 (GPS) to 35 (BeiDou). Most GNSS satellites

broadcast signals over the L band, which means frequencies in the 1-2 GHz range. The

user segment consists of a receiver, which can be single frequency or dual frequency

and have a number of channels, which determines how many satellites the receiver can

track at the same time. Below follows a short explanation of how GNSS systems can

be used to determine user position using triangulation. A more complete introduction

to GNSS can be found in for example Hofmann-Wellenhof et al. (2007), S. Jin et al.

(2014).

2.2.1 Position Determination Using GNSS

The basic principle of position determination using GNSS satellites is common across

the different systems mentioned above. For the simplest position determination using

the triangulation technique, the user must have four satellites within its field of view.

A sketch showing the principle of the triangulation technique is shown in Figure 2.2,

but is for the sake of simplicity reduced to two dimensions, so that only three GNSS

satellites in the field of view are needed. The GNSS satellites broadcast messages about

its position and time continuously, and once the user decides to calculate its position, it

will lock on to the satellite’s signal and read it. The user then compares time stamps

from its internal clock to the timestamp on the message from the GNSS satellite. The

propagation velocity of an electromagnetic wave is known; thus the user can calculate

the distance to each satellite, called the pseudorange. In Figure 2.2, the three unknowns

are the horizontal position (x), the vertical position (y), and the clock bias ∆%. The

clock bias is a result of the discrepancy between the satellite’s very precise and stable

atomic clock and the receiver clock, which is typically less stable due to variations in

temperature and so on. This means that in addition to the spatial unknowns, the receiver

must also solve for the clock bias. In Figure 2.2, the receiver at P calculates the distance

(R, pseudorange) to each of the three satellites S1, S2 and S3, which provides three

equations to the three unknowns, and the position can be determined. In real life, the

number of unknowns is four (x, y, z, ∆%), so four satellites are needed in the receiver’s

field of view to determine its position.
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Figure 2.2: Determining position by triangulation. Adapted from (Hofmann-Wellenhof
et al., 2003, 2007). The three unknowns are the horizontal position, the vertical position,
and the clock bias ∆%. The receiver at P calculates the distance (R, pseudorange) to
each of the three satellites S1, S2 and S3, and the position can be determined.

2.2.2 Augmented Systems

The traditional GNSS systems described above can provide positioning services with

meter level precision and are in widespread use. These are readily available for civilian

use and available on handheld units like mobile phones. In recent years, there has

been a growing demand for high performance satellite-based positioning services in the

industry. This has led to the development of advanced GNSS-based systems that can

provide centimeter-level accuracy and precision. The common feature of these systems

is the use of additional infrastructure, like satellites and/or base stations, as well as

advanced data processing techniques. For example, the precise point positioning (PPP)

method yields centimeter level precision position data without relying on additional

infrastructure, see for example Kouba et al. (2001), Zumberge et al. (1997). However,
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the PPP is computationally demanding and thus not usable in real-time scenarios. Other

techniques like differential GNSS (DGNSS) and relative positioning systems like real

time kinematic (RTK; Frodge et al. (1994), Rizos (2009)), use nearby base stations

as references, thus providing corrections to the position calculated by the receiver

(Hofmann-Wellenhof et al., 2007).

Two examples of augmented GNSS positioning services widely used in the aviation

industry, are the Wide Area Augmentation System (WAAS), developed by the Federal

Aviation Association of the USA, and the European Geostationary Navigation Overlay

Service (EGNOS), developed by the European Space Agency. These systems,

colloquially termed satellite-based augmentation systems (SBAS), use a network of

ground reference stations that provide corrections to GNSS signals. Similar systems

have been developed in for example India (GAGAN), Japan (MSAS), China (SNAS)

and Russia (SDCM), in addition to commercial operators. It is notable that these types

of augmented systems focus on high reliability (no downtime) while precision is less of

a focus area.

2.2.3 Error Sources

Several factors can influence the GNSS signal and affect the accuracy of the determined

position. Here, we mention briefly some common error sources. The interested reader

is directed to e.g. Hofmann-Wellenhof et al. (2007). GNSS position determination

is sensitive to errors in satellite clocks and orbits, which follows directly from the

triangulation principle. Furthermore, if the GNSS signal is reflected off surfaces

surrounding the antenna before it arrives at the receiving antenna, an error is introduced,

called multipath. Additionally, the neutral atmosphere can cause the signal to become

refracted, and the amount of refraction depends on the amount of water vapor in the

atmosphere. Lastly, ionospheric delay due to the refraction and diffraction of the GNSS

signal as is traverses the ionosphere is an important contributor to errors in GNSS

position determination. This error source in GNSS positioning determination is due to

space weather and is what we are concerned about in this thesis. How the ionospheric

delay introduces errors to GNSS position determination will be explained in more detail

in section 2.3.
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2.3 Scintillations

Signals that propagate through the ionosphere, such as GNSS signals, can undergo

disturbances that manifest as rapid fluctuations in phase and amplitude, called

scintillations (Kintner et al., 2007; Yeh et al., 1982). Scintillations deteriorate position

accuracy, and can cause loss of lock (Aarons, 1982; Garner et al., 2011; Jacobsen et al.,

2016; Y. Jin et al., 2018b), thus degrading GNSS system performance.

The physical mechanisms causing scintillations are diffraction and refraction due to

irregular plasma density in the ionosphere. From the diffraction perspective, the signal

will experience phase shifts due to the varying refractive indices. When the signals arrive

at the receiver on ground, the different phase shifts will cause interference between the

different signal components. The interference can be destructive and/or constructive,

thus changing the amplitude of the signal. Considering the refraction mechanism, the

signal remains a plane wave, but with a phase that is changed compared to what was

broadcast by the GNSS satellite.

To model scintillations mathematically, we employ the phase screen approximation

(e.g. Lovelace, 1970; Rino, 2011), in which the fluctuations that the signal undergoes is

compressed into a thin layer. The phase screen can only introduce phase perturbations

on propagating waves. The spectra of the phase (Φp, Equation 2.1) and amplitude (ΦI ,

Equation 2.2) perturbations are given as follows (Kintner et al., 2007):

Φp(q) = Φφ (q) cos2
(

q2r2
F

8π

)
(2.1)

ΦI(q) = Φφ (q) sin2
(

q2r2
F

8π

)
(2.2)

Where q is the horizontal wave number of the phase fluctuations across the screen

and Φφ is the power spectrum of the wave phase exiting the screen, which for small

changes is linearly related to the irregularity density spectrum (Kintner et al., 2007).

Furthermore, rF is the Fresnel radius, where rF =
√

2λ r where λ is the wavelength of

the incoming wave and r is the distance from the phase screen to the receiver. The sin2

term in Equation 2.2 is known as the Fresnel filtering function, and prescribes an upper

limit for the scale sizes of irregularities that cause amplitude perturbations. As the sin2

term approaches 1, the argument is equal to (2n−1)π/2 radians. Thus, the first Fresnel

radius (n = 1) is ≈ 365 m for GPS signals at the L1 frequency, assuming an ionospheric

10
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height of 350 km and a signal elevation of 90◦. Conversely, the phase scintillations will

have maximum when the cos2 approaches 1, which occurs when q = 0 or when the

argument is equal to nπ radians. Phase scintillations are normally caused by ionospheric

irregularities at small wave numbers and near the first Fresnel radius. The former can

be thought of as refractive perturbations caused by the electron content along the ray

path, while the latter is a result of diffraction of the signal as it passes through the phase

screen (Kintner et al., 2007).

2.4 Total Electron Content (TEC)

The error in GNSS position due to ionospheric delay is due to the refraction of the

GNSS signal as it propagates through the ionosphere. Considering the first order of the

phase refractive index only, the change in phase velocity of the signal can be expressed

as (e.g. Hofmann-Wellenhof et al., 2007; S. Jin et al., 2014):

∆ph =
40.3

f 2

∫
Neds (2.3)

Where ∆ph is the change in phase velocity, f is the signal frequency, Ne is the electron

density and s is the signal path. The change in group velocity will be of equal magnitude

but oppositely directed, that is, ∆gr =−∆ph. From equation 2.3 we may define the total

electron content, TEC as:

TEC =
∫

Neds (2.4)

That is, TEC is the total number of electrons along the straight path between two points

in space and includes all particles in a column with cross-sectional area 1 m2. TEC is

usually expressed in TEC units, TECu, where 1 TECu = 1016 electrons per m2.

2.4.1 Estimating TEC Using GNSS Receivers

Dual frequency receivers are GNSS devices that can receive signals on two different

frequencies simultaneously. An advantage of this feature is the ability to estimate the

TEC between the receiver and the tracked satellite. A dual frequency GNSS receiver

estimates TEC using the difference between the pseudorange measurements and resolved

differential code biases. For details, see e.g. S. Jin et al. (2014).
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As previously mentioned, TEC is calculated between the receiver and the tracked

satellite. The GNSS satellite is not usually straight above the receiver, but at an azimuth

and elevation angle. Azimuth signifies direction around the circumference, that is,

whether the GNSS satellite is located to the right, left, ahead of or behind the receiver.

Elevation describes the angle above the horizon, normally between 15-45 ◦ for receivers

located at high latitudes.

Figure 2.3: VTEC and STEC. STEC is measured along the straight ray-path between
the receiver and the satellite with elevation α . A mapping function dependent on α is
applied to calculate the equivalent VTEC.

To emphasize that the TEC measurement is in a specific direction and not directly

overhead, we use the term slant TEC, or STEC. However, it is possible to use a mapping

function to calculate an equivalent vertical TEC (VTEC) from the measured STEC.

By combining observations from many GPS receivers, it is possible to create a map

of the ionospheric VTEC. A sketch of the geometry is shown in Figure 2.3, where the

ionosphere is represented by a thin blue shell. The receiver on the ground tracks a

satellite at elevation angle α and calculates STEC along the receiver-satellite path. The

projection of VTEC is also indicated.

The total electron content is an important parameter in space weather forecasting due to

its known relevance to disturbances on GNSS signals (Jacobsen et al., 2012; Mitchell

et al., 2005; Weber et al., 1986). An example is shown in Figure 2.4, adapted from

Mitchell et al. (2005). The horizontal axis shows geographic latitude, and the vertical

axis displays VTEC in black crosses, phase scintillation index (σφ ) in blue lines/crosses,

and amplitude scintillation index (S4) in red lines/crosses, which indicate ionospheric
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disturbances on the GNSS signals. Here, we see that a strong gradient in TEC (around

77.8◦ latitude), cause a significant enhancement in phase and amplitude scintillation.

Figure 2.4: VTEC (black), phase (σφ , blue) and amplitude (S4, red) scintillation time
series between 21-22 UT on 30 October 2003, from Mitchell et al. (2005).

2.5 The Ionosphere

The ionosphere is the part of an atmosphere that contains an ionized gas, that is, a

plasma. The Earth’s ionosphere starts at an altitude of about 100 km and continues

upward. Although it has no upper boundary, the density decreases exponentially with

altitude (Kelley, 2009), so the majority of the plasma density is located between 100-

1000 kilometers. There is also a neutral component of the atmosphere in the same

region, which is called the thermosphere. Below altitudes of about 500 km, the neutral

density is much larger than that of the plasma. While the ionosphere is dominated by

electrodynamic processes that only affects the ionized part of the atmosphere, there is

some interaction with the neutral atmosphere at low altitudes due to collisions, which

causes an increase in conductivity at these altitudes. The conductivity in the low altitude

(around 100 km) ionosphere, or E-region, influences how fast ionospheric irregularity

structures that produce disturbances on GNSS signals are dampened, see e.g., Milan

et al. (1999), Vickrey et al. (1982).
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The electron density in the ionosphere is constantly changing, due to the continuous

production and loss mechanisms at work. A typical electron density altitude profile is

shown in Figure 2.5. The plot shows the number of electrons per m3 (which is usually

assumed to be equal to the plasma density) on the horizontal axis, and altitude on the

vertical axis. Four density profiles are shown: Day- and nightside, and solar minimum

and solar maximum. As will be discussed in section 2.6, solar activity exhibits cyclical

variations, which translates to variations in electron density in Earth’s ionosphere.

Furthermore, the density profiles on the day- and nightside are different, due to how

the production and loss mechanisms work, which will be explain in the following. The

letters D, E, F1 and F2 are the names designated to different layers of the ionosphere.

Figure 2.5: Typical electron density in the ionosphere. Adapted from Brekke (1997),
Richmond (1996).

The production of ionized particles, that is, ions and electrons, is largely the result of the

absorption of incoming solar extreme ultraviolet (EUV) rays, and thus only occurs on
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the dayside of the Earth. The impinging EUV light ionizes the neutral gas particles by

photoionization, where neutral particles are broken up into ions and electrons, thereby

forming the plasma that constitutes the ionosphere. Simultaneously, the ionized particles

can recombine to form neutral atoms, thus representing a loss process. Recombination

happens in the entire ionosphere, both on the dayside and the nightside. Because the

production process (photoionization) only occurs on the dayside, while the loss process

(recombination) occurs on both day- and nightside, the electron density is generally

higher in the sunlit region, as reflected in Figure 2.5. The loss process occurs at a much

higher rate in the lower regions (E-F1) than in the F2 region, which explains why the

density profile differ much more between day and night in the lower regions than in the

higher altitude regions.

2.6 The Solar Wind

The Sun, a massive source of energy and light and vital to life on Earth, is also the

ultimate source of most space weather. An introduction to the processes and structure

of the Sun’s interior can be found in for example Prölss (2012).

The solar wind originates in the Sun’s corona, the outermost layer of the Sun. The corona

is very hot with temperatures of about 1−2×106 K and provides a continuous stream

of particles that propagate outward from the Sun with increasing velocity, according

to the gas dynamic model (Prölss, 2012). The solar wind is hot, with temperatures of

the order of 105 K at one astronomical unit (AU), i.e. the distance between the Sun and

the Earth. The speed with which the solar wind travels varies from 300 km/s to 700

km/s under quiet conditions, but during enhanced periods like a coronal mass ejection

(CME) velocities can exceed 1000 km/s. The solar wind has low density, with about

3-8 particles per cm−3. Thus, the solar wind is hot and dilute. The particles in the solar

wind consist of ions and electrons, making it a plasma.

The solar wind has very high conductivity, and thus it follows the so-called frozen in

theorem (Baumjohann et al., 1997), which in colloquial terms says that a plasma and a

magnetic field are frozen into each other and move as one. Depending on the relative

strength of the thermal pressure and the magnetic pressure, one can also determine

which one of the two is dominating by calculating the plasma β , which is the ratio

between the two quantities. For the solar wind at one AU, the solar wind magnetic

field is approximately 5 nT, yielding a plasma β of 1-30 (Baumjohann et al., 1997),
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indicating that the thermal pressure is significantly larger than the magnetic pressure.

This means that the solar wind plasma carries the Sun’s magnetic field with it, spreading

radially out from the Sun and expanding throughout or solar system and beyond. We

call this magnetic field the interplanetary magnetic field (IMF), and as we shall see, it is

a vital component in the space weather domain.

It is worth noting that since the Sun has a significant amount of internal dynamics, the

solar wind is also dynamic. A primary feature is the rotation of the Sun about its own

axis, causing the solar wind to propagate outward in an Archimedean spiral, also called

the Parker spiral (Parker, 1958). The important consequence of the Sun’s rotation is that

the direction of the IMF as it impinges on the Earth, changes. As will be explained in

more detail in a later section, the orientation of the IMF is very important in regard to

space weather.

An essential property of the Sun in terms of space weather, is the cyclic variation of

solar activity. As an example, Figure 2.6 shows the monthly number of Sunspots for the

past 120 years. Many properties of the Sun that are important to space weather effects,

such as the amount of solar flux, the number of Sunspots, solar flares and coronal mass

ejection, and the strength of the magnetic field, exhibit a long term variability that is

shown to have a period of approximately 11 years, see for example Hathaway (2015).

Space weather effects on GNSS systems in the polar regions have been shown to follow

this same 11 year cycle (e.g. Y. Jin et al., 2018a).

Figure 2.6: Sunspot number (Solar Influences Data Analysis center, 2020)
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2.7 Sun-Earth Interaction

As the solar wind approaches the Earth, the interaction between the solar wind and

the Earth’s magnetic field will become apparent. The Earth has two magnetic poles

near the geographical poles. The magnetic field points from the southern hemisphere

magnetic pole to the northern hemisphere magnetic pole. Earth’s magnetic field thus

often approximated as a magnetic dipole. We recall from the previous section that the

solar wind carries the IMF with it, which has several consequences for our planet. Here

follows a brief overview of the Sun-Earth interactions that are relevant for this thesis.

A sketch of the interaction between these two magnetic fields is shown in Figure 2.7.

On the left side we see the Sun, and the solar wind carrying the IMF as an orange blob

propagating toward the Earth. As the IMF approaches the Earth, it will first experience

a sudden slow-down and diversion in propagation velocity, due to the presence of the

Earth’s magnetic field. This boundary is called the bow shock, and is usually located at

≈ 10−15 Earth radii, and is indicated with a dark blue line in Figure 2.7.

The solar wind will sense Earth’s magnetic field as an obstacle in its flow, and the solar

wind particles must change their direction to pass by Earth. This picture is analogous

to a cylinder in a stream of water, where the water must deviate from its course to get

around the cylinder. The boundary between Earth’s magnetosphere and the solar wind

is called the magnetopause, and is established at the point where there is a dynamic

pressure balance between the magnetic field of the Earth and the solar wind. In Figure

2.7, Earth’s magnetic field lines, which are in the magnetosphere, are shown as light

blue lines. Earth’s magnetosphere is compressed on the sunward side and extends far

into the magnetotail on the nightside.
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Figure 2.7: Interaction between Earth’s magnetic field and the IMF. Illustration courtesy
of NASA.

2.8 Dungey Cycle and Convection

The interaction between the IMF and Earth’s magnetic field have significant implications

for the dynamic processes in Earth’s ionosphere. As previously mentioned, the Earth’s

magnetic field is directed toward the north pole. The IMF orientation varies depending

on motions in the Sun’s interior as well as the Sun’s rotation about its own axis. One

important distinction in relation to space weather, is whether the North/South component

(in Earth magnetic coordinates) of the IMF is pointing southward or northward.

Figure 2.8: Magnetic merging. Adapted from (Baumjohann et al., 1997).

If the North/South component of the IMF is negative, that is, if the IMF points southward,

the IMF and Earth’s magnetic field are coupled to each other through magnetic merging
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or reconnection. A sketch of the process is shown in Figure 2.8. When two magnetic

field lines with different directions are sufficiently close to each other, the two lines snap

open and reconnect to form two new field lines. At t1, two oppositely directed magnetic

fields approach each other. At t2, the magnetic fields encounter each other, and at t3
magnetic merging has occurred, and a new magnetic field line has formed. Applied to

the Sun-Earth interaction, one can imagine the red lines as representing Earth’s magnetic

field, and the black lines as indicating the IMF. This is a very simplified explanation

of magnetic reconnection. The interested reader can refer to for example Baumjohann

et al. (1997).

At the boundary between the Earth’s magnetic field and the IMF, the magnetopause,

magnetic merging can occur so that a link is established that couples the two magnetic

fields. Magnetic merging on the dayside as a result of oppositely directed IMF and

Earth’s magnetic field, causes transportation of open magnetic flux from Earth’s dayside

to the nightside. On the nightside, magnetic reconnection in the tail triggers the return

flow back toward the sunlit side of Earth. This process is known as the Dungey cycle

after Dungey (1961) and is sketched in Figure 2.9. Note that merging also occurs when

the IMF is directed northward, but only near the tail region of the Earth’s magnetosphere

and does not contribute significantly to the Dungey cycle.

Figure 2.9: Dungey cycle concept sketch. Convection of Earth’s magnetic field lines
seen from two points of view. For details, see text. Adapted from Kivelson (1995).

In Figure 2.9, the left-hand side panel shows the Earth and its magnetic field lines,
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as well as the incoming Solar wind carrying the IMF on the left-hand side as well as

magnetic field lines that highlight the main steps of the Dungey cycle. The right-hand

side panel of Figure 2.9 shows the footprints of the field lines, where the numbers

correspond to the same numbered steps as in the left-hand side panel. The Dungey cycle

proceeds as follows. At 1’, a southward directed IMF field line BIMF is very close to the

magnetopause and will reconnect with Earth’s magnetic field at any moment. At 2, the

field lines are connected, and Earth’s field line is pulled to the nightside through points

3 (3’), 4(4’) and 5 (5’). At the tail neutral line, 6 reconnects with its counterpart 6’ and

is pulled toward Earth at points 7 and 8. The final point, 9, indicates that the field line

has traveled back to the dayside and will from here repeat the cycle. In the right-hand

side panel of Figure 2.9, it is more clear that steps 1-6 represents an anti-sunward

transportation of magnetic field lines across the polar cap, whereas steps 7, 8 and 9 show

the return to the dayside, which occur at lower latitudes.

Recalling our assumption that the plasma is frozen in, the field lines in Figure 2.9 carry

the ionospheric plasma with them. The resulting motion of plasma in the high latitudes

is termed a twin-cell convection pattern, as shown in Figure 2.10. Here, the polar cap is

shown from above, so that the Sun is toward the top of the page.

Figure 2.10: Sketch of twin cell convection at high latitudes. The magnetic north pole is
in the center of the sketch. Adapted from Baumjohann et al. (1997).

The twin cell convection system is an idealized model of the high latitude plasma

dynamics but captures the main features effectively. Inside the polar cap (white circle in

the center of Figure 2.10), the plasma will convect anti-sunward with the E×B drift,
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where E is the dawn-to dusk (right to left in Figure 2.10) convection electric field and

B is Earth’s magnetic field. In the auroral oval (gray shaded area of Figure 2.10), the

plasma returns to the dayside. The sketch showing the twin cell convection pattern

is idealized. In reality, the two cells will not be identical, but of different size and

askew, depending on the magnitude and orientation of the IMF (e.g. Cowley et al., 1992;

Lockwood et al., 1992; Pettigrew et al., 2010; Ruohoniemi et al., 1998), see also Figure

2.11.

2.9 Polar Cap Patches

Polar cap patches are clouds of high-density plasma, usually defined as at least two

times the density of the surrounding plasma (Crowley, 1996). Polar cap patches are

created on the dayside, by one of several possible mechanisms (Moen et al., 2006;

Zhang et al., 2011, provides a summary). When the IMF has a southward component,

polar cap patches travel across the polar cap carried by the twin-cell convection system

(see Figure 2.10).

In their study, Zhang et al. (2013) observed the formation and evolution of a polar cap

patch using TEC derived from the worldwide GPS receiver network (see section 2.2).

Their observations are reproduced in Figure 2.11. The nine panels marked A-I are

snapshots of the polar cap at different times (indicated above each panel). The color

scheme shows the total electron content (see section 2.4), which can be thought of as

a proxy for plasma density. We observe a large area of high-density plasma (dark red

color) toward the top of each panel. This is the dayside reservoir of high-density plasma

created by photoionization by solar EUV radiation. The plasma streamlines are drawn

in thin black solid and dashed lines. This is the convection pattern deduced from ion

drift measurements from an array of high frequency ground radars (SuperDARN), and

shows a more realistic convection pattern than the idealized version shown in Figures

2.9 and 2.10. A polar cap patch, highlighted with a blue circle, is first detected at 18:40

(Panel B) and convects across the polar cap through panels D, E, and F. At 20:40 UT

(Panel G) the polar cap patch enters the return flow region and is transported sunward

through panels H and I.

The formation and transport of polar cap patches is driven by the interaction between

the interplanetary and terrestrial magnetic field (Clausen et al., 2015; Oksavik et al.,

2010). Polar cap patches travel with velocities up to 1000 m/s (Moen et al., 2015; Weber
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Figure 2.11: Evolution of a polar cap patch. From Zhang et al. (2013).

et al., 1984), taking approximately 2-3 hours from formation on the day side before the

patch arrives on the nightside (Oksavik et al., 2010). Furthermore, the convection speed

is not constant, but highly dynamic, as reported by Oksavik et al. (2010). There has also

been evidence of high speed flow channels in the polar cap, in which particle speeds of

up to 4000 m/s were observed (Nishimura et al., 2014). Additionally, the orientation of

the IMF is dynamic, and the convection pattern in reality can be asymmetric (Pettigrew

et al., 2010). Thus the patch may also rotate around its own axis so that the leading edge

becomes the trailing edge and vice versa (Oksavik et al., 2010). Upon arriving on the

nightside, polar cap patches transform into blobs (Crowley et al., 2000) as they enter the
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return flow region.

Polar cap patches are associated with irregularities with scale sizes ranging from tens of

meters to several kilometers (Basu et al., 1988; Tsunoda, 1988). Research has shown

that polar cap patches can disturb GNSS signals and thus degrade position accuracy

(Alfonsi et al., 2011; Y. Jin, 2016; Moen et al., 2013; Prikryl et al., 2010; Spogli et al.,

2009; Weber et al., 1986).

2.10 Instability Mechanisms

Plasma instability mechanisms produce structuring in the ionospheric plasma. At

high latitudes, two macro scale instability mechanisms are believed to be the cause of

irregularities of plasma structuring on the scale sizes that cause space weather effects on

GNSS signals (Carlson et al., 2007; Moen et al., 2013). This section briefly explains the

two mechanisms.

2.10.1 Gradient Drift Instability

The gradient drift instability operates on density gradients like those found on the edges

of polar cap patches (Moen et al., 2012; Ossakow et al., 1979; Tsunoda, 1988). A sketch

that shows the basic principle of the gradient drift instability is shown in Figure 2.12.

The figure shows a region of high-density plasma surrounded by a volume of lower

density plasma. The imposed electric field E0 points to the left of the figure, and the

magnetic field B points into the page. Consider first the density gradient at the top of

the figure. If a small density perturbation is imposed (solid sinusoidal line), the ions

will be displaced by some small amount in the direction of the electric field E0, forming

a new density contour shown in a dashed line. This displacement of the ions causes a

charge separation and gives rise to local polarization electric fields E ′. The edge of the

high-density plasma region is now unstable, because of the induced E ′×B drift. If the

same density perturbation occurs on the density gradient at the bottom of the page, the

ions are again displaced toward the left of the figure. However, this time, the induced

drifts E ′×B are stabilizing. Figure 2.12 translates directly to the polar cap, where the

convection electric field is E0 and B is the Earth’s magnetic field, pointing into the polar

cap at the magnetic pole. Thus a high-density patch in the polar cap will be subject to

the gradient drift instability, which will be stable on the leading edge (bottom of Figure

2.12) and unstable on the trailing edge (top of Figure 2.12).
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Figure 2.12: Gradient drift instability principle. The gray box represents a region where
the plasma density is high compared to the background. The background electric field
points toward the left of the page, and the magnetic field points into the page. The
geometry is stable to the GDI on the leading edge (bottom) and unstable on the trailing
edge (top).

The growth rate γ of the GDI in the non-collisional condition is given by equation 2.5,

where V0 is the plasma drift velocity relative to the neutral gas, and L is the density

gradient scale length (Tsunoda, 1988).

γ =
V0

L
(2.5)

Gondarenko et al. (2004) performed 3D numerical simulations of the GDI, and an

example is shown in Figure 2.13. In the figure, the leading edge of the patch is at

approximately x = 100 km and the trailing edge is located at x = 300 km. The color

scheme indicates density, so the patch density is three times that of the background. The

three panels show the patch at three different timesteps, a) t=0.44 hours, b) t=0.9 hours

and c) t= 1.8 hours.
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Figure 2.13: Evolution of the gradient drift instability on a patch, where the leading
edge is at approximately x = 100 km and the trailing edge is located at x = 300 km. The
color scheme indicates density, so the patch density is three times that of the background.
The three panels show the patch at three different timesteps, a) t=0.44 hours, b) t=0.9
hours and c) t= 1.8 hours. Adapted from Gondarenko et al. (2004).

2.10.2 Kelvin-Helmholtz Instability

Another prevalent instability mechanism in the high latitude ionosphere is the Kelvin-

Helmholtz (KHI) or velocity-shear instability mechanism. The KHI operates on velocity

shears, that is, the boundary layer between two fluid components with opposite or

parallel but different speeds and/or different densities. In the ionosphere, the KHI

operates on flow shears perpendicular to the background magnetic field and can lead to

fluctuations in both the electric field and density in the high latitude ionosphere (Kintner

et al., 1985).
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The basic mechanism of the KHI is as follows. Assume a boundary layer between

two fluid components, i.e. a flow shear. If a perturbation arises in the boundary layer,

that perturbation acts as an obstacle for the flow, causing a deviation in the streamlines.

Due to Bernoulli’s principle, this bend causes a weakening of the pressure on the

boundary, thus enhancing the perturbation. A numerical simulation of the KHI is shown

in Figure 2.14, reproduced from Keskinen et al. (1988).The four panels show snapshots

at four timesteps, for a fluid boundary with a 3:1 density jump. Here, the KHI is

simulated numerically, by using a velocity shear of the form V (y) =−V0tanh(y/L) and

a collisionless plasma. The shear is localized within the scale length L, and V is constant

outside of this local region. The growth rate then has a maximum value of 0.16 V0/L at

kL=0.44 where k is the wave number. A more in-depth explanation of the KHI can be

found in Keskinen et al. (1988).

Figure 2.14: Evolution of the Kelvin-Helmholtz instability mechanism. The four panels
show snapshots from a numerical simulation of the KHI at four timesteps. Adapted from
Keskinen et al. (1988)

In terms of space weather, the KHI is an important instability process that causes

plasma irregularities associated with disturbances of radio signals. Several studies have
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observed fluctuations in density and electric field associated with velocity shears in the

auroral region (Basu et al., 1988; Oksavik et al., 2011).

2.10.3 Further Instability Processes

The instability mechanisms outlined above may operate separately, or in a two-step

process. The latter is proposed by Carlson et al. (2007), who explains that the KHI may

give rise to density gradients that allow the GDI to develop, thus reducing the instability

growth time compared to either KHI or GDI separately. A variation of the gradient drift

instability can occur under the presence of field aligned currents (FACs). If the density

gradient is underneath an upward going FAC, the stable configuration on the leading

edge becomes unstable. This instability mechanism is known as the current-convective

instability (Chaturvedi et al., 1981; Kelley, 2009; Ossakow et al., 1979). Additionally,

several studies have indicated that particle precipitation may give rise to irregular density

structures in the polar region (Dyson et al., 1974; Fejer et al., 1980; Labelle et al., 1989;

Moen et al., 2012; Moen et al., 2002).

2.11 The Aurora

The aurora is the optical signature of increased particle input into the ionosphere.

Specifically, it is caused by electrons and ions colliding with neutral ions, which occur

at altitudes from 100 km an upwards (Prölss, 2012). Neutral atoms in the ionosphere are

excited by collisions with precipitating particles, and they emit a photon to fall back to

their ground state. Depending on the composition of the two colliding particles, different

color auroras are produced. The most commonly observed aurora is the green/yellow

light emitted by atomic oxygen (O), at 557.7 nm wavelength as it relaxes from the

metastable 1S state to the 1D state after a lifetime of about 1 second (Prölss, 2012):

O(1S)−→ O(1D)+photon(557.7nm) (2.6)

Other, less frequently observed forms of reactions can cause red (O, 630.0 and 636.4

nm), blue-violet (N+
2 , 391.4-470 nm) or dark red (N2, 650-680 nm) emissions.

Auroras are observed at high latitudes (both north and south), but not close to the

magnetic poles. Thus, we use the term "auroral oval" to describe the region in which
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the auroras occur. The auroral oval is dynamic and increases in size and expands

equatorward during geomagnetically enhanced events (e.g. Feldstein et al., 1967).

The aurora is important with regards to space weather because of its association with

high latitude ionosphere current systems (e.g. Milan et al., 2017), instabilities and

eventually ionospheric scintillations (section 2.3). Several studies have shown that at

high latitudes, both scintillation occurrence and intensity increases near the auroral oval,

see for example (Basu et al., 2001; Moen et al., 2013; Spogli et al., 2009).

2.12 Previous Scintillation Studies in the Polar Region

This chapter has given a theoretical background of how the Solar wind interacts with the

Earth’s magnetic field and introduced the basic principles of satellite-based positioning

(GNSS). In summary, the ionosphere contains ionized gas (plasma), and when GNSS

signals propagate through this plasma, the signal can become distorted and errors

are introduced. As we have seen, advanced data processing techniques, as well as

supplementary satellites and/or ground base stations help improve the accuracy and

precision of positioning services. However, as long as the solar wind interacts with

Earth’s magnetosphere, we will experience space weather effects on trans-ionospheric

signals, and we cannot fully mitigate these effects.

In the polar regions, where Norway is located, the positioning error induced by the

ionosphere can easily exceed 20 meters (Skone et al., 2007). During severe magnetic

storms the ionosphere can induce GNSS position errors of up to 100 m, or even total

loss of signal and hence positioning service (Andalsvik et al., 2014; Kintner et al., 2007).

Therefore, a space weather forecasting service is of utmost importance. Such a service

would issue warnings ahead of time at times when position accuracy is expected to

decrease.

Previous research shows that scintillations in the high latitude regions are governed

by physical processes and can thus be predicted. In a statistical study, Y. Jin et al.

(2015) showed that even though scintillations occur more often in the cusp, that is,

on the dayside, the most severe scintillations occur in the night-time. Their result is

reproduced in Figure 2.15, which shows occurrence rates for GPS phase scintillations.

The coordinate system is magnetic local time (MLT)-magnetic latitude (MLAT). The

occurrence rates are binned by the phase scintillation index σφ , where (a) (0.1, 0.25)
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rad, (b) (0.25, 0.5) rad and (c) ≥ 0.5 rad. Note that the color bar is different in each

panel. (d) and (e) show the standard deviation (std) and mean value of σφ respectively.

In each panel, the solid red circles denote the auroral oval calculated with the Feldstein

model for IQ = 3 and the blue circle shows the MLAT of the Ny-Ålesund station.

Figure 2.15: Occurrence rates for GPS phase scintillations in Ny-Ålesund from 2010-
2013. The coordinate system is MLT/MLAT. The occurrence rates are binned by the
phase scintillation index σφ , where (a) (0.1, 0.25) rad, (b) (0.25, 0.5) rad and (c) ≥ 0.5
rad. Note that the color bar is different in each panel. (d) and (e) show the standard
deviation (std) and mean value of σφ respectively. In each panel, the solid red circles
denote the auroral oval calculated with the Feldstein model for IQ = 3 and the blue
circle shows the MLAT of the Ny-Ålesund station. This is Figure 3 of Y. Jin et al. (2015)

In a case study, Y. Jin et al. (2014) considered keograms from an all-sky imager as well

as observations from the GPS scintillation receiver in Ny-Ålesund to directly investigate

the relationship between scintillations and polar cap patches arriving on the nightside.

An example event from from Y. Jin et al. (2014) is reproduced in Figure 2.16. Panel a)

shows the keogram, scanned along the North-South cross section as a function of scan

angle from 15◦ North to 15◦ South from the 630.0 nm channel of the all-sky imager

on 13 January 2013, 15-23 UT. Letters A-F mark six polar cap patches as they move

from north to south across the all-sky imager. The intensity is color coded according

to the log (counts) scale on the right. (b) Phase scintillation indices recorded by the

GPS scintillation monitor. Different satellites are indicated using the color coding
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shown on the right-hand side. (c) mean phase scintillations for all satellites averages

over 10 minutes. Five out of the six registered polar cap patches produced enhanced

scintillations.

Figure 2.16: Direct comparison of polar cap patches and scintillations at Ny-Ålesund.
Panel a) shows the keogram, scanned along the North-South cross section as a function
of scan angle from 15◦ North to 15◦ South from the 630.0 nm channel of the all-sky
imager on 13 January 2013, 15-23 UT. Letters A-F mark six polar cap patches as
they moved from north to south across the all-sky imager. The intensity is color coded
according to the log (counts) scale on the right. (b) Phase scintillation indices recorded
by the GPS scintillation monitor. Different satellites are indicated using the color coding
shown on the right-hand side. (c) mean phase scintillations for all satellites averages
over 10 minutes. This is Figure 1 from Y. Jin et al. (2014).

A later study by Clausen et al. (2016) studied several polar cap patches as observed by

a worldwide distributed network of GPS receivers. They found that patches inside the

polar cap did not result in enhanced scintillations, but patches located in the cusp or in

the auroral oval, did produce scintillations. This mechanism, that explains how the most

severe scintillations in the European Arctic region are produced by patches arriving at

the nightside auroral oval, echoes previous climatology studies on GPS scintillations

(e.g. Prikryl et al., 2011; Prikryl et al., 2010; Spogli et al., 2009).

2.13 Space Weather Forecast

The research summarized above imply the viability of a space weather forecast that

can predict the most severe disturbances, that is, the arrival of polar cap patches at the
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Figure 2.17: Space weather prediction model

nightside auroral oval. In the following, we will explain how a space weather forecast

model could take form. The principle of a space weather forecast service is shown

in a sketch in Figure 2.17. The first segment contains the monitors that survey the

ionosphere, magnetosphere and the solar wind. The IMF is routinely monitored by a

satellite located about 1.5 million kilometers upstream of Earth which, at typical solar

wind speeds, leads to about an hour delay between measuring the IMF and it actually

reaching the Earth’s magnetic field (Weimer et al., 2008).

Secondly, we need to monitor the ionosphere to obtain information about possible polar

cap patches. As previously mentioned, the direction of the IMF is an indicator to patch

creation, but it will also depend on plasma density in the ionosphere at that specific time.

Monitoring the ionosphere can be done using LEO satellites or ground based stations,

such as GNSS receivers.

It is also necessary to monitor the auroral oval. This can be achieved for example by

using a chain of magnetometer stations, for example the IMAGE magnetometer chains.

These stations measure the Earth’s magnetic field in three directions. Currents in the

auroral oval manifest in magnetic field measurements as deviations in the North/South

component, and in this way the magnetometer chain can monitor the location of the

auroral oval.
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These three monitor segments (IMF, ionospheric plasma density, auroral oval) are input

to a convection model that can predict the most severe cases of space weather on GNSS

by computing the expected arrival time and location of polar cap patches on the nightside

auroral oval. The space weather service thus consists of a monitoring segment and a

computer model. This prototype will be able to predict GNSS scintillations caused by

polar cap patches arriving at the nightside auroral oval about 3-4 hours ahead of time.
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Chapter 3

Instrumentation

3.1 The Swarm Satellites

The Swarm satellites are three identical LEO satellites that were launched by the

European Space Agency (ESA) in 2013, as a part of their Earth Explorer science

satellite mission. An artist’s rendition by ESA is shown in Figure 3.1. The main goal of

the Swarm mission is to study Earth’s geomagnetic field variations with better-than-ever

temporal and spatial resolution. The three-satellite configuration enable creation and

validation of global models with high accuracy, because they provide measurements on

three different locations simultaneously. For an in-depth review of the Swarm mission’s

objectives and technical details, see for example Friis-Christensen et al. (2006). The

satellites are named Swarm A, B and C. Satellites A and C orbit the Earth side by side

at an initial altitude of 450 km and an inclination of 87.4◦. Swarm B orbits at an altitude

approximately 530 km, at inclination 86.8◦. The orbits were initially at approximately

the same local time (pearls-on-a-string configuration), but as time progresses, the local

time separation between Swarm B and Swarm A/C increases.

The payload on Swarm satellites features several scientific instruments. Among them is

a Langmuir probe, which measures the plasma density distribution in the ionosphere by

using varying bias and measuring the current for different probe potentials, and from

these, deduce plasma density. The Langmuir probe is located on the front end of each

satellite and measures in situ plasma density, along the flight path of the satellite. A

GPS receiver is used for positioning and orbit determination. Swarm’s GPS receiver

has 8 dual-frequency channels, which means each satellite can track 8 GPS satellites

with two frequencies each. The total electron content (TEC) is measured for the column

between the Swarm satellite and each tracked GPS satellite.
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Figure 3.1: Swarm Satellite. Illustration by ESA

3.2 Measurement of GNSS Disturbances

Disturbances and disruptions of GNSS signals as a result of space weather effects can

manifest in different ways. In a worst case scenario, communication can be cut off, i.e.

the user can experience loss of lock (Andalsvik et al., 2014; Kintner et al., 2007). Other

times, space weather can cause loss of precision and/or accuracy of positioning service.

In the following sections, we describe two different ways to observe space weather

effects on GNSS signals.

3.2.1 Scintillation Monitors

The University of Oslo operates several GPS scintillation monitors located in mainland

Norway and at Svalbard. The monitors, which are essentially advanced GPS receivers,

provide TEC as well as scintillation indices at a resolution of 1 Hz. Phase scintillations

are described by the parameter σφ , which is the standard deviation of the detrended

carrier phase. The index is usually computed over a time period of 60 seconds. For

amplitude scintillations, we define the index S4 as the standard deviation of the received
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signal power, based on a 50 Hz sampling rate, normalized to the average signal

power over one-minute periods. A more elaborate explanation of the receiver and

the scintillation parameters can be found in e.g., Y. Jin (2016), Y. Jin et al. (2018b),

Shanmugam et al. (2012).

It should be noted that at high latitudes, phase scintillations occur much more frequently

than amplitude scintillations (Alfonsi et al., 2011; Li et al., 2010; Moen et al., 2013;

Prikryl et al., 2010; Spogli et al., 2009). For this reason, we often focus our research on

phase scintillations.

3.2.2 Monitoring a Commercial Positioning Service: CPOS

Monitor

CPOS is a high accuracy, commercially available positioning service in Norway provided

by the Norwegian Mapping Authority (NMA). It is a real time kinematic method that

uses a network of ground reference stations in addition to GPS, GLONASS and Galileo

satellites to provide positioning services with centimeter level accuracy to users in

mainland Norway. To monitor the performance of the CPOS system, the NMA currently

operates eight observation stations. The monitors connect to the CPOS service and

obtain a fixed solution, thus mimicking the behavior of an end user. By comparing the

obtained position with the known location of the monitoring station, the accuracy of the

position may be evaluated. The eight monitoring stations are placed in pairs, such that

one monitoring station is very close to (≈10 s of meters) a reference station, while the

other is ≈ 10−15 km away. Additionally, the antennas are placed such that they have a

wide field of view.

3.3 Observing the IMF

The solar wind is, as mentioned in chapter 2, essential in the formation and transport of

polar cap patches and hence, monitoring it is crucial with respect to a space weather

forecasting service. At present day, the solar wind can be monitored using the Advanced

Composition Explorer (ACE; (Smith et al., 1998)) shown in an artist’s depiction in

Figure 3.2, the Wind (Lepping et al., 1995; Ogilvie et al., 1995) or DSCOVR (Burt et al.,

2012) spacecraft, which orbit the Sun near the first Lagrange point. This means that the

spacecraft can monitor upstream solar wind conditions (relative to Earth) year around.

The OMNIWeb interface (King et al., 2005) is an online platform developed by the
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Goddard Space Flight Center (NASA), which provides convenient access to data sets

from a range of spacecraft, among them, ACE, Wind and DSCOVR. Time series are

available with up to 1-minute resolution and are automatically time-shifted to the Earth’s

bow shock.

Figure 3.2: The ACE Spacecraft. Illustration by NASA
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Chapter 4

Summary

4.1 Summary of Papers

Paper 1 investigates the relationship between the performance of a high accuracy network

real time kinematic (RTK) GNSS positioning service provided by the Norwegian

Mapping Authority (NMA), and space weather processes. NMA monitors the accuracy

levels using monitor stations at different locations, which mimic the behavior of the

end user. This study uses observations from monitors in southern Norway (Stavanger,

58.8◦ latitude), middle Norway (Steinkjer, 63.9◦ latitude) and northern Norway (Tromsø,

69.5◦ latitude). For a period of three years (2014-2016), we investigate how often CPOS

accuracy exceeds different accuracy thresholds. An example is shown in Figure 4.1,

which shows the exceedance rate, that is, how much percentage of time an accuracy

level of 2 cm is exceeded in Tromsø. We show month (1-12) on the horizontal axis, and

MLT on the vertical axis. As expected, there are more exceedances in the nighttime and

around the equinoxes. There is also a broad band of higher exceedance rates that extend

from spring equinox/midday towards autumn equinox midnight. A similar pattern is

visible in all three monitor stations, which means that there are parts of the poor accuracy

variations that are not due to high latitude processes.
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Figure 4.1: Exceedance rate of 2 cm accuracy of CPOS in Tromsø. Adapted from Figure
3 of Fæhn Follestad et al. (2020b)

After observing the statistical performance of CPOS, we want to investigate the

relationship between CPOS accuracy and geomagnetic disturbances. For this reason, we

collect data from ground magnetometers located close to the CPOS monitor stations and

perform a correlation- and regression analysis. The main finding is presented in Figure

4.2, which shows a scatter plot of CPOS accuracy in centimeters versus the offset in

North/South magnetic field ("X offset"). The data points are color-coded according to

their MLT bins as shown in the legend. The red/black triangles are median X offset for

each CPOS accuracy bin with width 0.25 cm, and the black line represents the linear

best fit.

We observe a clear correlation between offsets in the local magnetic field and CPOS

accuracy. In particular, we observe that when there is a deflection in the local magnetic

field close to a CPOS user, indicating the presence of auroral electrojets, the position

accuracy decreases. These results indicate that CPOS performance at high latitudes is

closely linked to space weather phenomena.
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Figure 4.2: CPOS accuracy in centimeters versus magnetic field X component offset
from background value for 140 events throughout 2014-2016 in Tromsø. This is Figure
8 from Fæhn Follestad et al. (2020b)

Previous research (section 2.12) as well as the results of the CPOS statistical study,

motivates the development of a space weather forecast algorithm. Paper 2 explains how

to use a convection model to simulate polar cap patch transport across the polar cap.

We use the well-known expanding/contracting polar cap (ECPC) paradigm to calculate

the electric potential distribution across the polar cap, from which we estimate polar

cap patch velocity. We obtain an initial plasma density distribution from a reference

table, and run the simulation using input data from an event on 26 September 2011.

We compare our results with observations of a patch made by a ground-based GPS

receiver network and a scintillation monitor in Ny-Ålesund, Svalbard. A summary of

the simulation and verification of polar cap patch transport is reproduced in Figure 4.3,

which is adapted from Figures 5 and 6 of Fæhn Follestad et al. (2019).

The figure contains six panels marked a)-f) which shows snapshots from the simulation
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at different time instants. Each panel shows TEC observations from a ground-based

GPS receiver network in the top row, and the prediction model in the bottom row. In the

top row, the patch we trace in the prediction model is highlighted using a black circle.

The coordinate system is MLT/MLAT, and Ny-Ålesund is labeled with the letters ’NYA’.

The patch arrives at Ny-Ålesund at approximately 20:25 UT. The bottom panel, g), of

Figure 4.3 shows the scintillation parameter σφ (radians) with different colors indicating

different tracked GPS satellites. The thick black line in panel g) is the VTEC measured

by the same GPS receiver. We observe a big spike in scintillations at 20:30 UT, which is

just after the patch is above Ny-Ålesund indicated by panel d). We conclude that the

ECPC paradigm can model patch transportation very well, predicting the time of arrival

on the nightside with an accuracy of 5 minutes.
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Figure 4.3: Prediction model snapshots, at a) 18:40, b) 19:30, c) 19:40, d) 20:30, e)
21:20, f) 21:40 UT. In each panel, the top row shows TEC observations, where the
traced patch is highlighted using a black circle. The bottom row in each panel shows
the prediction model. The coordinate system is MLT/MLAT for all plots. The bottom
panel (g) shows the scintillation parameter σφ (rad, colored lines) and VTEC (TECu,
black line) from Ny-Ålesund GPS receiver. This figure is a summary of figure 5 and 6
from Fæhn Follestad et al. (2019)
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Finally, we address the challenge of monitoring the polar cap ionosphere, a crucial

component of the space weather forecast algorithm. Paper 3 proposes a new method

for detecting polar cap patches using the Swarm satellites, as a possible source of input

for the prediction model. The method is based on the principle of reconstruction by

back-projection, were we use the GPS receivers aboard the three satellites to reconstruct

plasma density in two dimensions, so that we may detect polar cap patches. The method

is demonstrated in Figure 4.4. Both panels show the Swarm satellites’ trajectories in

blue and green lines corresponding to 1 November 2015 from 6:12 to 6:15 UT. The

coordinate system is MLT/MLAT with noon toward the top of the page. Panel A (left

hand side) shows the reconstructed plasma density on the grid. Note that the background

plasma density has been removed, so that only variations are shown. Panel B shows

ground TEC estimates from a worldwide network of GPS receivers obtained through

the Madrigal Database. The reconstructed plasma density and the GPS TEC data agree

well, and both indicate a possible polar cap patch centered on 11.5 MLT, 80◦ MLAT,

where the density is approximately twice that of the surrounding plasma. This figure is

a synthesis of Figures 6 and 7 from Fæhn Follestad et al. (2020a).

Figure 4.4: Reconstruction of ionospheric density using Swarm satellites. Both panels:
Grid and Swarm trajectories corresponding to 1 November 2015, 6:12 to 6:15 UT. The
coordinate system is MLT with noon toward the top of the page versus MLAT. Panel A:
Reconstruction of plasma density variations. Note that the background density has been
removed. Panel B: estimated TEC density from the worldwide distributed GPS network
obtained through the Madrigal database. This is a synthesis of figures 6 and 7 from
Fæhn Follestad et al. (2020a).

We tested the reconstruction method on several real-world cases, and verified our
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findings using Swarm’s on-board Langmuir Probes and TEC observations from a ground

GPS receiver network (Figure 4.4). The reconstruction method was shown to be sensitive

to satellite configuration geometry and plasma temperature, but captures large density

variations well. In the future, including more LEO satellites will increase the number of

data points and thus the quality of the results. This method allows for monitoring of the

ionosphere, and the possible detection of polar cap patches without the use of ground-

based monitors. The satellite-based reconstruction technique enables observation of

the ionosphere in regions where we have little or no ground-based observations, for

example in Antarctica and the oceans.

4.2 Conclusion

This thesis has aimed to motivate and develop a method that can predict disturbances on

GNSS signals in the polar region. In paper 1, we provided the motivation and reasoning

behind the development of a space weather forecast, documenting the demand and

necessity of such a service.

In a statistical analysis of CPOS, a commercial GNSS based positioning service, we

observed that the accuracy of the positioning has seasonal, diurnal and latitudinal

variations. The most frequent position errors occur around magnetic noon and are of

moderate severity, while the largest position errors occur around nighttime, agreeing

well with climatology studies on GNSS scintillations. Furthermore, the results show

that CPOS position errors increase when the user is in the proximity of the auroral oval,

which is a region of enhanced plasma irregularities.

In paper 2, we showed that it is possible to simulate the transportation of polar cap

patches across the polar cap by using the ECPC paradigm. The input for the model is an

initial plasma density distribution in the polar cap in addition to dayside and nightside

reconnection rates. We verify the simulation using ground-based observations. The

verification of the ECPC model as a means of describing polar cap patch transportation

brings us one step closer to space weather forecasting. Finally, in paper 3, we

demonstrated a possible method that can provide satellite-based monitoring of the polar

cap ionosphere. This allows for the monitoring of the ionosphere without relying on

ground-based observations. These three papers collectively add to the current knowledge

base of space weather forecasting in the polar region by showing that a space weather

forecasting service is both necessary and possible.
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4.3 Future Work

This thesis has laid the ground works for a physics-based space weather forecasting

service. We have also provided the motivation by showing that there is a commercial

potential for space weather forecasting. The next step would be to compare the

performance of a commercial positioning service such as CPOS with observations

of polar cap patches, and then test the ECPC based prediction model with respect to

commercial users such as CPOS users.

Several additional elements can be included to improve the prediction of the ECPC

based forecasting model. The location of the auroral oval has until now been assumed;

this could be monitored using for example a chain of magnetometers. The convection

model can be developed further by including real time data of the potential distribution

across the polar cap, which would provide a more accurate convection pattern and

reveal possible flow channel events. Additionally, the reconnection rates on the day-

and nightside should be estimated from observations of the IMF, for example from

the ACE satellite. Furthermore, a space weather forecast system must include a patch

detection system. This can be achieved using for example satellites with Langmuir

Probes (Spicher et al., 2017) and/or GPS receivers (Fæhn Follestad et al., 2020a; Noja

et al., 2013) or ground-based observation techniques like all-sky imagers, or incoherent

scatter radars (e.g. Y. Jin et al., 2014; Y. Jin et al., 2016; Moen et al., 2006; Weber et al.,

1986; Zhang et al., 2013). Lastly, the ultimate space weather prediction model uses

real time data as input. Once the necessary infrastructure is in place, it is possible to

predict space weather effects on GNSS in the European Arctic using the ECPC model

as described in this thesis.
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Abstract Space weather can cause serious disturbances of global navigation satellite systems (GNSS)
used for positioning and navigation purposes. This paper describes a newmethod to forecast space weather
disturbances on GNSS at high latitudes, in which we describe the formation and propagation of polar cap
patches and predict their arrival at the nightside auroral oval. The space weather prediction model builds
on the expanding/contracting polar cap (ECPC) paradigm and total electron content (TEC) observations
from the Global Positioning System (GPS) network. The input parameter is satellite observations of the
interplanetary magnetic field at the first Lagrange point. To validate our prediction model, we perform a
case study in which we compare the results from our prediction model to observations from the GPS TEC
data from the MIT's Madrigal database, convection data from Super Dual Auroral radar network, and
scintillation data from Svalbard. Our results show that the ECPC paradigm describes the polar cap patch
motion well and can be used to predict scintillations of GPS signals at high latitudes.

1. Introduction
Space weather refers to a variety of phenomena that originate from the sun and affect the Earth's magneto-
sphere, thermosphere, and ionosphere. Space weather can have adverse effects on human technology, such
as power grid failure, radiation, damage of near-earth satellites, and disturbances of communication and
satellite positioning and navigation systems. Modern technology relies increasingly upon satellite commu-
nication, used for example in positioning and navigation systems. Thus, for satellite communication and
navigation systems, space weather is an important field of study. Understanding the underlying drivers for
space weather effects, and ultimately predicting space weather events, is an important step forward.

Disturbances on signals propagating through the ionosphere manifest as rapid fluctuations in phase and
amplitude, called scintillations (Kintner et al., 2007; Yeh & Liu, 1982). Scintillations are associated with
irregularities in electron density, which are found in events like storm-enhanced density, auroral precipi-
tation, and polar cap patches (Alfonsi et al., 2011; De Franceschi et al., 2008; Jin et al., 2014, 2015, 2016;
Mitchell et al., 2005; Moen et al., 2013; Prikryl et al., 2010, 2015; Spogli et al., 2009). Scintillations degrade
position accuracy and can cause loss of lock (Aarons, 1982; Garner et al., 2011; Jacobsen & Andalsvik, 2016;
Jin & Oksavik, 2018).

A statistical study (Jin et al., 2016) found that in the Scandinavian sector, the most prevalent space weather
effect on the Global Posistioning System (GPS) were phase scintillations and that the most severe scintilla-
tions occured at nighttime. They found that the scintillations are caused by patches of high-density plasma
(polar cap patches) exiting the polar cap and being pulled into the auroral oval during tail reconnection.
In this study, we focus our interest on scintillations caused by polar cap patches on GPS signals in the
Scandinavian Arctic region.

Polar cap patches are clouds of high-density plasma, usually defined as at least two times the density of the
surrounding plasma (Crowley, 1996). Patches have been found to cause scintillations of GPS satellite signals
(e.g., Basu et al., 2002; Buchau et al., 1985; Clausen et al., 2016; Jin et al., 2014, 2016; Meeren et al., 2015;
Prikryl et al., 2010; Spogli et al., 2009; Weber et al., 1986). Polar cap patches are created on the dayside, by
one of several possible mechanisms behind polar cap patch creation (Moen et al., 2006; Zhang et al., 2011,
provides a summary). When the interplanetary magnetic field (IMF) is directed southward, the twin-cell
convection system carries the patches across the polar cap with velocities up to 1,000m/s (Moen et al., 2015;
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Weber et al., 1984). When the patch enters the auroral oval, the patch reconfigures into a blob (Crowley
et al., 2000) and causes scintillations.

A space weather forecast that could predict the arrival of polar cap patches into the nightside auroral
boundary would be highly beneficial. Industries that rely on satellite communication systems, like aviation,
agriculture, civil engineering, and the maritime sector can save time, fuel, and money if they have access
to a space weather forecast. This paper outlines a method to predict severe space weather events caused by
polar cap patches in the European Arctic sector.

2. Methodology
Wewill first explain our prediction model in section 2.1, which consists of two parts. First, a reference table
that provides an approximation to the total electron content at any given day and any given location in the
polar region.We use GPS total electron content (TEC) data fromMITHaystack's Madrigal CEDAR database
to establish our reference TEC table. Furthermore, we have included a decay rate that allows us to calcu-
late the expected evolution of TEC magnitude for every time step throughout the simulation. Second, the
expanding/contracting polar cap paradigm (ECPC) (Cowley & Lockwood, 1992; Lockwood & Cowley, 1992)
provides a convection model that transports the plasma patch from the dayside reservoir to the nightside by
means of dayside and nightside reconnection. The convection model takes Super Dual Auroral radar net-
work (SuperDARN) cross polar cap potentials as input and calculates propagation velocity at each point in
the polar cap, for each time step.

The instruments used to verify our method is presented in section 2.2. We consider a geomagnetically
disturbed event on 26 September 2011. The event was caused by a coronal mass ejection, which led to a sig-
nificant increase in high-density plasma in the polar cap ionosphere and the formation of a polar cap patch.
The patch drifted across the polar cap and, as will be shown later, caused scintillations in GPS receivers
in Svalbard.

2.1. ForecastingModel
2.1.1. ConvectionModel
The ECPC paradigm is amodel that explains the high-latitude ionosphere's response to changes inmagneto-
spheric driving. The idea of an inflating/deflating polar capwas first introduced by Siscoe andHuang (1985).
Cowley and Lockwood (1992) and Lockwood and Cowley (1992) elaborated on the different convection pat-
terns that are establishedunder different solar wind conditions, substorms, and changes in reconnection
rates on the nightside and dayside (Lockwood et al., 1993; Moen et al., 1995). This paper uses the ECPC
model as presented by Freeman (2003), modified to include a nightside merging gap (Milan, 2013; Walach
et al., 2017). Below is a summary of the salient features.

The model assumes that the magnetic field in the high-latitude ionosphere is stationary, which is rea-
sonable for the time scales considered in patch transportation, which is hours. Accepting stationarity, the
relationship between the irrotational electrostatic potentialΦ and the associated electric field E is given by

E = −∇Φ. (1)

We consider the current in the polar cap region perpendicular to the magnetic field, J⟂. The relationship to
the electric field is given by

J⟂ = ΣPE + ΣHB̂ × E, (2)

where B̂ is the unit vector of the magnetic field and ΣP and ΣH are the height-integrated Pedersen and
Hall conductivites, respectively. We assume uniform conductivity in the polar cap and return flow region,
implying that the field-aligned currents are restricted to the boundaries between regions. There are no
field-aligned currents into or out of the ionosphere polar cap, so the divergence of the perpendicular current
is zero,∇·J⟂ = 0. Taking the divergence on both sides of equation (2) and substituting forE by equation (1)
reduces the current problem to that of solving Laplace's equation in the polar cap and on the polar
cap boundary:

∇2Φ = 0. (3)

Again, we assume that there are no spatial gradient in the Pedersen andHall conductivities. Next, we assume
that the ionosphere is a thin, spherical shell, such that equation (3) has two variables, colatitude 𝜆 and local
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time 𝜃. The coordinate system is oriented such that 𝜃 = 0 at local midnight, 𝜃 = 𝜋∕2 at 06 magnetic local
time (MLT) and 𝜃 = 𝜋 at magnetic local noon. Laplace's equation (3) can then be written as

∇2Φ = 𝜕2Φ
𝜕x2 + 𝜕2Φ

𝜕𝜃2 = 0, (4)

where we have used the substitution x = ln
{
tan

(
𝜆

2

)}
. The convection model assumes that the polar cap

boundary coincides with the open/closed field line boundary and that it is circular and centered on the
Earth's geomagnetic pole.

We assume that all magnetic reconnection takes place in merging gaps of half-width Θ = 𝜋∕6, that is,
ΘN = ΘD = 𝜋∕6. The corresponding lengths are lD = 2ΘDREsin(𝜆1) and lN = 2ΘN REsin(𝜆1), where RE is
the earth's radius, and 𝜆1 is the colatitude of the polar cap boundary. The gaps are centered at 𝜃 = 0 for the
nightside gap and 𝜃 = 𝜋 for the dayside gap. The remainder of the polar cap boundary is adiaroic, that is,
there is no plasma flow across the boundary (Siscoe & Huang, 1985).

We define three regions separated by boundaries located at x1 and x2. Latitudes x < x1 are defined as the
polar cap, and the x1 is the open/closed field line boundary. Latitudes x1 < x < x2 make up the return flow
region, such that x2 is the equatorward limit of the convection pattern, also known as the Heppner-Maynard
boundary after the works of (Heppner & Maynard, 1987). Latitude equatorward of x2 have zero current in
this model.

The amount of openmagnetic flux in the polar cap, FPC, varies with the amount of daysideΦD and nightside
ΦN reconnection (Siscoe & Huang, 1985):

dFPC

dt
= ΦD − ΦN . (5)

Assuming a dipolar magnetic field with strength B and a given polar cap flux, the polar cap boundary radius
𝜆1 is can be found from

FPC = 2𝜋BR2
Esin

2(𝜆1). (6)

Equations (5) and (6) allow us to find the location of the open/closed field line boundary for a given flux,
and by its derivative, the speed at which the boundary moves, v𝜆1 :

v𝜆1 =
ΦD − ΦN

2𝜋RE
2Bsin(2𝜆1)

. (7)

The electric field along the adiaroic portions of the boundary is given by E = -V×B. Now we may find the
electric field component parallel to the polar cap boundary around the circumference:

E𝜃(𝜆1, 𝜃) =
⎧⎪⎨⎪⎩

−v𝜆1Br if ΘN < |𝜃| < 𝜋 − ΘD

−v𝜆1Br +
ΦD
lD

if |𝜃| > 𝜋 − ΘD

−v𝜆1Br −
ΦN
lN

if |𝜃| < 𝜋 − ΘN .

(8)

Where Br is the radial component of the earth's magnetic field, such that Br = 2Bcos𝜆

We find the potential at the polar cap boundary x1 by integrating the electric field around the boundary, E𝜃 ,
as shown by Milan (2013; equation 14):

Φ𝜆1
= −R sin 𝜆1

𝜃

∫
0

E𝜃(𝜆1, 𝜃)d𝜃. (9)

Knowing the potential at the polar cap boundary, we can find the solution for the rest of the polar region by
equation (10).

Φ(x, 𝜃) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

∞∑
m=1

cm expm(x − x1) sin(m𝜃) if x ≤ x1

∞∑
m=1

cm
sinhm(x−x2)
sinhm(x1−x2)

sin(m𝜃) if x1 < x ≤ x2

0 if x > x2,

(10)
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Figure 1. Reference TEC values for the northern polar cap, 21 March 2011.
The unit is TEC units (TECu), where 1 TECu= 10−16 electrons. Latitude is
indicated at 10◦ intervals and magnetic local time is shown around the
circumference, with 12 (noon) toward the top of the page. Each bin
contains the median value for that bin over a period of 31 days, that is, 21
March 2011 ± 15 days. TEC = total electron content.

where cm are the coefficients of a Fourier expansion of the potential at the
polar cap boundary:

cm = 1
𝜋

2𝜋

∫
0

Φx1 (𝜃) sin(m𝜃)d𝜃. (11)

For ease of computation, we use m = 1.20.

Solving equation (10) for each time step allows us to calculate the flow
speed using V = E×B

B2 such that

v𝜆 = −
E𝜃

Br

v𝜃 =
E𝜆

Br
.

(12)

2.1.2. Plasma Density
Current observation techniques of the ionosphere provide good coverage
of the TEC in the northern polar cap, but there is a significant time lag
of several days before data are available. In a space weather forecast, we
need data in real time, which is currently unavailable. Substantial work
has been done to establish an empirical model of the ionospheric TEC at
midlatitudes and low latitudes, (see for example Chen et al., 2015). We
wish to obtain a similar model for the polar cap using a simple method
to provide an estimate for the expected TEC distibution, which will be
explained in the following paragraphs.

We use data from MIT's Haystack observatory, which provides TEC from the global GPS receiver network
in 1◦ by 1◦ bins every 5 min. To obtain a reference TEC distribution for the northern polar cap, we have con-
sidered TEC data for 11 years, 2007–2017, the duration of one solar cycle. The long-term variations between
different solar cycles are not taken into account. We consider magnetic latitudes from 60◦ and northward
and divide the polar cap into 30 bins in the latitudinal direction and 60 bins in the longitudinal direction.
For each bin, we take the median over 1 month for each day of the solar cycle. For example, for 15 March
2014, we take the median TEC value from 28 February to 30 March 2014. Similarly, for 16 March 2014, we
take the median TEC value from 1 March to 31 March 2014. The number of data points varies with lati-
tude, with fewer observations at the highest latitudes. The average number of data points per bin is 6,258.
The result is a TEC distribution map for each day, exemplified in Figure 1 showing the TEC contents in the
northern polar cap at spring equinox 2011.

The rolling median smoothes out daily variations, while retaining the monthly, seasonal, and yearly varia-
tions, as shown in Figure 2. The top panel graph shows the evolution of the TEC content in a bin located
at 12 MLT and latitude 60◦ (annoted “dayside” in the figure) and another at 24 MLT at the same latitude
(“nightside”) over the course of 11 years. We see clearly the monthly and yearly variations, which concur
with Chen et al. (2015). Observe that in each year, TEC peaks in around summer solstice, and there is a min-
imum around winter solstice. The second and third panel of Figure 2 shows the daily average Kp and f10.7
index, obtained from Nasa's OMNIWeb service. Kp is a measure of the disturbance of the earth's magnetic
field and while the f10.7 is the amount of solar flux at 10.7 cmwavelength, an indicator of solar activity. The
lon-term variation of our TEC estimation agrees with the solar activity of the 24th solar cycle, which is which
reached a maximum in 2014. Furthermore, the TEC concentration is always higher on the dayside, while
simultaneously also varying more. The TEC variation pattern shown in Figure 2 agrees with our current
understanding of TEC content in the polar cap. Diurnal variations are not available in our reference table.
It is known (Jin et al., 2016) that patches are more severe at certain times, for example, at local nighttime in
the Scandinavian sector, and hourly variations should thus be included for best results. However, the data
coverage is not good enough to ensure statistical significance, so we are satisfied with daily TEC values.
2.1.3. Decay of Polar Cap Patch
In their study, Hosokawa et al. (2011) quantified the loss rate of a patch traversing the polar cap. They
analysed altitudes between 150 and 450 km and found that the particle loss rate falls exponentially with
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Figure 2. Top panel: Median total electron content value for a bin at magnetic latitude 77◦ and 12 magnetic local time
(blue) and 24 magnetic local time (green), in TEC units. Middle panel: Kp index, 27-day average. Bottom panel: f10.7
index, 27-day average.

increasing altitude. A patch at the highest altitudes (around 450 km) has a loss rate of the order 10−7 s−1,
while a patch at low altitude (around 150-km) has a loss rate of the order 10−1 s−1. We assume that the elec-
tron density is equal to the O+ density in the F region and a thin ionosphere at 350-km altitude, as was done
in the GPS TEC calculations. From the findings of Hosokawa et al. (2011) we estimate a loss rate of 𝛽 = 10−5

s−1 for altitude 350 km. The electron density of a patch is then given by

n(t) = n0 exp{−𝛽t}, (13)

where n(t) is the electron density, 𝛽 is the loss rate in s−1, t is time in seconds since patch generation, and n0
is the electron density at t = ‘0 s. In the forecasting model, the polar cap patch density n(t) is calculated by
using TEC at t = 0 s, estimated from the TEC reference maps explained in section 2.1.2 as n0 and loss rate 𝛽
as explained above. Equation (13) thus gives the polar cap patch density at every timestep.
2.1.4. Implementing the ConvectionModel
The essential input for the ECPC model is an initial polar cap flux to define the boundary locations of the
different flow regimes described in section 2.1.1 and a time series of both the dayside and nightside recon-
nection rates. The polar cap flux is set to 0.5 GWb. For our case study, we find the cross polar cap potentials
from SuperDARN measurements, retrieved from the SuperDARN website. We estimate reconnection rates

Figure 3. Cross polar cap potential as measured by Super Dual Auroral
radar network (black), estimated dayside (red) and nightside (blue)
reconnection rates.

on dayside and nightside by assuming that the cross polar cap potential is
the average of the dayside and nightside reconnection rates (Lockwood,
1991; Lockwood & Cowley, 1992):

ΦPC = 1
2
(ΦD + ΦN ). (14)

We assume that the dayside reconnection is 10 kV higher in the growth
phase of the storm,while nightside reconnection dominates in the expan-
sion phase, to simulate an expanding and contracting polar cap. The
result is shown in Figure 3, where dayside reconnection rate is drawn
in red, nightside reconnection is drawn in blue, and the cross polar cap
potential as measured by SuperDARN is in black.

The distribution of dayside/nightside reconnection is chosen somewhat
arbitrarily, but as we shall see, the total amount of reconnection is more
important than the distribution between nightside and dayside. To show
that our estimates are reasonable, we have conducted a sensitivity study,
including two limiting cases. In case one, all magnetic reconnection is on
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either dayside or nightside. In the first half of the event, all reconnection is on the dayside. In the second half,
all reconnection happens at the nightside. The result was that the patch convected somewhat slower and
spent 10 min longer in the polar cap before entering the auroral oval compared to our chosen reconnection
rates. In case two, reconnection rates are the same at the dayside and the nightside, throughout the whole
event. The result was that the patch impacted with the auroral oval at the same time as with our chosen
reconnection rates.

To track the temporal and spatial evolution of a polar cap patch, we add tracer particles that represent the
patch to the convection model. At the start of the simulation, we assume a position of the open-closed field
line boundary (OCB) based on the amount of open flux in the polar cap. We place 10 tracer particles on the
OCB, at 0.125 MLT hour intervals. Ten additional tracers are added every minute, on the minute, for the
next 7 min, that is, the average duration of a flux transfer event (Lockwood & Cowley, 1992). We now have
70 tracer particles in total, allowing us to predict the transportation and evolution of a patch throughout its
journey across the polar cap.

2.2. Instrumentation
Our prediction model will be verified by studying an event. We run our model with the input parameters
for that event and compare our results with observations from an event. The following paragraphs provide
the different observation techniques we have used.
2.2.1. Total Electron Content
From MIT Haystack’s Madrical CEDAR database, we obtain the TEC measured by the world-wide GPS
receiver network. The data are processed using theminimum scallop technique, presented in detail by Ride-
out and Coster (2006); Vierinen et al. (2016). In the polar cap, the TEC is provided at 5-minute intervals,
binned in 1◦ latitude and 1◦ longitude.We applymedian filtering, a technique that eliminates noise by taking
the median over a window of data.
2.2.2. Super Dual Auroral radar network
The SuperDARN is a network of high-frequency radars that monitors the Earth's ionosphere at midlatitudes
and polar latitudes (Greenwald et al., 1995). We apply the technique described by Ruohoniemi and Baker
(1998) to find the electric potential. We overlay the convection maps on GPS TEC maps from the Madri-
gal CEDAR database. Thomas et al. (2013) provides an example of the use of SuperDARN convection in
combination with GPS TEC to study a storm event.

The high-resolution real-life data obtained with SuperDARN allow us to assess to which extent the ECPC
convection model is appropriate for predicting evolution of polar cap patches. In the next section, we
compare step by step the observations from SuperDARN/GPS with the ECPC model results.
2.2.3. GPS Scintillations
The University of Oslo operates a GPS scintillation receiver located at Ny-Ålesund, Svalbard. The position
of the receiver is 75.8◦ magnetic latitude and 110.19◦ magnetic longitude. The scintillations are described by
the parameter 𝜎𝜙, which is the standard deviation of the detrended carrier phase. Additionally, the receiver
calculates vertical total electronic content. Amore elaborate explanation of the receiver and the scintillation
parameter can be found in, for example, Jin and Oksavik (2018).

3. Observations
3.1. Overview
We choose an event in the evening of 26 September 2011, from 18:00 UT to 22:00 UT. The event was caused
by a coronal mass ejection on 24 September 2011, which impacted with the magnetosphere 2 days later and
caused auroral activity, patches in the polar cap and scintillations on GPS signals. In terms of geomagnetic
indices, the storm resulted in Kp = 6 from about 18–21 UT, corresponding to a geomagnetic storm level G2
in the National Oceanic and Atmospheric Administration classification system.

Figure 4 shows the solar wind conditions throughout the event. The data are from the ACE and Wind
spacecrafts, obtained from NASA's OMNIweb service. The data are automatically time shifted to the
bowshock nose.

The event is characterized by a sudden and intense southward turning of the IMF, in which the IMF
z-component BZ reversed from +15 nT (northward) to -25 nT (southward) in a matter of minutes around
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Figure 4. Figure has been changed range from 18–22 UT (before) to 17–22 UT (now) solar wind data, time shifted
to bowshock noise. BZ and BY are components of the interplanetary magnetic field, in GSM coordinates. Three indices
describe auroral activity: AU (upper envelope), AL (lower envelope), and AE (sum of AU and AL).

17:35 UT. BZ remained negative for 1.5 hr, enabling masses of plasma to be stored in the magnetotail. At
approximately 19:10 UT, the IMF BZ reversed before fluctuating around zero and eventually returning to a
regular, calm state at approximately 20:00 UT. The IMF is directed southward throughout the event, result-
ing in a strong and persistent convection system that transports significant amounts of plasma across the
polar cap. The Auroral Electrojet (AE) index is relatively stable but high (≈ 1000 nT) at the beginning of our
event. The AE index is high because the magnetosphere is still in recovery from a previous substorm earlier
in the day. The AE index remains stable until 19:00 UT, before it grows steeply and maximizes at 19:25 UT
with (AE ≈ 2600 nT). Thereafter, auroral activity recovers slowly to a calm state at around 21:30 UT.

In terms of the polar cap plasma, a tongue of ionization forms and grows before it is pinched off around
19:40 UT and becomes a patch, which is transported across the polar cap and transformed into an auroral
blob as it impacts with the auroral oval. The event has previously been considered by Zhang et al. (2013),
who describes patch formation and transport in terms of direct observations.

3.2. Snapshots FromObservations andModel
Figures 5 and 6 each show snapshots at three time steps from SuperDARN/TEC and the prediction model,
togetherwith selected properties of the solarwind andGPS scintillations. The top panel in each figure recaps
the solar wind properties, with vertical lines indicating the time of the snapshots to follow. The second panel
shows SuperDARN/TEC observations. The image shows the polar cap TEC as observed by the GPS network
and convection pattern as observed by SuperDARN. MLT is indicated on the horizontal axis, and the gray
lines denote magnetic latitude. The colorbar to the right is common for all three time steps.

The third panel shows the ECPC model. The picture is centered on the magnetic pole, showing magnetic
latitudes from 60◦ to 90◦ . The electrostatic potential is shown as equipotential contours, as indicated by the
colorbar on the right hand side. Magnetic local noon is toward the top of the page, withmidnight toward the
bottom, dawn on the right hand side, and dusk on the left hand side. Tracer particles are colored turquoise.
The colorbar on the right hand side is common for the three time steps.

The fourth panel shows the prediction model, where we have combined the ECPC convection pattern with
our reference TEC map. The axes are the same as for the ECPC model. As before, the colorbar on the right
hand side is common for the three time steps. The fifth and last panel shows the GPS scintillations (colored
lines) at Ny-Ålesund, quantified by the parameter 60 s 𝜎𝜙. The dotted black line is the vertical total electron
content (VTEC) calculated by the Ny-Ålesund GPS receiver, reported in terms of TEC units (TECu).

The first time step, denoted a in Figure 5, is at 18:40 UT. The cross polar cap potential is 68 kV. Super-
DARN/GPS (panel 2) shows an increased plasma density in the cusp forming around magnetic noon and
extending poleward, up to around 75–80◦ , highlighted in the figure by a circle. We observe a patch centered
at 75◦ latitude, 13-hr MLT. The GPS observations give a TEC value in the patch of about 18 TECu. Our TEC
lookup table (described in section 2.1.2) gives an estimated patch density of 15.2 TECu.
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Figure 5. Prediction model snapshots at 18:40, 19:30, and 19:40 UT. Top panel: IMF BZ (Blue), AE Index (red), second panel: SuperDARN/GPS TEC, third
panel: convection model, fourth panel: tec model, fifth panel: GPS scintillation (colors) and VTEC (black) at Ny-Ålesund, Svalbard.
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Figure 6. Prediction model snapshots at 20:30, 21:20, and 21:40 UT. Top panel: IMF BZ (Blue), AE Index (red), second panel: SuperDARN/GPS TEC, third
panel: convection model, fourth panel: tec model, fifth panel: GPS scintillation (colors) and VTEC (black) at Ny-Ålesund, Svalbard.
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At 18:40UT, just over anhour has passed after the southward turning of the IMFand the twin-cell convection
pattern is well established (see second panel of Figure 5a). There is significant auroral activity (AE ≈ 800),
due to the previous substorm as already mentioned. The prediction model (panels 3 and 4) have all tracers
in place and they have started to convect with velocity v ≈ 570 m/s at magnetic latitude (MLAT) 77–78◦ .

Figure 5b shows snapshots at 19:30 UT. SuperDARN/GPS TEC (panel 2) shows that a large tongue of ion-
ization has formed, stretching from the prenoon cusp, poleward and across 90◦ MLAT, indicated by a circle.
The dense plasma convects along the convection streamlines, which show a clear twin-cell pattern. The
IMF is dominated by BY ≈ 18 nT, while the north/south component has reduced to Bz ≈ −5 nT. The AE
index shows significant auroral activity, with the maximum peak AE ≈ 2, 600 nT appearing in time interval
19:25–19:30 UT. The prediction model decribes a strong twin-cell convection pattern, with cross polar cap
potential of 94 kV. The tracer particles (the patch) is traveling at v≈ 480m/s and is traversing the very upper
MLATs in around 19:30 UT.

Figure 5c shows snapshots at 19:40 UT. The TEC enhancement we termed a tongue of ionization in the pre-
vious section has now been cut off from the dayside reservoir. A region of low-density plasma is convected
into the cusp and thus effectively cutting off the plasma patch from the reservoir and creating a polar cap
patch. The patch extends from 70◦ MLAT in the prenoon sector, across the 90◦ MLAT point, and toward 80◦

in the premidnight region. The cross polar cap potential reaches its peak around 95 kV, and we observe sig-
nificant auroral activity at the same time. IMF is dominated by a strong negative BZ . In the predictionmodel,
the tracer particles have crossed the 90◦ MLAT point and are convecting toward magnetic local midnight at
v ≈ 510 m/s.

Figure 6d shows snapshots at 20:30 UT. SuperDARN/GPS observations show that the patch has crossed the
polar cap and is located at around 75◦ MLAT and 21 MLT. The patch density is somewhat lower than it was
in the first snapshot. The cross polar cap potential has reduced to 60 kV but the twin-cell convection pattern
is still in place. Auroral activity has declined somewhat but is still high, with AE≈ 1000 nT. In the prediction
model, the tracer particles crossed the polar cap boundary located at 75◦ MLAT at 20:25 UT. The density at
the crossing of the boundary is 14.2 TECu, 1 TECu less that at the start of the simulation. Scintillations at
Ny-Ålesund reach a peak of almost 0.8 radians at 20:30 UT, shown in the fifth panel of Figure 6. There is a
peak in VTEC just before 20:30 UT.

As an exercise, we calculate the expected velocity of the polar cap patch from our observations. We assume
that the polar cap boundary is stationary at 75◦ , such that one crossing of the polar cap means traversing
30 MLATs. A duration of 1 hr and 50 min (18:40 to 20:30 UT) gives a patch convection velocity v ≈ 500 m/s,
which is similar to the values produced by the prediction model and as expected from current knowledge of
patch propagation.

Figure 6e shows snapshots at 21:20. The patch has crossed the open/closed field line boundary and stretched
out over the return flow region of the dusk convection cell. The patch has now been transformed into a
blob, as shown by, for example, Robinson et al. (1985). It is located at approximately 65–70◦ MLAT. The
predictionmodel is now dominated by nightside reconnection. The tracer particles are stretched out, similar
to a so-called blob. The drift velocity has decreased significantly, averaging at 378m/s in the snapshot. There
is a slight increase in observed TEC at Ny-Ålesund. The IMFhas returned to a calmer, non-storm event state,
with both BZ and BY fluctuating around zero. The AE index is reduced to ≈ 300 nT.

Figure 6f shows snapshots at 21:40 UT. The patch/blob has almost ceased to exist, with only some traces left
at 16 MLT. The IMF is in a calm state, with both BZ and BY fluctuating around zero. The AE index is further
reduced to ≈ 250 nT and in recovery phase. The prediction model shows a blob that is even more stretched
out and a decelerating drift velocity.

4. Discussion
We have presented results from the ECPC prediction model and SuperDARN/GPS observations for a polar
cap patch crossing the polar cap during a geomagnetically disturbed event.

Our case study showed that the polar cap patch is formed fromconvection of high-density plasma from lower
latitudes into the polar cap. As the IMF turns southward, the convection cells expand to lower latitudes.
Here, the convection pattern “bites” into the large reservoir of high-density plasma and brings it poleward
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toward the polar cap. Next, continuous dayside reconnection allows the patch to convect on open field lines
into the polar cap and across.

There is good agreement between predicted and observed events in terms of patch drift velocity and duration
of the polar cap crossing. SuperDARN/GPS shows that the leading edge of the patch observed at 18:40 UT
crossed the open/closed field line boundary at 20:30 UT, 1 hr and 50 min later. The prediction model gives
a duration of 1 hr and 55 min. The result is somewhat sensitive to interpretation of where the open/closed
field line boundary is located. For example, if the OCB was located 2◦ further equatorward, the duration
would be 7 min longer, a relatively small error.

We observed significant scintillations at Ny-Ålesund at 20:30 UT, which agrees well with our prediction.
The VTEC observations show a significant drop at 20:30 UT, consistent with a peak in the scintillation
parameter (Jin & Oksavik, 2018). However, a patch does not have to be exactly above the receiver to cause
scintillations, because GPS satellites are seen in different directions and elevations, and so the patch can be
observed at a different time. The same pattern was seen by Jin and Oksavik (2018). Additionally, there are
some data gaps in the GPS TEC observations in the first panel of Figures 5 and 6 (white areas). There may be
additional, unobserved, regions of increased plasma density that contributed to the recorded VTEC values
at Ny-Ålesund.

Moreover, the ECPC cap paradigm explains the evolution of the patch into a boundary blob well. When
the patch enters the return flow region, it is structured and stretched out and slowly convects back into the
dayside region. The restructuring of the patch into a blob is confirmed by SuperDARNandGPS observations.

The patch density is somewhat underestimated by the prediction model, which predicts 15.2 TECu at the
start of the simulation, while the observations show a patch density of 18 TECu. At the patch's crossing of
the open/closed field line boundary, the prediction model estimates a TECu of 14.2, showing a small decay
of the patch due to recombination. GPS observations show that the patch density is somewhat lower at its
arrival on the nightside (see Figure 6d). We must conclude that our loss rate 𝛽 is correct, at least to the
degree of accuracy we are considering here. As Hosokawa et al. (2011) explains, a patch at a lower altitude
(higher loss rate 𝛽) would have decayed so rapidly that it would not have reached the nightside. A higher
assumed altitude would mean a lower loss rate, which would result in a higher predicted patch density on
the nightside. Moreover, in terms of predicting GPS scintillations, the estimate is sufficiently accurate. This
is because the main factor influencing the amount of scintillations on GPS signals is the instabilities and
structuring observed at steep density gradients along the edges of the patch, not the absolute density of the
patch itself.

The model predicts patch trajectory in an idealized manner. The model uses a perfect twin-cell convection
system, and the patch trajectory is determined by the starting position in local time. Since there is no asym-
metry about the noon-midnight axis, a tracer particle placed at 12 MLT will drift in a straight line and exit
the polar cap at midtnight. A tracer particle placed in the postnoon sector will exit in the premidnight sec-
tor. SuperDARN/GPS observations shows that reality is more complex. Firstly, the convection pattern and
drift velocities are not steady state but dynamic and pulsed (Oksavik et al., 2010). Secondly, the convection
pattern is asymmetrical about both the midnight-noon and dawn-dusk axes and is heavily dependent on
IMF direction, as shown for example by Pettigrew et al. (2010). It is possible to change the location of the
merging gaps (and their size) in the ECPC model.

In a trial run, we have used IMF-dependent merging gap location and size and compared with our results.
Pettigrew et al. (2010, Figures 4,5, and 6) provide visual representations of the convection pattern as a func-
tion of dipole tilt, transverse IMF field strength, and IMF clock angle. Pettigrew et al. (2010)'s results were
obtained by fitting velocity vector observations from SuperDARN to a spherical harmonic function of 8th
order, as proposed by Ruohoniemi and Greenwald (2005). We estimated the merging gap location and size
visually from Pettigrew et al. (2010)'s convection patterns. This analysis resulted in a relative error of patch
arrival time of ±10 min. Determining the merging gap locations accurately, for example, by detecting flow
reversal boundaries, would increase accuracy. This task is left for future work.

Keeping inmind that our goal is to predict the arrival of patches on thenightside auroral oval, these factors do
not hinder us. As wewill explain shortly, these imperfections do not influence the drift velocity significantly.
For instance, the perfectly symmetrical convection pattern limits the spatial variance of the patch trajectory.
However, the difference in flow time to cross the polar cap between a tracer particle starting at MLT = 12
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and one starting atMLT= 13.25 is only 15min. Assuming an average drift velocity of 500m/s, the difference
corresponds to distance of 450 km or 4◦ latitude. As shown in Figure 5c, the patch stretches over more than
20◦ MLAT. The relative error is therefore not very large. Furthermore, the patchMLT location does not have
to be predicted exactly in order to forecast scintillations. As long as the patch is in the field of view of the
GPS receiver, such that signals from GPS satellites have to pass through the patch, scintillations may occur.
From a spaceweather forecasting point of view,we conclude that the ECPCmodel gives sufficiently accurate
predictions, even without considering By-dependent convection pattern.

The ECPC predition model only includes the large-scale twin-cell convection pattern. It neglects the pres-
ence of flow channels, which aremesoscale regions (100–200 kmwide)where particle drift velocities exceeds
4,000 m/s (Nishimura et al., 2014). These flow channels are associated with poleward moving auroral forms
and, by assosiation, localized magnetic reconnection (Nishimura et al., 2014). These local regions will give
the patch a burst of speed and reduce propagation time. This factor is not included in themodel and indicates
that the ECPC underestimates propagation speed.

The model does not take into account any transformation in shape that the patch goes through, other than
that imposed by the idealized twin-cell convection system. As shown by Crowley et al. (2000), a patch prop-
agating across the polar cap will change shape due to the varying convection system. The patchmay become
distorted, move between the dusk/dawn cell, and spread out. In terms of scintillations, this means that there
is an uncertainty in the MLT distribution on the nightside of where the patch enters the auroral oval.

The ECPC prediction model does not capture the inner dynamics of a patch. In their case study, Oksavik
et al. (2010) describes the trajectory of two patch events in the polar cap. They found that a patch can undergo
substantial rotation in the polar cap, such that the trailing edge overtakes the leading edge. This is important
because the gradient drift instability is known to be most severe on the trailing edge of patches and is a
significant contributor to GPS scintillations. A limitation of the ECPC model is that is does not include
possible rotation of a patch inside the polar cap. However, previous studies (e.g., Moen et al., 2013; Jin et al.,
2016) have shown that themost severe disturbances occurwhere patches impactwith the auroral oval. Thus,
in terms of predicting GNSS scintillations, we are mainly concerned with predicting the arrival of polar cap
patches at the auroral oval.

An alternative and contrast to the ECPC derived convection pattern is to use the SuperDARN convection
map (Greenwald et al., 1995). The network of SuperDARN radars measure plasma drift in the ionosphere
and fit the velocities to spherical harmonical functions to create global convection maps (Ruohoniemi &
Baker, 1998). The patterns are further constrained by statistical convection patterns based on upstream
IMF conditions (Thomas & Shepherd, 2018). SuperDARN convection maps therefore inherently show pat-
terns of steady-state processes. The ECPC paradigm, on the other hand, decouples dayside and nightside
reconnection and thus mimics the evolution of a typical substorm by first exhibiting an enhanced dayside
reconnection rate (growth phase), followed by a period of enhanced nightside reconnection rate (expansion
phase) (Lockwood & Cowley, 1992). This behavior makes the ECPC paradigm a unique candidate to form
the basis of a space weather forecasting algorithm.

5. Conclusion and FutureWork
Wehave shownhow the ECPCmodel can be used to describe themotion of a polar cap patch across the polar
cap. Themodel describes themotionwell, predicting the time of arrival with an accuracy of 5min. Addition-
ally, the model provides a reasonable estimate for the TEC intensity in the patch. This conclusion is found
by comparing our prediction model with SuperDARN/GPS data, as well as observed scintillation levels on a
receiver at Svalbard. It should be noted that detailed dynamics such as patch rotation, patch transformation,
and flow channels are not captured by the model but for the application of predicting arrival times at the
auroral boundary, the model is applicable. The model can be developed further by including real-time data
of the potential distribution across the polar cap, which would provide a more accurate convection pattern
and reveal possible flow channel events.

Real-time data on the position of the auroral oval can be obtained using magnometer data and will increase
the accuracy of the prediction model. Furthermore, a space weather forecast system must include a patch
detection system. This can be acheived using for example satellites with Langmuir Probes (Spicher et al.,
2017) and/or GPS receivers (Noja et al., 2013) or ground-based observation techniques like all-sky imagers,
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GNSS receivers, or incoherent scatter radars (see e.g., Jin et al., 2014, 2016; Moen et al., 2006; Weber et al.,
1986; Zhang et al., 2013). The verification of the ECPC model as a means of describing polar cap patch
transportation brings us one step closer to space weather forecasting.

References

Aarons, J. (1982). Global morphology of ionospheric scintillations. Proceedings of the IEEE, 70(4), 360–378. https://doi.org/10.1109/PROC.
1982.12314

Alfonsi, L., Spogli, L., De Franceschi, G., Romano, V., Aquino, M., Dodson, A., & Mitchell, C. N. (2011). Bipolar climatology of gps
ionospheric scintillation at solar minimum. Radio Science, 46, RS0D05. https://doi.org/10.1029/2010rs004571

Basu, S., Groves, K. M., Basu, S., & Sultan, P. J. (2002). Specification and forecasting of scintillations in communication/navigation
links: Current status and future plans. Journal of Atmospheric and Solar-Terrestrial Physics, 64(16), 1745–1754. https://doi.org/10.1016/
S1364-6826(02)00124-4

Buchau, J.,Weber, E. J., Anderson, D.N., Carlson Jr, H. C.,Moore, J. G., Reinisch, B.W., &Livingston, R. C. (1985). Ionospheric structures in
the polar cap: Their origin and relation to 250-mhz scintillation. Radio Science, 20(3), 325–338. https://doi.org/10.1029/RS020i003p00325

Chen, Z., Zhang, S.-R., Coster, A. J., & Fang, G. (2015). EOF analysis and modeling of GPS TEC climatology over North America. Journal
of Geophysical Research: Space Physics, 120, 3118–3129. https://doi.org/10.1002/2014JA020837

Clausen, L. B. N., Moen, J. I., Hosokawa, K., & Holmes, J. M. (2016). GPS scintillations in the high latitudes during periods of dayside and
nightside reconnection. Journal of Geophysical Research: Space Physics, 121, 3293–3309. https://doi.org/10.1002/2015JA022199

Cowley, S. W. H., & Lockwood, M. (1992). Excitation and decay of solar wind-driven flows in the magnetosphere-ionosphere system.
Annales Geophysicae, 10, 103–115.

Crowley, G. (1996). Critical review of ionospheric patches and blobs. In W. R. Stone (Ed.), Review of radio science 1993-1996 (pp. 619–648).
United Kingdom: Oxford Science Publication.

Crowley, G., Ridley, A., Deist, D., Wing, S., Knipp, D., Emery, B., et al. (2000). Transformation of high-latitude ionospheric f region patches
into blobs during the March 21, 1990 storm. Journal of Geophysical Research, 105(A3), 5215–5230.

De Franceschi, G., Alfonsi, L., Romano, V., Aquino, M., Dodson, A., Mitchell, C. N., et al. (2008). Dynamics of high-latitude patches and
associated small-scale irregularities during the October andNovember 2003 storms. Journal of Atmospheric and Solar-Terrestrial Physics,
70(6), 879–888. https://doi.org/10.1016/j.jastp.2007.05.018

Freeman, M. P. (2003). A unified model of the response of ionospheric convection to changes in the interplanetary magnetic field. Journal
of Geophysical Research, 108(A1), 1024. https://doi.org/10.1029/2002JA009385

Garner, T.W., Harris, R. B., York, J. A., Herbster, C. S., Minter III, C. F., &Hampton, D. L. (2011). An auroral scintillation observation using
precise, collocated GPS receivers. Radio Science, 46, RS1018. https://doi.org/10.1029/2010RS004412

Greenwald, R. A., Baker, K. B., Dudeney, J. R., Pinnock, M., Jones, T. B., Thomas, E. C., et al. (1995). DARN/superDARN. Space Science
Reviews, 71(1), 761–796. https://doi.org/10.1007/bf00751350

Heppner, J. P., & Maynard, N. C. (1987). Empirical high-latitude electric field models, 92(A5), 4467–4489. https://doi.org/10.1029/
JA092iA05p04467

Hosokawa, K., Moen, J. I., Shiokawa, K., & Otsuka, Y. (2011). Decay of polar cap patch. Journal of Geophysical Research, 116, A05306.
https://doi.org/10.1029/2010JA016297

Jacobsen, K. S., & Andalsvik, Y. L. J. J. S. W. S. C. (2016). Overview of the 2015 St. Patrick's day storm and its consequences for RTK and
PPP positioning in Norway. Journal of Space Weather and Space Climate, 6, A9. https://doi.org/10.1051/swsc/2016004

Jin, Y., Moen, J. I., & Miloch, W. J. (2014). GPS scintillation effects associated with polar cap patches and substorm auroral activity: Direct
comparison. Journal of Space Weather and Space Climate, 4, A23. https://doi.org/10.1051/swsc/2014019

Jin, Y., Moen, J. I., &Miloch,W. J. (2015). On the collocation of the cusp aurora and the GPS phase scintillation: A statistical study, 120(10),
9176–9191. https://doi.org/10.1002/2015JA021449

Jin, Y., Moen, J. I., Miloch, W. J., Clausen, L. B. N., & Oksavik, K. (2016). Statistical study of the gnss phase scintillation associated with
two types of auroral blobs. Journal of Geophysical Research: Space Physics, 121, 4679–4697. https://doi.org/10.1002/2016JA022613

Jin, Y., & Oksavik, K. (2018). GPS scintillations and losses of signal lock at high latitudes during the 2015 St. Patrick's day storm, 123(9),
7943–7957. https://doi.org/10.1029/2018JA025933

Kintner, P. M., Ledvina, B. M., & Paula, E. R. (2007). GPS and ionospheric scintillations. Space Weather, 5, S09003. https://doi.org/10.1029/
2006SW000260

Lockwood, M. (1991). On flow reversal boundaries and transpolar voltage in average models of high-latitude convection. Planetary and
Space Science, 39, 397–409. https://doi.org/10.1016/0032-0633(91)90002-R

Lockwood, M., & Cowley, S. W. H. (1992). Ionospheric convection and the substorm cycle, "substorm 1", esa-sp 335 (pp. 99–109). Nordvijk,
the Netherlands: European Space Agency Publications.

Lockwood, M., Moen, J., Cowley, S. W. H., Farmer, A. D., Løvhaug, U. P., Lühr, H., & Davda, V. N. (1993). Variability of dayside convection
and motions of the cusp/cleft aurora. Geophysical Research Letter, 20(11), 1011–1014. https://doi.org/10.1029/93GL00846

Meeren, C., Oksavik, K., Lorentzen,D.A., Rietveld,M. T., &Clausen, L. B.N. (2015). Severe and localizedGNSS scintillation at the poleward
edge of the nightside auroral oval during intense substorm aurora. Journal of Geophysical Research: Space Physics, 120, 10,607–10,621.
https://doi.org/10.1002/2015JA021819

Milan, S. E. (2013). Modeling birkeland currents in the expanding/contracting polar cap paradigm. Journal of Geophysical Research: Space
Physics, 118, 5532–5542. https://doi.org/10.1002/jgra.50393

Mitchell, C. N., Alfonsi, L., De Franceschi, G., Lester, M., Romano, V., & Wernik, A. W. (2005). GPS TEC and scintillation measure-
ments from the polar ionosphere during the October 2003 storm. Geophysical Research Letters, 32, L12S03. https://doi.org/10.1029/
2004GL021644

Moen, J., Carlson, H. C., Oksavik, K., Nielsen, C. P., Pryse, S. E., Middleton, H. R., et al. (2006). Eiscat observations of plasma patches at
sub-auroral cusp latitudes. Annales Geophysicae, 24(9), 2363–2374. https://doi.org/10.5194/angeo-24-2363-2006

Moen, J., Hosokawa, K., Gulbrandsen,N., &Clausen, L. B.N. (2015). On the symmetry of ionospheric polar cap patch exits aroundmagnetic
midnight. Journal of Geophysical Research: Space Physics, 120, 7785–7797. https://doi.org/10.1002/2014JA020914

Moen, J., Oksavik, K., Alfonsi, L., Daabakk, Y., Romano, V., & Spogli, L. (2013). Space weather challenges of the polar cap ionosphere.
Journal of Space Weather and Space Climate, 3, A02.

Acknowledgments
The authors acknowledge the use of
SuperDARN data. SuperDARN is a
collection of radars funded by national
scientific funding agencies of
Australia, Canada, China, France,
Italy, Japan, Norway, South Africa,
United Kingdom, and the United
States of America. The OMNI data
were obtained from the GSFC/SPDF
OMNIWeb interface at http://
omniweb.gsfc.nasa.gov. GPS TEC data
products and access through the
Madrigal distributed data system are
provided to the community (http://
www.openmadrigal.org) by the
Massachusetts Institute of Technology
(MIT) under support from US National
Science Foundation grant
AGS-1242204. Data for TEC processing
is provided from the following
organizations: UNAVCO, Scripps Orbit
and Permanent Array Center, Institut
Geographique National, France,
International GNSS Service, The
Crustal Dynamics Data Information
System (CDDIS), National Geodetic
Survey, Instituto Brasileiro de
Geografia e Estatística, RAMSAC
CORS of Instituto Geográfico Nacional
de la República Argentina, Arecibo
Observatory, Low-Latitude Ionospheric
Sensor Network (LISN), Topcon
Positioning Systems, Inc., Canadian
High Arctic Ionospheric Network,
Centro di Ricerche Sismologiche,
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Abstract

Space weather phenomena such as scintillations of Global Navigation Satel-

lite Systems (GNSS) signals are of increasing importance for aviation, the

maritime, and civil engineering industries. The ionospheric plasma irregu-

larities causing scintillations are associated with strong gradients in ionospheric

plasma density. To provide now- and forecasts of space weather effects, it

is vital to monitor the ionosphere and detect strong density variations. To re-

construct plasma density variations in the polar cap ionosphere, we use To-

tal Electron Content (TEC) estimates from the Swarm satellites’ GPS receivers.

By considering events where the Swarm satellites are in close proximity, we

obtain plasma density variations by inverting TEC measurements on a two

dimensional grid. We first demonstrate the method using synthetic test data,

before applying it to real data. The method is validated using in situ Lang-

muir probe measurements and ground-based TEC observations. We find that

the new method can reproduce density variations, although it is sensitive to

the geometry of the Swarm satellite constellation and to the calculated plasma

temperature. Our proposed method opens new possibilities for ionospheric

plasma monitoring that uses GPS receivers aboard Low Earth Orbit (LEO)

satellites.

1 Introduction

Space weather comprises a number of phenomena that affect the Earth’s mag-

netosphere, thermosphere and ionosphere. The effects of space weather on

technology include power grid failure, disruptions of the electronic systems

of satellites, or disturbances of radio communications and satellite-based po-

sitioning and navigation systems such as Global Navigation Satellite Systems

(GNSS). Our society and industry are increasingly dependent on technology,

and in particular on satellite based communication and navigation systems.

Understanding and monitoring the conditions related to space weather effects

on such systems are essential steps toward space weather forecasting.

Satellite signals propagating through the ionosphere can undergo disturbances

that manifest as rapid fluctuations in phase and amplitude, called scintilla-
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tions (Kintner et al., 2007; Yeh & Liu, 1982). Scintillations of transionospheric

radio waves are associated with irregularities in electron density, which can

result from different phenomena such as storm-enhanced ionospheric plasma

density, auroral particle precipitation and/or polar cap patches (Alfonsi et al.,

2011; De Franceschi et al., 2008; Y. Jin et al., 2014, 2015, 2016; Mitchell

et al., 2005; Moen et al., 2013; Prikryl et al., 2010, 2015; Spogli et al., 2009).

Scintillations degrade GNSS position accuracy, and can cause loss of lock

for the GNSS receiver (Aarons, 1982; Garner et al., 2011; Jacobsen & An-

dalsvik, 2016; Y. Jin & Oksavik, 2018).

One source of GNSS scintillations in the polar regions are the steep density

gradients found on the edges of polar cap patches (e.g. Buchau et al., 1985;

Weber et al., 1986; Basu et al., 2002; Spogli et al., 2009; Prikryl et al., 2010;

Y. Jin et al., 2014; Meeren et al., 2015; Clausen et al., 2016; Y. Jin et al., 2016).

These steep density gradients allow the Gradient Drift Instability (GDI) to

develop, so that the plasma becomes structured and affects radio signals prop-

agating throughout the ionosphere. Polar cap patches are usually defined as

at least two times the density of the surrounding plasma (Crowley, 1996).

Observing and monitoring the polar cap ionosphere and detecting patches is

a vital area of study for predicting space weather effects. This is tradition-

ally done using ground based radars, in situ satellites and rockets. Addition-

ally, combining data from different sources allows for reconstructing plasma

density in the ionosphere. One such method is the ionospheric tomography,

a concept that have been developed significantly over the past decades. Dif-

ferent solution algorithms for solving the linear set of equations have been

developed, such as iterative techniques, multiplicative algebraic reconstruc-

tion technique (MART), and quadratic programming (T. D. Raymund et al.,

1990; T. Raymund, 1995; S. E. Pryse et al., 1998). Present tomographic re-

construction techniques use input from ground-based GNSS or NNSS receivers

(Chen et al., 2016; Zhou et al., 2015; Leitinger et al., 1997; Spencer et al.,

1998; Tsai et al., 2002), often in combination with Low Earth Orbit satel-

lites (Li et al., 2012), NNSS satellites (S. Pryse & Kersley, 1992; T. D. Ray-

mund et al., 1993) or ionosondes (Ma et al., 2005; dos Santos Prol et al., 2019).
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There have also been some successful attempts to create three dimensional,

time-dependent ionospheric density reconstructions (Mitchell et al., 2005; Bust

et al., 2004, 2007). The common feature for these methods, is that they rely

on ground-based observations of some kind.

The use of ground-based observations inherently restricts the coverage that

the tomographic method can provide. Satellites, on the other hand, can pro-

vide global coverage for monitoring ionospheric plasma. Some work has been

done in the past to detect polar cap patches using GPS receivers aboard satel-

lites, which have used the total electron content (TEC) directly to define a

patch. For example, Noja et al. (2013) used the CHAMP satellite to study

the climatology of polar cap patches using the GPS receiver on board. In their

study, patch is defined as a positive TEC slope followed by a negative slope

within a 200 s sliding window (=1500 km arc). A similar approach was used

by Coley and Heelis (1995), who used the Dynamics Explorer 2 satellite. Ad-

ditionally, the in situ plasma density gradients from the Langmuir probes aboard

the Swarm satellites have been used to detect polar cap patches and study

polar cap patch climatology, see (Spicher et al., 2017; Goodwin et al., 2015).

This paper presents a novel approach to reconstruct ionospheric density vari-

ations in the horizontal plane, using the Swarm satellites and their GPS re-

ceivers. Satellite based measurements open a possibility for monitoring the

polar ionosphere over less accessible regions, such as oceans or Antarctica.

The method is easily extendable to any low earth orbit (LEO) satellite with

a dual-frequency GPS receiver (or other Global Navigation Satellite System

receiver that can provide TEC estimates), promising better than ever cover-

age of the polar cap in terms of monitoring the ionosphere.

2 Instrumentation

The Swarm mission comprises three satellites launched by the European Space

Agency (ESA) in 2013. The main goal of the Swarm mission is to study Earth’s

geomagnetic field variations with better-than-ever temporal and spatial res-

olutions. The three-satellite configuration enables creation and validation of

global models with high accuracy, because the satellites provide measurements
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at three different locations simultaneously. For an in-depth review of the Swarm

mission’s objectives and technical details, see for example Friis-Christensen

et al. (2006); Olsen et al. (2013).

Swarm satellites A and C orbit the Earth in tandem, at an initial altitude of

462 km and an inclination of 87.35◦. Swarm B orbits at an altitude of ap-

proximately 511 km, at inclination 87.75◦. The orbits were initially at ap-

proximately the same local time (pearls-on-a-string configuration). The lo-

cal time separation between Swarm B and Swarm A/C increases with time.

2.1 Swarm GPS Receiver

The inversion technique described in this paper, uses data from the GPS re-

ceivers onboard Swarm as input. Each Swarm satellite is equipped with an

eight-channel dual-frequency GPS receiver. For a detailed description of Swarm’s

GPS receivers, see e.g. van den IJssel et al. (2016). The dual-frequency fea-

ture allows the receiver to estimate the total electron content (TEC), see for

example S. Jin et al. (2014). The total electron content is defined in equa-

tion 1, where n is the plasma density per m3 and s is the spatial variable along

the ray path. TEC is provided at 1 Hz from 15 July 2014 and onward (van den

Ijssel et al., 2015).

T EC =
∫ s2

s1
n ds (1)

The integral limits (s1, s2) are the locations of the GPS receiver and the tracked

GPS satellite. In this study, the GPS receiver is located on the Swarm satel-

lite. Thus in this study, TEC is a measure of the number of electrons in a cylin-

der with cross-sectional area 1 m2 and length s between the two spacecrafts,

that is, the GPS satellite and the Swarm satellite. The measurement is given

in terms of Total Electron Content Units, where 1 TECU = 1016 el m−2.

2.2 Swarm Langmuir Probe

We also include data from the Langmuir probes from the Electric Field In-

strument onboard Swarm. Each Swarm satellite carries two Langmuir probes,

as part of the Electric Field Instrument at the front of the satellite. The Lang-

muir probes aboard Swarm estimate electron density from current measure-

113



ments at a pre-defined probe potential (Knudsen et al., 2017). The electron

density is provided in units of m−3 and is sampled at 2 Hz (Knudsen et al.,

2017; Y. Jin et al., 2019).

2.3 Ground based GPS receiver network

To validate our results, we use the ground-based world wide GPS receiver

network obtained from the Madrigal CEDAR Database (Rideout & Coster,

2006), which provide estimated global TEC maps. The data is processed us-

ing the minimum scallop technique, presented in detail by Rideout and Coster

(2006); Vierinen et al. (2016). In the polar cap, the TEC is calculated at five

minute intervals, binned in 1◦ latitude and 1◦ longitude. We apply median

filtering, a technique that eliminates noise and smoothes data by taking the

median over a moving boxcar window for each bin, where the window size

is 3x3 bins (Thomas et al., 2013).

3 Methodology

Our reconstruction technique estimates density variations in the ionosphere

using observations from Swarm’s GPS receivers. The technique is based on

the fact that if waves, such as GPS signals, traverse the same volume of space

in several different directions, some property of the traversed volume can be

reconstructed using observations by the different waves/signals of said prop-

erty. Applied to our investigation, we will use the integrated quantity of TEC,

measured along various paths through a volume surrounding each satellite,

to reconstruct local plasma density variations by inversion in two dimensions.

In particular, we will focus on events when the lower satellite pair (Swarm

A and C) and the upper satellite (Swarm B) are in close proximity to each

other. In such cases the number of rays (i.e., paths to GPS satellites along

which TEC is measured) penetrating the volume around the satellites is max-

imized.
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3.1 Reconstruction algorithm principle

The general principle behind the inversion algorithm is to assume that the

measured TEC value along the Swarm-to-GPS satellite beam is the sum of

contributions due to plasma density within each cell of a two-dimensional

grid.

To present the concept, we choose an event were the satellite trajectories are

nearly orthogonal. Additionally, we look for cases where the distance between

the satellites is relatively small that is, less than 100 km. Based on the ge-

ometry of the crossing of the Swarm satellite orbits we establish a 2D grid

around the crossing point on 29 November 2017 between 15:04 and 15:06:50

UT, see Figure 1. The coordinate system is magnetic latitude (MLAT) where

0◦ is the magnetic north pole versus magnetic local time (MLT), and where

12 noon is toward the top of the page. The trajectories of Swarm A (blue),

B (green) and C (yellow) are included. The black ray indicates a GPS satel-

lite tracked by Swarm A at 108◦ azimuth at 15:05:20 UT. We sample Swarm

GPS data every 10 seconds, and the number of cells in the grid (N) and the

number of time steps (L) follows according to the duration of the selected

event. We assume that the plasma density distribution is stationary during the

time of the crossing, which is reasonable for short time intervals. In our case,

the event has a duration of 170 seconds. If the interplanetary magnetic field

(IMF) Bz component is negative, we expect ionospheric plasma density to

convect with velocities of ≈ 500 m/s (Weber et al., 1984; Hosokawa et al.,

2006). This velocity corresponds to 85 km during a 170 second interval, which

is slightly more than the length of one grid cell, which is 71 km assuming

a time step of 10 seconds and Swarm velocity 7.1 km/s.

At each time step during the crossing of the three satellites, the Swarm-to-

GPS ray is traced through the grid to establish which grid cell (to be more

precise, the plasma density within which grid cell) contributed to the mea-

sured TEC value. For example, at time step t, the value T ECA−PRNp(t) quan-

tifies the TEC between Swarm A and GPS satellite PRNp at that time step.

The situation is illustrated in Figure 1, where the TEC value measured at Swarm

A at time t = 15:05:20 UT was due to the plasma densities in the 11 grid cells

marked with red color, or expressed mathematically:
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Figure 1. Grid used for inversion and Swarm trajectories corresponding to 29 Novem-

ber 2017, 15:04-15:06:50. Swarm A is blue, Swarm B is green, and Swarm C is yellow.

The black line indicates direction to a GPS satellite tracked by Swarm A at time t, and the

cells with plasma density contribution to TEC measured at Swarm A at time t are colored

red. The coordinate system is Magnetic Local Time (MLT) with noon to the top of the

figure vs. magnetic latitude (MLAT).

T ECA−PRNp(t) =
N

∑
k=1

fi j(k)ni j(k) (2)

where n is the plasma density, i j(k) gives the row (i) and column ( j) index

of the kth bin from the grid that contributed. N is the total number of cells

within the grid. The weighting factor fi j(k) represents a combination of dif-

ferent factors that affect the contribution of plasma density within a partic-
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ular cell to a particular TEC measurement and will be discussed in the next

sections.

By following all three Swarm S (S = A, B, C) satellites along their paths through

the grid and accounting for all p tracked GPS satellites PRNp (p = 1 . . . 8,

the Swarm GPS receivers can track up to 8 GPS satellites simultaneously)

at all sampled times tq (q = 1 . . .Q), during this interval, we can construct

equations for TEC (Equation 2), and finally write them in the following ma-

trix form:

T ECS−PRNp(tq) = FS−PRNp(tq)ni j(S−PRNp) (3)

Equation 3 thus indicates the contributions to the measured TEC value T ECS−PRNp(tq),

which is TEC measured by Swarm S tracking GPS satellite PRNp at time tq
due to the plasma density at grid cell i j(S−PRNp, tq) , where i and j are grid

cell indices. Note that the plasma density in each grid cell is assumed to be

constant during the crossing, i.e., there is no time dependence of the plasma

density. The TEC matrix will have dimension nrow×1, where nrow is the to-

tal number of TEC measurements. For example if all three Swarm satellites

are used, and each of them tracks 8 satellites at each of the Q time steps across

the grid, nrow = 3×8×Q. The density matrix n will have dimensions ncell×
1, where ncell is the number of cells in the grid. Lastly, the F matrix will have

dimension nrow×ncell .

The entries in the matrix F reflect the weight contribution of each grid cell,

and it is a value between 0 and 1, depending on the weighting factors which

will be explained later. Mathematically, the problem of solving for the plasma

densities n reduces to a minimization problem on the 2D grid, which will be

described in more detail in section 3.3.

3.2 Improvement of algorithm by weighting

The weight matrix Fdescribes the contribution from each grid cell to a par-

ticular ray path. In Figure 1, the cells with contribution were colored red. There

was no distinction between the relative contribution from each of the red col-
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ored cells, although it is obvious that some of the grid cells will have a larger

contribution to the TEC value than others. We want to capture the relative

contributions from the different grid cells. We have therefore introduced sev-

eral weightings that contribute to the value of F , which will be explained in

detail in the subsequent paragraphs.

3.2.1 Weighting by length

Considering Figure 1, we notice that the black ray that indicates GPS satel-

lite direction passes diagonally through some cells, while it barely touches

other cells. It is obvious that these cells will not contribute equally to TEC.

We therefore introduce a length-dependent weighting factor:

dsi j(k) =
Li j(k)

L
√

2
(4)

Where Li j(k) is the length of the GPS signal path within the kth cell given by

the index i j(k), and L is the side length of the grid cell; L is constant across

the grid. If the Swarm-to-GPS ray passes exactly through the diagonal, the

weighting factor dsi j(k) = 1.

We note that discretization of the grid allows also for other weighting approaches.

Another approach would be assigning thickness L to a discretized ray rl , and

determining the weight through the overlap of the grid cell area and the ray

element area, such that

dsi j,(k) =
1
A

lmax

∑
l=0

bi j(k),l (5)

where A=L2 is the area of the grid cell, and bi j(k),l is the common area of

the ray element rl and the grid cell at i j(k); lmax is the total number of dis-

cretized ray elements considered within the grid cell. In case of rays paral-

lel to the cell and traveling through the cell center, dsi j(k)= 1. However, im-

plementing such an algorithm is involved and computationally demanding,

and for the sake of testing and demonstration of the method, we choose in

this work the more straightforward weighting given in equation 4.
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3.2.2 Weighting by scale height

Ionospheric particle density decreases with altitude above Swarm altitude, and

the plasma density distribution along the Swarm-GPS ray needs to reflect this

behavior. When two rays cross the same grid cell, but at different altitudes

(due to different elevation angles, for example), their contribution must be

weighted accordingly. Another way of expressing this weighting is to say that

the plasma densities that contribute to the line integral that is TEC are scaled

to the satellite altitude. We therefore assume that the particle density decays

exponentially with altitude (Kelley, 2009) and introduce a second weighting

to account for the decrease in plasma density along the ray path:

ai j(k) = exp
{−hi j(k)

H

}
(6)

where hi j(k) is the ray altitude above the satellite orbital altitude within cell

i j(k) based on the elevation angle, and H is the ionospheric scale height:

H =
kBT
m̄gh

(7)

where kB is Boltzmann’s constant, T is the plasma temperature, m̄ is the atomic

mass and gh is the altitude dependent gravitational constant. For m̄, we as-

sume that the F region plasma mainly consists of atomic oxygen (Kelley, 2009).

The temperature is calculated based on comparing Langmuir probe density

variations between two Swarm satellites, and will be explained in section 3.2.3.

This weighting factor ensures the exponential decay of density along the ray,

so that grid cells where GPS-Swarm rays pass through with low altitude con-

tribute more than those grid cells where the rays pass through at a high al-

titude. The scale height weighting factor also takes into account the differ-

ent elevations of tracked GPS satellites.

3.2.3 Weighting by plasma temperature

We calculate the plasma temperature based on Langmuir probe density mea-

surements. We assume that the ionospheric plasma density exhibits exponen-

tial decay, so that the density nS at Swarm S altitude hS can be described as:
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nS = n0exp
{−(hS−h0)

H

}
(8)

where n0 is the plasma density at the peak density altitude h0. We do not know

n0 and h0. The solution is to consider the relative density between two Swarm

satellites:

nA

nB
=

n0exp
{
−(hA−h0)

H

}

n0exp
{
−(hB−h0)

H

} = exp
{

hB−hA

H

}
(9)

The plasma temperature is estimated by calculating the scale height by solv-

ing for H in equation (9), which allows us to take into account the altitude

difference of Swarm A and B. Knowing the scale height H, we can easily

find the plasma temperature from equation (7). In our calculations, we se-

lect a time window with length 20 seconds centered around the instant of clos-

est approach between the satellite trajectories. We take the median temper-

ature over the 20 second window as the plasma temperature for that cross-

ing. As before, we assume that the plasma consists of atomic oxygen only.

An alternative to the approach described above is to use Swarms electric field

instrument’s thermal ion imager, which estimates plasma temperature from

ion drift velocities. However, at present day, the data availability is not suf-

ficient for our purpose.

3.2.4 Weighting by height difference Swarm A/C and B

Swarm A and C have an orbit altitude of about 462 km and Swarm B orbits

at about 511 km, that is, 49 kilometersabove the other two. For the synthetic

test case, we assume a plasma temperature of 1000 K, which gives a scale

height of 57 km. Without knowing the peak plasma density or its altitude we

can calculate the relative density level between Swarm A (or C) and B al-

titudes using equation (9). To calculate the height difference factor nB
nA

, we

use Langmuir probe density measurements averaged over a 20 second win-

dow. To account for the height difference, we multiply the contributions from
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Swarm B in each grid cell by nB
nA

. The elements in the weight matrix F are

then the product of the three weights described above.

3.3 Reconstruction of ionospheric plasma density

When setting up the system of equations (Equation 3), we have introduced

some additional measures to improve the accuracy of the method. Firstly, we

remove a bias from the TEC estimates by subtracting the minimum value from

each time series. Subtracting the background density is necessary because

the GPS satellites are tracked at different azimuths and elevations, and the

density between each Swarm and tracked satellite will vary significantly be-

yond the extent of the 2D grid. The Swarm GPS receivers track GPS satel-

lites at elevation angles ranging from a few degrees to almost 90◦ elevation.

To eliminate multipath effects, we use a cutoff angle of 20◦, that is, we only

use GPS receiver data with elevation angle of 20◦ or higher for TEC obser-

vations.

As previously mentioned, to find the density in the grid shown in Figure 1,

we need to solve Equation 3. The weight matrix F will generally not be in-

vertible, hence we must solve the equation set by another method. Here, we

choose the gradient decent method, which is an iterative solution technique

that reformulates the problem into a minimization exercise. The solution of

Equation 3 can be found by minimizing the linear least squares, which in our

case can be expressed as follows:

∥∥∥FS−PRNp(tq)ni j(S−PRNp)−T ECS−PRNp(tq)
∥∥∥

2
(10)

The principle of the method is to (step 1) choose an initial guess for the min-

imum (n0), and calculate the gradient of Equation 10 which gives us the de-

scent direction for the next iteration (step 2). We calculate the optimal step

size (step 3) using the golden section method (which we choosedue to its com-

putational efficiency), before calculating the new least square error (step 4).

We repeat steps 2 through 4 until the solution converges within a given ac-

curacy. A more detailed explanation of the gradient descent and golden sec-

tion methods can be found in for example Snyman (2005).
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4 Results

4.1 Synthetic plasma density distribution

To test the quality of the inversion output from the method described in sec-

tion 3, we use a test case with synthetic density distribution. We used the ge-

ometry of a real-world crossing of the three Swarm satellites, which occurred

on 29 November 2017, at 15:04-15:06:50 UT. During the event, the Swarm

satellites are situated in the Northern hemisphere. The resulting grid is shown

in Figure 1. We created a synthetic plasma density distribution, were we as-

sume a localized twofold plasma density enhancement. From the given plasma

density distribution, we are able to create synthetic TEC time series for the

three Swarm satellites.

Figure 2. Grid and Swarm trajectories corresponding to 29. Nov 2017, 15:04-15:06:50,

with synthetic background density and a block density enhancement in the center(panel

A). The inversion results are shown in panel B. The colorbar on the right hand side applies

to both panels.

Figure 2 shows the plasma density distribution on the grid corresponding to

event on 29 November 2017, 15:04-15:06:50 UT. Panel A (left hand side)

shows the background density of 1 (normalized units), and a region of en-

hanced density near the point of closest approach between the Swarm satel-

lites where the density is 2, that is, twice the background. The colorbar on

the right hand side of Figure 2 is valid for both panels.
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We assume that the Swarm satellites track GPS satellites at synthetic azimuth

and elevation angles. In the next section we put certain constraints on the syn-

thetic TEC time series to study the sensitivity of the inversion technique to

certain parameters; but as a baseline we assume that each Swarm satellite ob-

serves 10 GPS satellites, evenly distributed between 20-40◦ elevation and 0-

360◦ azimuth. Note that the only real data we use in this case are the Swarm

trajectories, and the GPS receiver can in reality only track 8 GPS satellites.

Synthetic TEC time series are constructed by accumulating the weights from

each grid cell along the beam multiplied by the input density given in that

cell. The result of the reconstruction procedure is shown in Figure 2, panel

B. The two dimensional enhancement in density has been reconstructed to

a significant degree. The plasma density enhancement is calculated to be ap-

proximately 2, while the background density is around 1-1.3. That is, the back-

ground density is somewhat over predicted in the vicinity of the Swarm tra-

jectories. Furthermore, the results are noisy and seem to under predict den-

sities in the corners of the grid. Comparing the input and result, we obtain

a root mean square (RMS) error of 0.263.

4.2 Grid size and edge effects

There is a natural limitation to the possible grid size for the inversion, which

is given by the Swarm trajectory geometry and the elevation of the tracked

satellites. Numerically, it is the scale height weight factor that quantifies the

limitation of the spatial extent of the grid. Assuming a minimum ai j(k) of 0.01

and plasma temperature T = 1000 K, we rearrange equation (6) to calculate

an elevation dependent range. We find that if the elevation of the GPS satel-

lite is 20◦, the maximum distance from the Swarm trajectory to the outer-

most border of the farthest grid cell is 685 km. Likewise for a 40◦ elevation

GPS satellite, the reach is 380 km.

Thus the spatial limit of the grid size is highly dependent on the elevation

of the tracked GPS satellites. To gain more insight and eventually set a size

limit on the grid, we test the sensitivity of the method to grid size by mov-

ing the intensity enhancement in our test case away from the trajectory cross-

ing point. Like in the previous section, we use elevations evenly distributed
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between 20◦ and 40◦ for the 10 tracked GPS satellites. The results of this

exercise are presented in Figures 1-3 in the supporting material. We find that

a maximum distance from Swarm trajectory to the outer grid border of 580

km is a reasonable choice. Although some accuracy is lost around the edges,

where the general tendency is that the density is underestimated, results are

significant and reliable.

4.3 Sensitivity to input parameters

We have carried out sensitivity studies on several input variables that affect

the results of the inversion procedure. We have run the analysis on the syn-

thetic case outlined above, and compared the different outcomes. This en-

sures that we use the optimal parameters when applying the inversion algo-

rithm to real Swarm data. Detailed results from the analyses with plots of

the reconstructed plasma density can be found in Figures 4-17 in the sup-

porting material. A summary of our findings is presented in Table 1.

The inversion procedure is more accurate when we have data from many GPS

satellites and when the satellites are distributed around the entire 0-360◦ az-

imuth. Low GPS satellite elevation angle gives better accuracy, as well as larger

grid size due to the scale height factor as discussed in sections 3.2.2 and 4.2.

Analysis of several time step lengths showed that t = 10 s is a reasonable choice.

A shorter time step should intuitively yield higher accuracy. However, we found

that with time step t = 5 s, not only is the RMS higher than the baseline case

(0.270), but the residual of the norm (that we are trying to minimize, see sec-

tion 3.3) is higher than the baseline.

The plasma temperature will be calculated using Langmuir probe data for the

real world cases and is not an input parameter as such, but it is included in

the sensitivity study to show that it has a significant effect on the precision

of the inversion algorithm. For the synthetic case, we set the input plasma

temperature to 1000 K, which gives an RMS error of 0.263. If we perform

the inversion procedure with an plasma temperature of 3000 K, the RMS in-

creases to 0.405, which is a significantly worse performance. This result high-

lights the importance of calculating the correct plasma temperature.
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Input RMS Error

1 Baseline (see caption) 0.2625
2 No. of PRN: 1 0.5478
3 PRN azimuth: 0-180◦ 0.3970
4 PRN azimuth: 160-200◦ 0.4989
5 PRN elevation: All 20◦ 0.2263
6 PRN elevation: All 40◦ 0.3290
7 Time step length: 5 s 0.2703
8 Time step length: 20 s 0.3739
9 Plasma temperature: 2000 K 0.3039

10 Plasma temperature: 3000 K 0.4051
11 Swarm satellites: A, B 0.2796
12 Patch shape: Odd 0.2610

Table 1. Summary of synthetic case sensitivity analyses. The baseline input variables

are the same as in 4.1, and are as follows: 10 PRNs with azimuth 0-360◦ and elevations

20-40◦ , Time step length 10 s, Plasma Temperature 1000 K, all three Swarm satellites are

used and the patch is a square shape as shown in e.g. Figure 2. We ran sensitivity analysis

where we changed one parameter at a time, while keeping the remaining input equal to the

baseline. In total, we ran 1 baseline case and 11 sensitivity analyses.
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Additionally, we have run the synthetic case with only Swarm A and B con-

tributing. This gave somewhat poorer results compared to the baseline. We

conclude that two satellites can be used, but three satellites are preferred for

better performance. Lastly, we tested the inversion procedure with a more

complex density variation. We used one patch identical to the one shown in

Figure 2, and added a second patch diagonally across the Swarm trajectory

crossing point, at approximately 5◦ colatitude, 19-20 MLT. This two-patch

density structure gave approximately the same result as the baseline synthetic

case, with an RMS of 0.261.

4.4 Validation of reconstruction algorithm

In the previous section we presented a method to reconstruct plasma density

variations in the ionosphere surrounding the Swarm satellites using synthetic

data. We now apply the method to real-world data, and compare our results

to observations from ground-based GPS TEC measurements were such are

available. The plasma temperature is calculated as described in section 3.2.3.

We search through the lifespan of the Swarm mission for cases where we can

apply our inversion technique. To find suitable events, we have used the fol-

lowing restrictions:

• Maximum distance between Swarm A/C and B: 580 km
• Events located in the northern polar cap (MLAT>70◦)
• Event duration at least 90 seconds

This search yields about 520 cases. We run the reconstruction algorithm for

each case. The following paragraphs show a few selected results.

4.4.1 Case 1: 19 March 2017

Case 1 is from 19 March 2017, from 22:57:08 to 23:00:02 UT. Swarm in-

strument data are shown in Figure 3. The left hand side panels show Lang-

muir probe plasma density measurements for Swarm A (Panel A), B (Panel

B) and C (Panel C). The Langmuir probe density measurements in panel C
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show that Swarm A and C traverse a low density region between 22:57-22:58

UT, where the density is approximately n = 0.5 ×1011m−3. At 22:58:15, Swarm

C encounters a sharp increase in density, where the density doubles. Swarm

A, in tandem with Swarm C, encounters a similar density intensification at

the same time. The measured density slowly decreases towards the end of

the event. Thus from Swarm A and C Langmuir probe data, we expect a den-

sity enhancement that lasts from the location corresponding to 22:58:15 UT

to the end of the event. Swarm B travels almost perpendicularly to the lower

satellite pair, and measures low densities (n = 0.2 ×1011m−3 at the begin-

ning of the event). The density measured by Swarm B’s Langmuir probe in-

creases around 22:59, although not as rapidly nor as severely as observed by

the other two satellites. The peak in density of n≈ 0.8×1011m−3 persists

for about 30 seconds before the density decreases towards the end of the in-

terval. From Swarm B Langmuir probe data, we expect a density increase

at the location corresponding to a time interval approximately 22:59:00-22:59:30

UT.

The right-hand side plots in Figure 3 show TEC calculations for different GPS

satellites for Swarm A/B/C in panels D, E and F respectively, with the back-

ground TEC removed separately for each PRN. For better readability, TEC

measurements from two GPS satellites that will be discussed in detail are high-

lighted with solid lines. The legend is also shown for these two satellites. Note

that the color coding for each GPS satellite is consistent between the three

panels, such that for example the green line refers to the same GPS satellite

throughout panels D, E and F. Note also that for the Swarm satellites, 0◦ az-

imuth is the ram direction, starboard side is 90◦ azimuth, 180◦ azimuth is the

aft and port side is 270◦ azimuth.

During the event, GPS satellite PRN18 is tracked by Swarm A and C at ≈
150◦ azimuth, that is, on the starboard/aft side of the satellite. PRN18’s el-

evation is ≈ 40◦ throughout the event. TEC variations for PRN18 are shown

in panels D-F in light green color. For Swarm A, TEC starts at about 0 TECu

at the beginning of the event, before a significant increase to about 2.1 TECu

around 22:58:15 UT. After that, the TEC level remains more or less constant

throughout the event for PRN18 as observed by Swarm A. The results from
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Figure 3. Results from 19 March 2017, from 22:57:08 to 23:00:02 UT. Panels A-C

show Langmuir probe plasma density measurements for Swarm A, B and C. Panels D-F

show TEC calculations for different PRN for the three satellites, where the background

TEC has been removed as described in section 3.3. For better readability, the legend is not

shown, but the color coding for each PRN is consistent between the three panels, such that

for example the green line refer to the same PRN throughout panels D-F. Two PRNs are

highlighted with a solid line, see text for details.
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Swarm C for PRN18 is similar to that of Swarm A, with a peak of about 2.1

TECu at 22:58:15. This TEC observation indicates that there is a density en-

hancement on the starboard side of the Swarm A/C pair. Swarm B’s trajec-

tory is nearly orthogonal to that of Swarm A/C, and tracks PRN18 at ≈ 225◦

azimuth, that is, port side/aft. TEC calculations start at 0 TECu in the be-

ginning of the event, before a slight increase occurs at 22:59 UT, with a peak

of 1.5 TECu. In the subsequent minutes, TEC declines to 0.9 TECu at the

end of the event.

Swarm A and C track PRN27 at about 225◦ azimuth and 33◦ elevation, that

is, to the port side/aft of the spacecraft. In panels D and F, we observe that

the TEC estimates show a steady increase throughout the event, starting at

0 TECu and ending at ≈ 2.4 TECu. We therefore expect a density enhance-

ment on the port/aft side of Swarm A and C trajectories, that increases through-

out the event. Swarm B tracks PRN27 at 280◦, to the port side. Swarm B

TEC shows a small increase from 3.1 to 3.8 occurring around 22:58:20 UT.

We therefore anticipate a density increase along the Swarm A/C trajectory,

and a small peak along Swarm B’s trajectory occurring around 22:59 UT.

Results from our reconstruction algorithm are shown in Figure 4. Panel A

shows the inversion in the MLT-MLAT coordinate system as in the previous

figures, with Swarm A (blue) and Swarm B (green) trajectories overlaid. The

inverted density distribution in Panel A shows a density increase of about three

times the background density located around 7-10 MLT, between 81-86◦ MLAT.

The density enhancement is concentrated around the Swarm trajectory. Panel

B shows the number of non-zero entries in F matrix for each grid cell. We

note that there are relatively few data points in the patch region, implying

that the real density is even higher.

Ground-based TEC observations are available for this date, but the coverage

is patchy. The ground-based TEC measurements (not shown) indicate that

there is a density enhancement starting at around 7 MLT, that Swarm A en-

ters around 22:58:30 UT, but the coverage is too limited to provide more de-

tailed information about the spatial extent of the density enhancement. We

therefore conclude that ground-based observations provide some support our

findings, although they cannot confidently confirm them.
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Figure 4. Results from 19 March 2017, from 22:57:08 to 23:00:02 UT. Panel A shows

the inversion in the MLT-MLAT coordinate system as in the previous figures, with Swarm

A (blue) and Swarm B (green) trajectories overlaid. Panel B shows the number of data

points within each grid cell, in the same coordinate system and overlaid Swarm trajecto-

ries as in Panel A.

4.4.2 Case 2: 1 November 2015

Case 2 is from 1 November 2015, around 6:12 am UT. Data from the Swarm

instruments are shown in Figure 5, in the same format as Figure 3.

We observe in panels A and C that Swarm A and C move from a low den-

sity area of n≈ 1×1011m−3 into a higher density area of n≈ 1.45×1011m−3

around 06:13 UT. Swarm B Langmuir probe measurements shown in panel

B fluctuate between 0.5 and 1.2 ×1011m−3, with a plateau centered around

06:13 UT and a large spike at 06:14:30 UT.

Panels D-F show the TEC variations from Swarm A, B and C respectively.

As before, we remove background TEC for each PRN separately, and we have

highlighted two GPS satellites (PRN9 and PRN29) that we will consider in

more detail. Swarm A/C tracks PRN9 at a 225◦ angle (port side/aft) and 45◦

elevation. TEC estimates from Swarm A/C to PRN9 show a steady increase

throughout the event, with a start value of 0 TECu and end value of 2.5 TECu.

These TEC observations imply a density enhancement towards the end of the

event for Swarm A/C, localized to the port side of their trajectories. Swarm
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B tracks PRN9 at a 265◦ azimuth (port side), and its TEC measurements show

a small increase around 06:13 UT, before a small dip around 06:14. Towards

the end of the event, TEC rises again to 1.4 TECu.

TEC calculations from GPS satellite PRN29 are shown in dark green color

in panels D-F of Figure 5. The GPS satellite is tracked by Swarm A/C at a

45◦ (starboard/forward) and 34◦ elevation. In panels D and F, we see that TEC

is 1-1.3 TECu, before it slowly increases to 2.8 TECu at 06:14 UT. Towards

the end of the event, TEC drops sharply and ends at 0 TECu. Thus we ex-

pect a density enhancement to occur around 06:13-06:14 UT, and somewhat

to the starboard side, although the elevation of PRN29 is high, thus the spa-

tial extent will not be large. Swarm B tracks PRN29 at an almost 90◦ angle,

that is, on the starboard side. For Swarm B, PRN29 TEC estimates are lower,

starting at 0 TECu at the beginning of the event, and peaking at 1.8 TECu

at 06:13 UT.

Results from the reconstruction are shown in Figure 6, in the same format

as Figure 4. The inversion result suggests a significant density enhancement

where the density is about 1.5-2 ×1011m−3, which is several times the back-

ground density of about 0.5 ×1011m−3 . It is centered on 11.5 MLT, 80◦ MLAT

and confined to the vicinity of the orbit, with a small longitudinal and some-

what larger latitudinal extent. Panel B shows the number of non-zero entries

in F matrix, i.e. how many times that grid cell has contribution to a TEC time

series. This event shows a very high concentration of data points close to the

Swarm trajectories, indicating that the elevations of tracked GPS satellites

are high. Another contributing factor is the calculated plasma temperature,

which is relatively high (Ti ≈ 3200 K) compared to other events studied.

4.4.3 Comparison with ground-based GPS TEC

We compare the inversion results for case 2 with ground-based observations

of TEC obtained through the Madrigal database, shown in Figure 7, with the

trajectories of Swarm A and B as well as the grid overlaid. Again the coor-

dinate system is MLT-MLAT. We have included data from a ten minute in-

terval and smoothed the data using median filtering (see section 2) to com-
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Figure 5. Results from 1 November 2015, 06:11:55 to 06:14:49 UT. The format is the

same as in Figure 3.

pensate for the limited data availability. Like the estimated density variations

calculated with the inversion procedure, Figure 7 shows a TEC enhancement

centered on 11.5 MLT, 80◦ MLAT. The relative increase compared to the back-

ground is also of similar magnitude. In the ground-based observations, how-

ever, the enhancement has a larger extent in longitude and latitude than the

reconstruction, which may reflect the vertical structure of the plasma den-
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Figure 6. Results from 1 November 2015, 06:11:55 to 06:14:49 UT. The format is the

same as in Figure 4.

sity enhancement. If we run the reconstruction procedure with an imposed

plasma temperature of 1000 K, the results show a density distribution (not

shown) that agrees better with the ground-based observations. The inversion

result with a plasma of temperature 1000 K shows a density enhancement

with larger extent than what is shown in Figure 6, although it is still smaller

in size than the ground-based observations.
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Figure 7. Ground-based GPS TEC observations from 1 November 2015, 06:07-06:17

UT. The data has been median filtered (see text for details).

5 Discussion

This paper has presented a new method that utilizes Swarm’s three satellite

configuration to deduct information about the density distribution in the plane

surrounding the satellites. We have presented a synthetic data case to demon-

strate the concept, including weight factors to account for scale height and

discretization issues. Through sensitivity studies we find optimal input pa-

rameters for the synthetic test case, which yield satisfactory results with a

root mean square error of 0.263 between the given input density distribution

and the reconstruction. As concluded in the sensitivity analysis, we apply a

10 second step length and use all three Swarm satellites when we apply the

inversion method to real world cases. Results show that Langmuir probe den-

sity measurements and TEC estimates from Swarm GPS receivers (e.g. Fig-

ures 3 and 5) are in agreement with our reconstructed plasma density (e.g.

Figures 4 and 6 ). The availability of ground-based GPS TEC data for ver-

ification is limited in the polar cap due to the sparse number of receivers. How-

ever, for one of our real-world cases, there is sufficient ground-based GPS

TEC coverage to conclude that ground-based observations confirm our method
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(Figure 7). The lack of coverage of ground-based observations in the polar

cap only proves that our new method fills a knowledge cap in the area of now-

casting the ionosphere’s electron content.

The density reconstruction technique ultimately condenses the ionosphere into

a thin shell. Vertical density variations are considered in the weight matrix

F in the sense that contributions to the density on the grid correspond to the

altitude of the Swarm satellite in consideration. The choice of LEO satellites,

or more specifically, the LEO satellites’ orbit altitude, to use in the technique

is therefore important.

The Swarm satellites orbit at 462/511 km altitude, which is above the peak

plasma density region usually found around 250 km altitude (Kelley, 2009).

Furthermore, Lorentzen et al. (2004) used observations from two all-sky im-

agers on Svalbard, Norway and applied triangulation technique to calculate

the altitude of two patches, which was found to be located at altitudes of 310

(±25) and 320 (±25) km, which is consistent with earlier findings (Rodger

et al., 1994). The Swarm satellites at orbiting at 462/511 km altitude are thus

approximately 3-3.5 times the scale height above the peak patch density. Nev-

ertheless, the density variations will map along the magnetic field lines due

to the frozen in condition (Kelley, 2009), such that they are captured by Swarm

instruments at the higher altitudes. We therefore argue that even though the

Swarm satellites are in all likelihood always located above the peak plasma

density altitude, the reconstruction algorithm can accurately capture the salient

density variations in the polar cap, due to the frozen in condition.

Our results show that the reconstruction method is crude, and generally tends

to perform better when the density variations are significant, which echoes

our previous discussion on the discrepancy between plasma and polar cap patch

peak altitude and Swarm satellite orbit altitude. Examining the total data set

of 520 events spread over the course of 2014-2018, we noticed that the qual-

ity of results declined in the latter years. This decline is likely related to the

solar cycle, which had a peak in 2013 and a minimum around 2018-2019.

It is known that when solar activity is low, TEC in the polar cap is correspond-

ingly low (Y. Jin et al., 2019). Since the inversion technique is rather crude,
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we are not able to capture the subtle density variations that occur when so-

lar activity is low.

We have also seen that the satellite constellation geometry is important for

the accuracy of the results. Expanding the technique to a larger constellation

of LEO satellites will increase both coverage area and accuracy of results,

as confirmed by our sensitivity study. Due to the characteristics of Swarm

satellite trajectory evolution, we have so far only been able to analyze cases

where the separation between Swarm A/C and B is up to about 3 hours MLT.

In the coming years, the separation between the lower pair and the upper satel-

lite will increase. In 2021, Swarm B’s orbit will be anti parallel to A/C. This

geometry could be interesting to consider for the inversion technique.

Our inversion method is applicable to lower latitudes as well, with some mod-

ifications. The separation between the A-C pair and B is too large to use all

three satellites, but we can make the inversion with TEC data from only A

and C, although we expect somewhat less accurate results, as indicated by

the sensitivity analysis. Furthermore, since A and C are nearly parallel, we

have less information about the spatial extent of density variations than we

do in the polar caps. However, we have seen examples (one is attached in

the supplementary material, Figure 18) were the inversion procedure shows

promising results at equatorial latitudes.

The inversion technique demonstrated in this paper does not attempt to re-

produce the absolute density values in the ionosphere. As previously discussed,

the altitude of the Swarm satellites is above the ionospheric density peak layer.

Furthermore, as mentioned previously, the TEC value computed by the GPS

receiver includes the plasmaspheric section of the GPS ray path. Although

we avoid the main plasmaspheric contribution to TEC by removing bias from

the time series, we cannot expect to accurately reproduce absolute densities.

However, in relation to space weather forecasting in the polar regions, infor-

mation about absolute density values is not vital. It is known that it is the

large density gradients associated with polar cap patches that result in the most

severe scintillations on GPS signals (e.g. Buchau et al., 1985; Weber et al.,

1986; Basu et al., 2002; Spogli et al., 2009; Prikryl et al., 2010; Y. Jin et al.,

2014; Meeren et al., 2015; Clausen et al., 2016; Y. Jin et al., 2016).
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Our technique presents a novel contribution to space weather forecasting in

the sense that we estimate density variations in the horizontal (i.e. ultimately

spherical) plane, and that we do not rely on ground-based receivers. The method

is unique in that it takes advantage of the multi satellite constellation to pro-

vide information about the spatial extent of polar cap patches. It is relevant

to now-casting the state of the ionosphere, and in particular, the prediction

of polar cap patches. The presented method used the Langmuir Probe for two

of the weight factors, but there is an opportunity to assume a temperature and

density difference based on scale height, thus enabling the use of the method

to rely on GPS receiver data only. The method could be expanded to include

more LEO satellites with dual-frequency GPS receivers on board, ultimately

providing continuous coverage of the ionosphere, including low latitudes. This

abundance of data would release a vast amount of information on density vari-

ations, which is valuable for further study of dynamic phenomena in the iono-

sphere, such as polar cap patches and density gradients. The satellite based

reconstruction technique enables observation of the ionosphere in regions where

we have little or no ground-based observations, for example Antarctica and

the oceans.

Some questions remain unanswered and must be addressed in further devel-

opment of this method. The sensitivity analyses, as well as the real cases,

showed that the algorithm is sensitive to the plasma temperature. As previ-

ously mentioned, case study 2 (1 November 2015) is an example (out of sev-

eral events) that showed better agreement with ground-based TEC estimates

for an imposed plasma temperature that was lower than the calculated tem-

perature based on the ratio of Langmuir probe density estimates from two

satellites. Confirming the plasma temperature using Swarm’s Thermal Ion Im-

ager (Knudsen et al., 2017), would further consolidate our findings.

6 Conclusion

This paper has presented a novel method to calculate two dimensional den-

sity variations in the polar cap, using the three satellite Swarm constellation

and their GPS receivers. Additionally, we use Langmuir probe data for weight-

ing factors that improve the accuracy of the inversion. We have demonstrated
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the usefulness of the method using a test case with synthetic data as well as

real-world cases, which are confirmed by Langmuir probe density estimates

and ground-based GPS TEC data. Sensitivity analyses on the synthetic data

provide the optimal input parameters for the model. The reconstruction method

was shown to be sensitive to satellite configuration geometry and plasma tem-

perature, and it captures large density variations well. In the future, includ-

ing more LEO satellites will increase the number of data points and thus the

quality of the results. The GPS TEC based reconstruction technique is im-

portant due to its relevance to space weather forecasting, and in particular,

detection and prediction of polar cap patches. Monitoring the ionosphere with-

out depending on ground stations is a significant step forward toward space

weather forecasting.
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