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Abstract

The bow shock is formed due to the abrupt deceleration of the supersonic solar
wind in front of the terrestrial magnetic eld. The solar wind plasma and the
Interplanetary Magnetic Field (IMF) are both compressed across the shock, and
according to Ampere’s law a current thus ows on the bow shock at all times. The
Bow Shock Current (BSC) is suggested to play an important role in solar wind-
magnetosphere coupling, but there is still an open debate about its closure path.
For predominantly east-west IMF, the BSC has been suggested to close to Earth’s
high latitude ionosphere as Field-Aligned Currents (FACs). Since the bow shock is
magnetically connected to the solar wind, it must do so via open eld lines through
the magnetosheath. For southwards IMF with a signi cant east-west component,
the RO FAC ows into the ionosphere in one hemisphere, and out of it in the other.
The RO current ows on open eld lines, and is thus a potential candidate to close
the BSC. While a few studies have already found evidence in favour of this idea,
the majority have been based on simulations. Additional observational evidence
is required to con rm these ndings. We used OMNI data for the IMF at the
bow shock, and Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) data for the FACs, to make simultaneous observations of
the IMF at the bow shock and the northern hemisphere FACs, including the RO
current. We successfully identi ed 15 events of southwards but predominantly east-
west IMF (B, < 0, jByj > jB;j) at the bow shock, for which the northern hemisphere
RO current could be observed both in the AMPERE and DMSP data. In each of
these events, the RO current was of the correct polarity to connect to the BSC.
Moreover, using Defense Meteorological Satellite Program (DMSP) and Super Dual
Auroral Radar Network (SuperDARN) data, we were able to verify that part of the
RO current was owing on open eld lines. Collectively, the 15 events presented
here constitute an argument in favour of at least a partial BSC closure to Earth’s
high latitude ionosphere as RO FACs, for predominantly east-west IMF. Additional
investigation is required to reveal the details of BSC closure.
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1 INTRODUCTION

1 Introduction

There is a continuous supersonic out ow of highly conductive plasma from the outermost
layer of the Sun's atmosphere, the corona, known as the solar wind. As it travels through
interplanetary space, the solar wind carries with it the Interplanetary Magnetic Field
(IMF), i.e. the extension of the Sun's magnetic eld away from the Sun. As the solar
wind encounters the terrestrial magnetic eld, it is decelerated and redirected to the sides
much like water ows around a pebble in a brook. The abrupt change in speed results in
the formation of a shock front on the dayside of the Earth, called the bow shock. The
IMF is compressed across the shock and therefore a current is induced.

Historically, the interest for the Bow Shock Current (BSC) amongst the scientic
community has been relatively small (Lopez et al. 2011), and its closure is still not fully
understood. However, evidence indicates that it depends on the con guration of the IMF
(e.g. Siebert & Siscoe 2002, Tang et al. 2012, Lopez 2018, Hamrin et al. 2018). For exam-
ple, Siebert & Siscoe (2002) used simulations to argue that the BSC connects partly to
di erent current systems on the magnetopause, the boundary between the magnetosphere
and the solar wind, for southwards and northwards IMF. Observational evidence gathered
by Hamrin et al. (2018) indicates that, for both predominantly northwards and southwards
IMF, it closes through the magnetosheath, the region of compressed plasma between the
bow shock and the magnetopause, near the equatorial plane. For predominantly east-west
IMF, the authors suggested that it also closes through the magnetosheath, but at higher
latitudes. This idea is supported by the ndings of Dredger et al. (2023) who recently
presented evidence of currents of the correct polarity to connect to the BSC owing into
and out of the polar ionosphere along open eld lines, during a period of predominantly
east-west IMF.

Since the bow shock is magnetically connected to the solar wind, the only possible
path that the BSC could access the ionosphere on is via open eld lines through the
magnetosheath. The polar caps, the region of open eld lines around the geomagnetic
poles, thus become the only place that the BSC could close to the ionosphere. Moreover,
for a predominantly east-west IMF, the BSC ows mainly in the north-south direction. If
it does indeed close to the ionosphere through the magnetosheath under such conditions,
it seems reasonable that it would do so at high latitudes. As mentioned above, Dredger
et al. (2023) already identi ed one such event.

Although the BSC has been starting to receive some attention in recent years, our
current understanding of its closure is almost exclusively based on simulations. Mean-
while, there is a clear lack of observational evidence. In order to help Il this gap, and
increase our understanding of the closure of the BSC, the present project aims to iden-
tify additional events similar to that presented by Dredger et al. (2023). We here look
for events at times where the IMF at the bow shock is predominantly east-west with a
comparatively small southwards component.

The structure of this report is as follows; Section 2 will describe the relevant theory for
the project. Section 3 will present the di erent datasets used, and Section 4 will among
other things explain the procedure used to identify relevant events. The results will be
both presented and discussed in Section 5, and nally the ndings will be summarised in
Section 6.



2 THEORY

2 Theory

This section will describe the relevant theory for the present project, starting with the
solar wind and the IMF. A brief description of the solar-terrestrial environment will then
be given. After that, magnetic convection will be explained, and lastly also the BSC and
Field-Aligned Currents (FACs) near the geomagnetic poles.

The components of the IMF are throughout this report referred to in the Geocentric
Solar Ecliptic (GSE) coordinate system, in which x is directed towards the Sun, y lies
in the ecliptic plane and is positive towards dusk, and z is perpendicular to both in a
right-handed sense, pointing northwards (e.g. Kivelson & Russell 1995).

2.1 The Solar Wind and the Interplanetary Magnetic Field

The solar corona consists of a hot, highly ionised plasma. Due to its high temperature
compared to interstellar space, a pressure gradient which forces the plasma outwards is
formed, creating the solar wind (Kivelson & Russell 1995).

Highly conductive, magnetised plasmas are governed by the so calfeazen-in theo-
rem. If the frozen-in theorem holds, the plasma and magnetic eld go together. The Sun's
magnetic eld is frozen-in to the corona, and as the solar wind moves away from the Sun,
it thus carries the Sun's magnetic eld with it. This extension of the Sun's magnetic eld
into interplanetary space is called the IMF.

At the orbit of the Earth, the solar wind ion and electron densities are typically around
7 cm 3, its speed is around 400 km ¢ almost radially outwards from the Sun, and the
IMF magnitude is approximately 7 nT (Kivelson & Russell 1995). These values can vary
greatly over both large and small time scales. Note that on large scales a plasma is
guasi-neutral, meaning that the charge from the ions and electrons cancel.

2.2 The Solar-Terrestrial Environment

The Earth has a magnetic eld which is approximately dipolar close to the planet. Outside
of the planet this eld is directed from south to north, and it varies over both large and
small time scales. The slowly varying part is described by the International Geomagnetic
Reference Field (IGRF) model (Alken et al. 2021). Due to a phenomenon called magnetic
mirroring, electrons and ions oscillate between the poles along closed eld lines.

The terrestrial magnetic eld constitutes an obstacle for the solar wind, and forces it
to decelerate. Since the solar wind travels at supersonic speeds, the bow shock, a shock
front on the dayside on the Earth, is formed. More information about the bow shock will
be given in Section 2.5. The solar-terrestrial environment is illustrated in Figure 2.1.
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Figure 2.1: An illustration of the solar-terrestrial environment. Credit: ESA/C. T.
Russell.

In the region downstream of the bow shock, both the solar wind plasma and the IMF
are compressed, resulting in an increased strength of the magnetic eld, and a much
hotter and denser plasma compared to upstream of the shock. This region is called
the magnetosheath. Earthwards of the magnetosheath lies the magnetosphere, a cavity
formed by the interaction between the solar wind and the terrestrial magnetic eld. The
boundary between the magnetosphere and the solar wind is called the magnetopause.
The region near the poles where the dayside and nightside eld lines meet, or where their
preferred sense of curvature changes, is called the cusp.

Due to the in uence of the solar wind, the magnetosphere is attened at the front and
elongated at the back of the Earth. The nightside extension, which extends far beyond
the orbit of the moon, is called the magnetotail, and it is divided into two lobes. In the
northern (southern) lobe the magnetic eld is directed sunwards (anti-sunwards). Hence,
near the equatorial plane where the two lobes meet, their magnetic elds cancel, resulting
in a region of very week magnetic eld, called the neutral sheet.

2.3 The lonosphere

Above altitudes of approximately 80 km, a signi cant fraction of Earth's atmosphere be-
comes ionised due to radiation from the Sun. This marks the transition from the neutral
atmosphere into the ionosphere. In the region around the poles, open eld lines (i.e. eld
lines with one end far out in the solar wind and the other attached to the ionosphere)
directly connect to the ionosphere. These regions, which are enclosed by the auroral ovals,
are called the polar caps. The polar cap boundary, or the Open Closed Boundary (OCB)
as it is also called, separates open and closed eld lines (i.e. eld lines with both ends
attached to the ionosphere). Theoretically, a eld line with its footprint at the OCB can

3
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be traced out to the magnetopause. The size of the polar cap varies with IMF conditions
(e.g. Milan et al. 2007, Burrell et al. 2020). For example it expands during southwards
IMF.

2.4 Magnetic Convection

For small length scales, the plasma and magnetic eld are no longer frozen-in (e.g. Baumjo-
hann & Treumann 1996). Therefore, when two anti-parallel magnetic eld lines are
brought close together, they can lose their identity and merge together through mag-
netic reconnection. This is illustrated in Figure 2.2.

Figure 2.2: A schematic illustrating the concept of magnetic reconnection. The top
and bottom anti-parallel magnetic eld lines are brought together and reconnect to
form two new eld lines which exit the reconnection region towards either side. Blue
arrows indicate plasma ows. The red cross in the centre is added to emphasise the
shape of the cross section.

In the case of southwards IMF, the IMF is oppositely directed to the terrestrial mag-
netic eld at the subsolar point. As rst suggested by Dungey (1961), during such condi-
tions, reconnection at the dayside magnetopause, near the equatorial plane, would enable
the solar wind to drive plasma ows around the Earth. This has since been con rmed
through observations (e.g. Milan et al. 2007).

Although the purely southwards IMF scenario is the simplest to understand, reconnec-
tion on the magnetopause occurs also for other IMF con gurations, as long as the merging
eld lines have a signi cant anti-parallel component (Trattner et al. 2021). It should also
be noted that reconnection, in reality, does not occur at a singular point, but rather along
a line. This line is called an X-line due to the X-like shape of its cross-section, see Figure
2.2. For purely southwards IMF, the X-line extends along the dayside magnetopause in
the equatorial plane, whilst an IMF By 6 O tilts it away from the equatorial plane (Fuse-
lier et al. 2019, Trattner et al. 2021). For a su ciently northwards IMF, reconnection
occurs polewards of the cusp instead of on the dayside (e.g. Russell 2000, Trattner et al.
2021). The main reconnection regions on the magnetopause for the cases of purely south-
wards and northwards IMF are marked byN s in the top and bottom panels of Figure 2.3
respectively.
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Figure 2.3: The Dungey cycle for southwards (upper panel), and northwards (lower
panel) IMF. The N's mark the reconnection sites in each scenario. Figure from Trat-
tner et al. (2021).

Let us follow a magnetic eld line as it goes through this so called Dungey cycle for
the simplest case of southwards IMF, which is illustrated in the top panel of Figure 2.3.
The IMF reconnects with the terrestrial eld at the dayside magnetopause. The newly
reconnected eld line, which is now open, is then pulled up towards the cusp and dragged
to the nightside with the solar wind. There it is pushed down towards the neutral sheet
in the magnetotail where it reconnects with a eld line from the other lobe, resulting in
two new eld lines; one that continues tailwards and rejoins the IMF, and a closed one
and that travels back towards the Earth and around to the dayside again (Dungey 1961).

As it goes through the Dungey cycle for southwards IMF, the footprint of a eld line
convects across the polar cap from noon to midnight. After reconnecting again in the
magnetotail, it convects back towards noon at slightly lower latitudes, equatorwards of
the polar caps. Here, noon and midnight refer to 12h and 24 h Magnetic Local Time
(MLT). 6 h MLT and 18 h MLT are often called dawn and dusk, respectively. Su ciently
far from a reconnection site, the plasma remains frozen-into the eld lines, and thus
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the Dungey cycle drives plasma ows around the Earth (e.g. Baumjohann & Treumann
1996). An illustration of the ionospheric convection pattern close to the magnetic poles,
for purely southwards IMF, is shown in Figure 2.4.

Figure 2.4: An illustration of the ionospheric convection pattern for purely south-
wards IMF. The black contours are convection streamlines. The yellow region and
the dashed orange line represent the polar cap and OCB, respectively. Flows outside
of (within) the polar cap are sunwards (anti-sunwards). The numbers indicate the
MLT.

Let us call the velocity of the convecting plasma. Due to the high conductivity of
the plasma, there will be an electric eldE in the xed reference frame of the Earth, as
determined by

E= v B,

where B is the magnetic eld. The electric eld can also be expressed in terms of the
gradient of an electrostatic potential, , according to

E=r

Equipotential lines can be drawn in the ionosphere along the paths traced out by the foot
ends of the convecting magnetic eld lines. That is, the convection streamlines in Figure
2.4 are also equipotential lines.

Figure 2.5 shows the statistical ionospheric convection pattern for di erent con gu-
rations of the IMF, in the northern hemisphere. A positive (negative) IMFB, rotates
the FAC pattern towards dawn (dusk). For IMF By, > 0O the duskside cell becomes more
rounded while the dawnside cell becomes more crescent shaped, and vice versB,fer 0
(Thomas & Shepherd 2018). In the southern hemisphere, the convection pattern is mir-
rored. That is, it will be the same as in the northern hemisphere, but for the opposite
sign of By. For purely southwards or northwards IMF the statistical convection pattern
Is the same in both hemispheres (Pettigrew et al. 2010). The convection pattern expands
and contracts with the polar cap.
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Figure 2.5. The statistical ionospheric convection patterns in the northern hemi-
sphere for di erent con gurations of the IMF. The case of purely southwards IMF

is shown in the middle panel in the bottom row. The contours are both convection
streamlines and equipotential lines. The number in the bottom right corner of each
panel is the cross-polar cap potential. Figure from Thomas & Shepherd (2018).

2.5 The Bowshock

As previously mentioned, the bow shock is formed due to the supersonic solar wind being
forced to decelerate as it encounters the terrestrial magnetic eld. Ampere's law with the
displacement current neglected reads

r B= oJ; (2.1)

whereB is the magnetic eld, ¢ is the magnetic permeability of free space, andl is the
current density. Since the IMF is compressed across the bow shock, there will be a spatial
gradient, and it follows from Equation 2.1 that a current must ow. This current is called
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the BSC. It is clear from Equation 2.1 that the direction of the BSC must be dependent
on the con guration of the IMF. For example its direction would be +2' (northwards)

if the IMF is predominantly in ¢ and vice versa, and #*(duskwards) if the IMF is
predominantly in +2 and vice versa. It is also clear that the current will be stronger
when the IMF magnitude is greater.

Regardless of the con guration of the IMF, the bow shock is always of generator type,
meaning that energy is extracted from the solar wind (Lopez et al. 2011). This energy is
required to contribute as a driving force of several load processes in the magnetosphere
and ionosphere, such as magnetic reconnection. The exact mechanisms for how the energy
extracted by the bow shock contributes to these processes, and how the BSC closes, remain
unclear. However, it is likely that the closure of the BSC, and therefore the path of energy
transfer, would di er depending on IMF conditions.

2.6 Field-Aligned Currents

FACs are electric currents which ow along magnetic eld lines. Already in the early
1900's Norwegian physicist Kristian Birkeland suggested that the magnetosphere and
ionosphere were coupled via such FACs, but it was not until much later that this was
con rmed through observation (e.g. Zmuda A. J. et al. 1970, lijima & Potemra 19%j.
In the 1970's the statistical distribution of these FACs (also named Birkeland currents)
was determined by lijima & Potemra (1976). The statistical distribution of FACs in the
northern hemisphere, for di erent con gurations of the IMF, is shown in Figure 2.6. Note
that, as for the convection pattern, a positive (negative) IMFB,, rotates the FAC pattern
towards dawn (dusk). The FAC pattern is mirrored in the southern hemisphere. That is
it will be the same as in the northern hemisphere, but for the opposite sign Bf,. The
di erent FAC systems will be explained in more detail in the following.

As previously mentioned, the size of the polar cap varies with IMF conditions. This
is true also for the FAC pattern. For strongly southwards IMF, as the polar cap expands,
the FACs and auroral oval reach down to lower latitudes than under nominal conditions.
For northwards IMF, the polar cap instead contracts, bringing the auroral oval to higher
latitudes.

Although the polarity and distribution of FACs are in uenced by the IMF, they do
not respond to changes in the IMF immediately. As a consequence, the FACs observed
at any given time do not correspond to the simultaneous IMF conditions, but rather to
how they were some time earlier (Milan et al. 2018).

As a result of the greater exposure to sunlight during summer, the strength of the
FACs in the two hemispheres is greatest during their respective summer months. For
some unknown reason they are also systematically stronger in the northern hemisphere
(Coxon et al. 2016).
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Figure 2.6: The statistical distribution of FACs in the northern hemisphere for

di erent con gurations of the IMF. Note that the panels for + y and y are on the
opposite side compared to in Figure 2.5. The Region 1, 2, and 0 currents are marked
in the bottom left panel. Figure edited from Anderson et al. (2008).

2.6.1 Region 1 and Region 2 Field-Aligned Currents

lijima & Potemra (1976b) recognised two large-scale FAC structures which they separated
into two main regions; Region 1 (R1) and Region 2 (R2), statistically stretching into two
approximately circular, concentric current sheets around the geomagnetic poles. The
R1 current, which is the more polewards of the two, is directed downwards (into the
ionosphere) on the dawnside and upwards (out of the ionosphere) on the duskside, while
the R2 current is directed oppositely at every MLT. This is true for both hemispheres.
Here the dawnside refers to OhMLT <12 h and the duskside to 12dMLT <24 h.



3 DATASETS

The R2 current ows only on closed eld lines and is thus not relevant for the present
project (Ganushkina et al. 2018). Hence it will not be described in any further detail.

The R1 current ows on both open and closed eld lines. The open eld lines are
connected to currents on the dayside magnetopause, whereas the closed eld lines can be
traced to the far magnetotail (Ganushkina et al. 2018). It has been suggested that the
open eld line portion of the R1 current also partially connects to the BSC, with this
fraction being greater for strongly southwards IMF (Lopez et al. 2011).

2.6.2 Field-Aligned Currents in the Polar Cap

Sometimes there is another large-scale FAC structure on the dayside, polewards of R1,
rst discovered by lijima & Potemra (1976a). For B, < 0 this current is unipolar (i.e. it
either goes into or out of the ionosphere in either hemisphere), its magnitude increases
with more strongly negative IMF B, and its polarity is strongly dependent on the IMFB,
component. ForBy > 0 itis upwards (downwards) in the northern (southern) hemisphere,
and vice versa foB, < 0. In both hemispheres, an upwards (downwards) going current is
located mainly on the dawn (dusk) side. In the present project, this current will be referred
to as the Region 0 (RO) current, although there are many di erent naming conventions.
For example, it has sometimes been called the cusp current, due to its location being in
vicinity of the magnetospheric cusp (lijima & Potemra 1978, Saunders 1989).

During northwards IMF, both an upwards and a downwards going current appear in
the polar cap in both hemispheres, constituting the Northward IMFB, (NBz) current.
The NBz current ows into the ionosphere on the duskside, and out of it on the dawnside,
in both hemispheres, and is the result of sunwards convection at the central polar cap dur-
ing northwards IMF (Maezawa 1976). The sunwards convection is due to magnetopause
reconnection at the tail lobes as opposed to on the dayside.

3 Datasets

In this project, six months (April-September 2015) of OMNI, Defense Meteorological
Satellite Program (DMSP), Active Magnetosphere and Planetary Electrodynamics Re-
sponse Experiment (AMPERE), and Super Dual Auroral Radar Network (SuperDARN)
data are used. Each data set and what it is used for is described below.

3.1 OMNI

The OMNI data with a one minute resolution (Papitashvili, N. E. and King, J. H. 2020)
are used to get the IMF componentsR&y; By; B;) and magnitude (Bj) at the bow shock
nose. For the investigated time, OMNI data are compiled from two di erent spacecraft;
Advanced Composition Explorer (ACE) and Wind, both of which are in orbit around the
Lagrange 1 point between Earth and the Sun (J. King and N. Papitashvili 2023). The
OMNI data are readily time-shifted to the bow shock nose (J. King and N. Papitashvili
2023), and are here given in the GSE coordinate system.

3.2 DMSP

The DMSP spacecraft are primarily used for meteorological purposes, but they also carry
instruments for studying space weather. The DMSP spacecraft are in near-polar orbits.

10
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At the time investigated here there were four operational DMSP spacecraft, namely
F16, F17, F18 and F19, of which data from all except F19 are included in this project.
The reason that F19 data are not included is that its magnetic eld measurements were
clearly not correct and could therefore not be used.

We use data for the deviation of the magnetic eld from the IGRF model, measured
by the uxgate magnetometer (SSM) (Kilcommons et al. 2017). The magnetic eld data
are given in a right-handed, orthogonal coordinate system where x is positive downwards
along the local vertical direction, z is perpendicular to x and the spacecraft velocity
vector, and y is perpendicular to both x and z. Note that y is not perfectly parallel to the
velocity vector, but in the same general direction, and that z points more or less in the
anti-sunwards direction. Here we speci cally look at the z-component, henceforth referred
to as Bperp, since that component is in large part caused by FACs (Lopez et al. 2008).

We also use data for the horizontal ion drift velocity, measured by the topside thermal
plasma monitor (SSIES) (Redmon et al. 2017). The SSIES coordinate system is de ned
positive towards the sun. Precipitation data of both electrons and ions from the auroral
particle spectrometer (SSJ5) (Rich & Hairston 1994) instrument are also used. SSJ5 only
looks upwards and can thus only measure downwards travelling particles.

3.3 AMPERE

AMPERE is a data product by the Johns Hopkins University Applied Physics Labora-
tory that uses a spherical harmonic tting technique to obtain estimates of the radial
current density in the polar ionosphere. The estimates are based on measurements of
the disturbance in the terrestrial magnetic eld made by the Iridiun® satellites (Waters

et al. 2020, Anderson et al. 2021). All current maps in this project are constructed using
current density data from AMPERE.

There are a total of 66 Iridiun®® satellites, all of which are in circular, low Earth orbits
at an altitude of approximately 780km. The constellation is constructed such that the
satellites are equally divided into six polar, evenly spaced planes (Anderson et al. 2021).

AMPERE data are averaged over 10 minutes (starting at the time of the current map)
and are accessible every two minutes, and the map grid has a resolution of 1 h longitude
by 1 latitude (Johns Hopkins University Applied Physics Laboratory 2022). To avoid
noise, only data points for which the current densities exceed a magnitude o2QAm 2
(the approximate noise level after processing) are included in the current maps. In all
current maps shown in this report, noon (12 h) MLT is at the top, midnight (0h) is at
the bottom, dusk (18h) is on the left, and dawn (6 h) is on the right. An example of a
such a current map is shown in Figure 3.1.

Since the AMPERE current maps are only available every two minutes, the time
of some of the current maps in this report di ers by one minute from the time of the
corresponding event. The time stated in the current map in these cases is the time of the
nearest available current map.

11
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Figure 3.1: An example of an AMPERE current map. Red (blue) corresponds to an
upwards (downwards) going current. The dashed black line shows the trajectory of a
DMSP spacecraft. The values for the IMFBy and B, during the 30 minutes prior to
the crossing are shown in the top left corner.

3.4 SuperDARN

The Super Dual Auroral Radar Network (SuperDARN) consists of over 30 coherent-
backscatter radars, located in both the northern and southern hemispheres (Greenwald
et al. 1995). The radars send out radio signals in the frequency range 3 MHz which
are backscattered by irregularities in the high latitude ionosphere. By combining mea-
surements of the backscattered signals made by multiple radars with overlapping elds of
view, the plasma velocity can be estimated, thereby enabling the construction of the iono-
spheric convection pattern. The temporal resolution of a full scan is generally 2 min
(Chisham et al. 2007).

4  Approach

In this section we present the approach used to investigate the possibility of BSC closure
to Earth's high latitude ionosphere on open eld lines, during predominantly east-west
IMF.

The idea is to make simultaneous observations of the BSC and RO current, for which
OMNI, DMSP and AMPERE data are available simultaneously. If we observe a RO
current of the correct polarity to connect to the BSC, which we can verify is owing on
open eld lines, we interpret this as a sign of the hypothesised closure path. However,
since the BSC and the RO current are both dependent on IMF conditions, we can only
use data from su ciently long periods of stable IMF. How the stability conditions and
time interval were chosen is described below. Thereafter, the step by step process how
we sorted the data and decided which events to keep, will be explained. Finally, a short
description of the data analysis will be given.

As previously mentioned, the FACs are generally stronger in the northern hemisphere,
and during summer. For this reason, we chose data only for the northern hemisphere
during April-September 2015, which are northern hemisphere summer months. The year
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was chosen such that as many DMSP spacecraft as possible were operational, and there
were simultaneous OMNI and AMPERE data. (Note that although there were four op-
erational DMSP spacecraft in 2015, we only used data from three of them, see Section
3).

4.1 De ning Stable Interplanetary Magnetic Field

As previously explained, a positive (negative, should lead to an upwards (downwards)
going RO current in the northern hemisphere. Thus, iBy changes sign, the polarity of
the RO current should also change. However, the FACs require a certain amount of time
to respond to changes in the IMF, meaning that the FACs observed at any given time
correspond to the IMF conditions some time earlier (Milan et al. 2018). This time delay
must be taken into account when deciding during which time interval the IMF should be
stable.

4.1.1 Choosing the Time Interval

To determine the approximate time delay for the RO currents, the OMNI data were
searched for times wher®, changed sign. By visually studying a number of consecutive
AMPERE current maps around those times, and noting how long after a sign reversal
that the observed RO current changed polarity, it was deduced that the time delay was
most often approximately 10 20 min. This result is similar to that of Coxon et al. (2019).
As an example, one of the sign reversals considered to determine the time delay for
RO, is presented in the following. Figure 4.1 shows the IMF between 06:20-07:20 UT
on 28 June 2015. From Figure 4.1, we see that the initially negati\&, turned positive
at approximately 06:53 UT. Figure 4.2 shows a sequence of six AMPERE current maps,
starting approximately 13 minutes post reversal. It is clear from Figure 4.2 that, at 07:06
UT, the RO current still corresponded toB, < 0, but around 07:10 it started to adapt.
By 07:16 it had changed polarity according to the new sign &, (positive).

13
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Figure 4.1: The IMF at the bow shock between 06:20-07:20 UT on 28 June 2015,
showing a sign reversal of IMFBy. The time of the reversal is marked by a vertical
red line.
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Figure 4.2: Six consecutive AMPERE current maps for the northern hemisphere,
starting approximately 13 minutes post the By sign reversal at 06:53 UT on 28 June
2015. The time of each current map is given in its top left corner. At 07:06 UT,
the RO current corresponds to the sign of IMFBy before the reversal (negative), but
by 07:16 UT it has adapted to the new sign (positive). The current maps are taken
directly from the AMPERE website.

As stated above, we found that the lower limit for the time delay was 10 minutes.
Therefore, it might seem like we would not need to impose any restrictions on the IMF
during the last 10 minutes before an event. However, AMPERE current maps are averaged
over 10 minutes, and therefore we need the IMF to be stable right up until the time of
the event.

To better understand this, let us, for simplicity, assume that the time delay is always
exactly 10 minutes. That would mean that the IMF at the exact time of an event would
a ect the FAC pattern exactly 10 minutes later. Since the current maps are averaged
over 10 minutes, the FAC pattern 10 minutes after the time of the event will be included
in the averaging, and thus in uence the current map at the time of the event.

Based on the estimate of the time delay for RO, and the fact that the AMPERE
data are averaged over 10 min, the time interval was chosen to be 30 min. That is, if the
stability criteria were ful lled during 30 min, the IMF would be considered stable. This
is long enough to avoid any current maps with FACs due to earlier IMF conditions, but
not so long that relevant events are not taken into account. If the time interval had been
chosen to be too long, a large number of events which are in actuality relevant to this
study would not have quali ed as stable, and would thus have been wrongly rejected.

4.1.2 Criteria for the Interplanetary Magnetic Field

Since it is most likely that the BSC connects to the ionosphere at high latitudes when it
ows mostly in the north-south direction, we require the IMF to be predominantly east-
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west (jByj > jB;j).,In order for the FAC patterns to be relatively strong, we also restrict its
magnitude, jBj BZ + BZ, to be large (Bj > 5nT). A larger IMF magnitude increases

the number of clear current maps and thus facilitates the identi cation of RO currents.

To be able to utilise the ionospheric convection pattern to locate the OCB, we only allow
IMF with a southwards component 8, < 0). This ensures that the reconnection site lies
near the dayside equatorial plane (as opposed to polewards of the cusps), and that the
convection pattern resembles the simple case described in Section 2.4. Since it is unclear
how By a ects the FACs and convection pattern, and we are only interested in the e ects

of By and B,, we want to keep its in uence minimal. We therefore restricB, to be small
(jBx] < 0:5/Bj). Finally, we avoid data gaps greater than 50%.

4.2 Event Selection

To nd events of interest, we rst searched the OMNI data for times of stable IMF
(see Section 4.1.2). For all the relevant times, the position of each of the three DMSP
spacecraft was considered. Unless at least one of them was at a high enough magnetic
latitude (mlat > 75) in the northern hemisphere, and on the dayside (6hMLT <18 h),

the event was discarded. Otherwise, we would not expect a DMSP spacecraft to cross
through a RO current, meaning that even if there was one present, we would not be able
to con rm that it was on open eld lines. AMPERE current maps were then plotted
with the DMSP trajectory overlayed, and studied visually. If the trajectory did not cross
through the RO current, the event was omitted. For each of the events that remained,
we checked the polarity of the RO current and plotted also the DMSP data. The DMSP
data were studied visually together with the corresponding current map. The peak value
of the RO current density was estimated from the current maps in each case. The events
were also divided into two groups, depending on if the RO current was extended over a
large or small area.

4.3 Data Analysis

A short description of the data analysis is given in the following. To be able to argue
that the BSC closes as RO current on open eld lines, we need to observe a RO current
which is of the correct polarity to connect to the BSC. We should be able to see this
current both in the current map, and as a slope in the DMSP data of the disturbance
of the terrestrial magnetic eld. A positive (negative) slope corresponds to a downwards
(upwards) going current. Since the bow shock is magnetically connected to the solar wind,
only currents on open eld lines polewards of the OCB can connect to the BSC through
the magnetosheath. It is thus integral that we can con rm that the observed RO current
is owing on open eld lines. We locate the OCB using DMSP measurements of the
plasma velocity, and con rm its location using ion and electron precipitation data. We
use SuperDARN data to verify that the DMSP measurements of the horizontal plasma
velocity can be trusted. If the slope in the magnetic eld data is registered after the
spacecraft enters the polar cap, but before it exits it, we conclude that the RO current
ows on open eld lines, and is thus able to connect to the BSC.

By integrating the RO current density over the area over which it is extended, the
total RO current can be obtained. An estimate, although crude, can be obtained by
assuming a uniform current density (e.g. equal to its peak value) and multiplying that by
the area. If the total RO current is of the same order of magnitude as the BSC, this would
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provide further evidence that they connect. In order to make a quantitative comparison
between the total RO current for the events, we therefore compare the peak value of the
current density, as well as the relevant area, in each case. The events are divided into two
categories; large (L) and small (S), depending on the size of the relevant area. The peak
value of the RO current density is estimated by visually studying the AMPERE current
map for each event, and locating the region of highest current density.

5 Results and Discussion

The present project has identi ed a total of 15 events of possible BSC closure to Earth's
high latitude ionosphere on open eld lines, during predominantly east-west IMF. Out of
these 15 events, 13 are fd3, < 0, whereas only two are foB, > 0. This section aims to
go through and discuss these events.

Firstly, three example events will be explained in greater detail, and thereafter the
remaining events will be summarised briey. The rst example event is the clearest of all
events in this study and is thus the easiest to follow. The second and third are chosen
to illustrate two relatively common problems. The second is overall very similar to the
rst, but has an anomaly; there appears to be an additional RO current which is of
opposite polarity to what is expected. In the third example event it is somewhat di cult
to determine whether the high latitude current which the DMSP spacecraft ies through
really is RO. While both the rst and second example events are f@, < 0, the third is
for By > 0.

5.1 Example Event 1: 2015-04-28 14:14 UT

On 28 April 2015 around 14:14 UT, the DMSP F17 spacecraft crossed the northern
hemisphere polar cap. Figure 5.1 shows the IMF from 11:00-15:00 UT. As is clear from
the gure, the IMF was relatively stable during this time. During the last 30 min before
the crossing, its average magnitude was84 nT, and the averag8, andB, were 6:18nT
and 2:79nT, respectively. This implies that the BSC was owing mostly south to north

at this time, with a slight tilt towards dawn.
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5.1 Example Event 1: 2015-04-28 14:14 UT 5 RESULTS AND DISCUSSION

Figure 5.1: The IMF at the bow shock between 11:00-15:00 UT on 28 April 2015.
The central time of the DMSP F17 polar cap crossing (14:14 UT) is marked by a
vertical red line. The IMF was relatively stable during the hours before the crossing.

Figure 5.2 shows the northern hemisphere AMPERE current map at the central time of
the crossing, 14:14 UT, with the DMSP F17 trajectory overlayed. Both the duskside and
dawnside R1 and R2 currents are clearly visible. Polewards of R1 there is an additional
FAC going into the ionosphere | this is the RO current. The polarity of the RO current
agrees with the statistical pattern for IMF By < 0 in the northern hemisphere, see Figure
2.6, and is of the correct polarity to connect to the south to north owing BSC. However,
as explained earlier, only if we can show that the observed RO current ows on open eld
lines, can we argue that it connects to the BSC.

At the same time, in the southern hemisphere, the statistical FAC patterns in Figure
2.6 tells us that there should be an upwards going RO current going out of the ionosphere.
Similarly to that in the northern hemisphere, also the southern hemisphere RO current
could, if it ows on open eld lines, connect to the BSC. However, since investigating
the southern hemisphere FACs is not within the scope of this project, we are unable to
con rm its polarity and location (or even its presence) at this time.
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Figure 5.2: The northern hemisphere AMPERE current map at 14:14 UT on 28
April 2015. The DMSP F17 spacecraft trajectory is overlayed as a dashed black line,
with arrowheads indicating the direction. The values for the IMF By and B, during
the 30 minutes prior to the crossing are shown in the top left corner. Note that the

spacecraft ies through the downwards going RO current.

The trajectory of DMSP F17 is overlayed in the current map in Figure 5.2 as a dashed
line going from dusk to dawn. It can be seen that the trajectory crosses both the duskside
and dawnside R1 and R2 currents, and most importantly also the RO current in between.
It should therefore have been able to measure the disturbances in the terrestrial magnetic
eld caused by these currents. These disturbances, as well as the horizontal plasma
velocity, electron and ion precipitation data, and DMSP F17 spacecraft position, during
the polar cap crossing, are shown in Figure 5.3.
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Figure 5.3: Panels (a-d) Data measured by DMSP F17 during its northern hemi-

sphere polar cap crossing at 14:14 UT on 28 April 2015. (a) The disturbance in the
terrestrial magnetic eld. The positive slope marked by a blue arrow corresponds to
the downwards going RO current. (b) The horizontal plasma velocity. The central

region of negative horizontal velocity corresponds to the polar cap. (c, d) Electron
and ion precipitation, respectively. Panels (e, f) The spacecraft position given in MLT

and magnetic latitude. The estimated OCB is represented by vertical black lines.
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Figure 5.3a shows the disturbance of the terrestrial magnetic eld as measured by
the SSM magnetometer. This disturbance is not necessarily caused exclusively by FACs,
although that is most likely the major contributor. We will here ignore other possible
sources and assume that FACs alone are responsible. Going from left to right, F17 rst
registered the duskside R2 and R1 currents as a positive and negative slope, respectively.
Then, between approximately 14:10-14:16 UT, it registered yet another positive slope.
This corresponds to the downwards going RO current in Figure 5.2, and is marked by
a blue downwards pointing arrow in Figure 5.3a. Having passed the RO current, F17
registered also the dawnside R1 and R2 currents, each with opposite sign slope to its
duskside counterpart.

Figure 5.3b shows the horizontal plasma velocity. A horizontal dashed line is drawn
in the gure to emphasise the zero-level. Values above (below) this line indicate sunwards
(anti-sunwards) ionospheric plasma ows. As described in Section 2.4, for southwards
IMF there should be a two-cell convection pattern in the polar ionosphere. Recalling that
the anti-sunwards owing plasma is frozen-into open eld lines (in the polar cap), whereas
the sunwards owing plasma is frozen-into closed eld lines, we can thus, by noting where
the sign of the horizontal velocity changes, estimate the location of the OCB. Based on the
horizontal velocity, we estimate that the spacecraft entered the polar cap on the duskside
soon before 14:10 UT, and exited it on the dawnside at approximately 14:17 UT. The
estimated location of the OCB is indicated in Figure 5.3 by two vertical black lines.

There is an overall tilt in the horizontal velocity. Towards lower latitudes on both sides
of the polar cap, its magnitude increases; it becomes more negative on the duskside and
more positive on the dawnside. This is some spacecraft/measurement instrument related
anomaly which has as of yet not been explained. However, in the present project we are
only concerned with the velocity at high latitudes, where this e ect is negligible.

Figures 5.3c and d show spectrograms of electron and ion energy ux, respectively. In
the centre of Figure 5.3c there is a region of homogeneous low energy electron precipita-
tion, typical of polar rain. Polar rain exists only on open eld lines, and is thus restricted
to the polar cap. By comparing the region of polar rain in Figure 5.3c with that of nega-
tive horizontal velocity in Figure 5.3b, we see that they overlap nicely. Thus the electron
spectrogram veri es that the region within our estimated location of the OCB consists of
open eld lines.

On either side of the polar rain region in Figure 5.3c, there is an increased ux of
more energetic electrons. These have been accelerated along the eld lines, and are the
main charge carriers for the duskside R1 and dawnside R2 currents. Of course, also
lons can contribute to the FACs, but since electrons are much lighter and thus more
easily accelerated, they are the main charge carriers. Downwards (upwards) travelling
electrons correspond to an upwards (downwards) going current, and vice versa for ions.
Moreover, the SSJ5 instrument looks upwards, meaning it can only measure precipitating,
or downwards travelling, particles. Hence the SSJ5 instrument only registers the charge
carrying electrons for upwards going currents.

In general, the ion precipitation in the polar cap is very low. In addition, since ions
have relatively large mass, their energy is often to low to be measured by the spacecraft
instruments. Therefore, the ion spectrogram should not show any signi cant ion precipi-
tation in the polar cap. On closed eld lines, however, ions undergo magnetic mirroring
between the poles. These ions are energetic enough to be measured by the instruments,
and thus the ion spectrogram constitutes yet another means of locating the OCB. In Fig-
ure 5.3d it can be seen that the spacecraft ew through a duskside region of energetic ion
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precipitation which suddenly disappeared soon after 14:09. Not until around 14:19 did
the ions return. This again veri es that the spacecraft ew across the polar cap between
those times.

It should be noted that the cut-o of ion precipitation coincides well with the sign
change of the horizontal velocity on the duskside, but occurs at a lower latitude on the
dawnside. Since we are investigating if RO currents could be closing (part of) the BSC,
it is imperative that the RO currents that we observe are owing on open eld lines. The
reason that this is important is that, since the bow shock is magnetically connected to
the solar wind, eld lines connecting to the bow shock must be open. If we nd a FAC
that ows on closed eld lines it thus becomes di cult to argue that it connects to the
bow shock, and hence that it closes the BSC. To verify that the RO currents we observe
really are on open eld lines, we therefore require that the horizontal velocity, the electron
spectrogram, and the ion spectrogram (i.e. in this case Figures 5.3b,c and d) all agree on
the eld line identity. In the case of the DMSP F17 polar cap crossing presented here,
that means that we can be fairly certain that the region which we have identi ed as the
polar cap indeed contains open eld lines.

Figure 5.4 shows the SuperDARN convection pattern in the northern hemisphere at
the time of the F17 crossing. The coloured dots show where measurements are actually
made, or in other words, where the convection pattern is most accurate. As is expected for
a southwards IMF, there are two convection cells, see Figure 2.5. Due to the large IMF
By, the duskside cell is more crescent shaped while the dawnside one is rounder. The
expected rotation of the convection pattern towards the duskside is hardly noticeable,
however, and the size of the dawnside cell is much greater compared to the corresponding
one in Figure 2.5. Nevertheless, considering that the statistical pattern is based on a large
amount of averaged data, the convection patterns for individual cases can vary. It is thus
not surprising that the convection pattern in this one case does not match it perfectly.

Since the SSIES instrument measures along a direction perpendicular to the spacecraft
velocity vector, its measurements are most reliable when the spacecraft travels perpen-
dicularly to the direction of the plasma ows. Since we are interested in purely sunwards
or anti-sunwards ows, and the spacecraft is travelling more or less in a straight line from
18 6h MLT (see Figure 5.2), we here have nearly optimal conditions to measure the rele-
vant plasma ows. The relative error in the horizontal velocity plotted in Figure 5.3b, and
hence our estimation of the location of the OCB, should therefore be rather small. If the
spacecraft trajectory had been more tilted, the SSIES instrument would only have been
able to measure some smaller component of the total sun- or anti-sunwards plasma veloc-
ity, and the relative error would have been larger. Nevertheless, as long as the spacecraft
travels from dusk to dawn, the sign would have still been correct.
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Figure 5.4: The ionospheric convection pattern in the northern hemisphere at 14:12
UT on 28 April 2015 as determined by SuperDARN. Noon MLT is at the top, and
dawn on the right. Black contours are convection streamlines, and also correspond
to equipotential lines separated by 6 kV. Coloured dots show the locations of actual
measurements. Dark blue and dark red corresponds to ow speeds of 0m% and
1000ms ! respectively. The number in the top right corner is the cross-polar cap
potential. The usual two-cell pattern for southwards IMF is present, with a crescent
shaped duskside cell and rounder dawnside cell as a result of IMBy < 0. There is no
signi cant rotation of the convection pattern. The green line is the Heppner-Maynard
boundary, below which the plasma is corotating with the Earth.

5.2 Example Event 2: 2015-04-29 19:16 UT

At 19:16 UT on 29 April 2015, DMSP F18 crossed the northern hemisphere polar cap.
Figure 5.5 shows the IMF at the bow shock between 16:00-20:00 UT. Initially, the IMF
was stable, but at approximately 16:15 UT there was a sudden dip in magnitude and
weakening off B,j. By even became positive for a short time. Soon after 18:30 UT the
stability had been regained. During the last 30 minutes before the crossing, the average
By and B, were 5:63nT and 0:96nT, respectively, and the magnitude was:32nT.
Thus the BSC at this time should, similarly to in the event at 14:14 UT on 28 April
(Example Event 1), have been owing mostly south to north, with a slight tilt towards
dawn. SincejB,j was much smaller compared t¢B,j in this case, the tilt from the z axis
should have been less signi cant in comparison with the other event.
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Figure 5.5: The IMF at the bow shock between 16:00-20:00 UT on 29 April 2015.
The central time of the DMSP F18 polar cap crossing (19:16 UT) is marked by a
vertical red line. Note the temporary decrease in the magnitude only a few hours
before the event.

The northern hemisphere AMPERE current map at the central time of the DMSP F18
crossing is shown in Figure 5.6, with the spacecraft trajectory overlayed. Note that the
trajectory here is more tilted with respect to the 6 18 h MLT plane compared to that of
F17 in Figure 5.2, and that the R1 and R2 currents are not as clear. Due to the IMB,
being less negative, the polar cap is also signi cantly smaller in this case. Similarly to in
Figure 5.2, there is a downwards going RO current poleward of R1 also in Figure 5.6. The
polarity of this RO current ts with the statistical pattern for IMF By < 0 in the northern
hemisphere, see Figure 2.5. However, there is an additional current polewards of R1,
adjacent to the downwards going RO current, on the dawnside. The polarity and location
of this current matches the RO current in the statistical FAC pattern withB, > 0. Since
we in this case haveB, < 0, we will refer to it as the \opposite polarity RO current”.
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Figure 5.6: The northern hemisphere AMPERE current map at 19:16 UT on 29
April 2015. The DMSP F18 spacecraft trajectory is overlayed as a dashed black
line, with arrowheads indicating the direction. Note that the spacecraft ies through
the downwards going RO current, but then also through an upwards going current
adjacent to it.

Figure 5.7 shows data collected by DMSP F18 during the crossing, and is of the same
format as Figure 5.3. It is overall very similar to Figure 5.3. The OCB, as determined
using the horizontal plasma velocity in Figure 5.7b, has been marked by two black vertical
lines on the duskside and dawnside, respectively. The electron and ion spectrograms in
Figures 5.7c and d con rm that the region between these lines indeed contains open eld
lines. Again, the argument is that there is a lack of ion precipitation, and that the electron
population is that of polar rain. See Section 5.1 for a more detailed explanation.
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Figure 5.7: Panels (a-d) Data measured by DMSP F18 during its northern hemi-
sphere polar cap crossing at 19:16 UT on 29 April 2015. The gure is of the same
format as Figure 5.3. The positive slope marked by a blue arrow in panel (a) corre-
sponds to the downwards going RO current, and the weakly negative slope registered
soon after, to the upwards going, or \opposite polarity”, RO current.
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In Figure 5.7a, which shows the disturbance of the magnetic eld, there is a positive
slope corresponding to the downwards going RO current polewards of the OCB. Shortly
after, there is an, albeit very weak, negative slope. This corresponds to the opposite
polarity RO current. This slope would be more prominent if one zoomed in. It is not clear
what causes this current, but we will consider a few possibilities.

Recall that, about 45 min before this event, there was a sudden change in the IMF,
which led to By becoming positive for a moment ( 15min), see Figure 5.5. FoB, > 0
the BSC would be reversed such that it, instead of owing from south to north, would ow
from north to south. As mentioned above, also the polarity of the RO current would be
reversed. Itis possible that the opposite polarity RO current that we see is a remnant from
the temporarily di erent IMF con guration with By, > 0. In that scenario, the opposite
polarity RO current could have connected to the then present BSC. Although this is a
plausible explanation, it seems unlikely considering that, based on our approximation
of the time delay, any e ects on RO from the IMF that long ago should have already
passed. On the other hand, the time delay can vary signi cantly with solar wind and
IMF conditions, and is therefore dicult to predict. We can hence not rule out this
possibility.

One must also keep in mind that the IMF data used here are not actually measured
at the bow shock, but at the Lagrange 1 point, which is far upstream of the bow shock.
Although the solar wind generally travels almost radially outwards from the Sun, it can
also have non-zero y and z velocity components. Thus there is no guarantee that the
IMF that eventually arrives at the bow shock nose will be the same as that measured at
the Lagrange 1 point some time earlier. Moreover, the time delay between the Lagrange
1 point and the bow shock varies with solar wind conditions, so even if the same solar
wind and IMF do reach the bow shock, they might do so earlier or later than predicted.
Ideally one would verify the IMF conditions at the bow shock in situ, but since there is
not always a spacecratft in that region, that is not always possible.

Yet another possibility is that the opposite polarity RO current is an artefact of the
AMPERE tting routines. As mentioned earlier, the AMPERE maps are based on mag-
netic eld measurements by the Iridiunf satellites. It is possible that a small error
in the magnetic eld measurement could be enhanced by the AMPERE tting routine.
This could then cause artefacts (like the opposite polarity RO current) to become more
prominent, by making them appear larger or stronger than they really are.

Nevertheless, regardless of its cause, the presence of the opposite polarity RO current
does not change the fact that the other RO current | that of correct polarity | could
still connect to the BSC.

Figure 5.8 shows the plasma convection pattern in the northern hemisphere at the time
of the F18 crossing. As is clear from the gure, the convection pattern, and the throat
between the convection cells, are rotated towards dusk, with the duskside cell reaching
in above the dawnside cell in the noon region. This agrees well with the statistical
convection pattern for the IMF conditions for this event, see Figure 2.5. Since the throat
Is at an angle, the plasma does not ow purely anti-sunwards, and hence the anti-sunwards
component of the ow will be smaller. Even if the spacecraft was able to measure this
entire component, we would thus get a less clear signature of the turning of the ow
direction, and a larger relative error.
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Figure 5.8: The ionospheric convection pattern in the northern hemisphere at 19:15
UT on 29 April 2015 as determined by SuperDARN. The format is the same as for
Figure 5.4. The usual two-cell pattern for southwards IMF is present. There is a
rotation of the convection pattern towards dusk due to the IMF By being negative.

5.3 Example Event 3: 2015-07-25 21:46 UT

Another DMSP northern hemisphere polar cap crossing took place at 21:46 on 25 July
2015, this time by DMSP F16. Figure 5.9 shows the IMF between 19:00-23:00 UT. As
is clear from the gure, the IMF was relatively stable during this time, and in particular
after 19:45. During the 30 minutes prior to the crossing, the IMF magnitude was around
6:07 nT, and the averagd3, and B, were 512nT and 3:23nT, respectively. The positive
By implies that the BSC should have been owing from north to south, and the negative
B, should give it a tilt towards dawn.
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Figure 5.9: The IMF at the bow shock between 19:00-23:00 UT on 25 July 2015.
The central time of the DMSP F16 polar cap crossing (21:46 UT) is marked by a
vertical red line.

Figure 5.10 shows the FAC in the northern hemisphere at the central time of the
DMSP F16 crossing, with the spacecraft trajectory overlayed. Note that the trajectory is
tilted oppositely to that of DMSP F18 in Figure 5.6. It can be seen that the DMSP F16
spacecraft went through the duskside R2 and grazed the dawnside R1 before entering an
upwards going RO current. Then it exited the polar cap on the dawnside through both
the R1 and R2 currents. The current pattern, with the upwards going RO current, agrees
well with the statistical pattern for positive IMF B, .

From Figure 5.10 it appears that, contrary to DMSP F17 and F18 in the other exam-
ples, DMSP F16 never crossed through the duskside R1 current. If this is the case, there
should be no signature of the duskside R1 current in the DMSP data.
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Figure 5.10: The northern hemisphere AMPERE current map at 21:46 UT on 25
July 2015. The DMSP F16 spacecraft trajectory is overlayed as a dashed black line,
with arrowheads indicating the direction. Note that the spacecraft ies through an
upwards going RO current, which is attached to the duskside R1.

Figure 5.11 shows the DMSP data for this event. As in Figures 5.3 and 5.7, the OCB
is marked by vertical black lines. The negative slope in Figure 5.11a that is marked by an
upwards pointing red arrow corresponds to the RO current in Figure 5.10. Note that only
part of this slope is contained within the polar cap. Since RO currents only ow on open
eld lines, this should make us question whether the entire slope really is caused by RO,
or if at least the part of the slope that is equatorwards of the OCB has some other cause.
The obvious idea is then that this portion would be caused by the duskside R1 current,
but as seen in Figure 5.10, the spacecraft never passed through that current. What is
more, Figure 5.11d only shows an energetic electron precipitation on the dawnside. On
the duskside, there is instead an increased ux of electrons, but there is nothing indicating
that these electrons have been accelerated along the eld lines and become more energetic.
In other words, these are not the duskside R1 electrons. Assuming that the positioning
of the OCB is correct, the region of increased ux extends across the OCB, and thus
includes both regions of open eld lines, and closed eld lines.

It is possible that, similarly to the opposite polarity RO current in Example event 2,
the closed eld line portion of the slope in Figure 5.11a is caused by a remnant from the
IMF some time earlier, or by the IMF data at the bow shock being incorrect. Since the
FAC pattern in Figure 5.10 looks as expected for the used IMF data, this is probably not
the case, although it would need to be investigated further in order to be ruled out.

As mentioned in Section 3, the AMPERE current maps are averaged over 10 minutes.
This is a relatively low time resolution. Thus what is shown in a certain current map does
not exactly re ect the reality at the time it is given for. Moreover, there is an altitude
di erence between the DMSP spacecraft (850 km) and Iridium® satellites ( 780 km).
Therefore, one should not expect the two datasets to match perfectly. For example,
imagine that a FAC does not ow perfectly parallel to the local vertical direction. In that
case it could look like a DMSP spacecratft trajectory crosses it, even though it might not.
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Figure 5.11: Panels (a-d) Data measured by DMSP F16 during its northern hemi-
sphere polar cap crossing at 21:46 UT on 25 July 2015. The gure is of the same
format as Figure 5.3. The negative slope marked by a red arrow in panel (a) corre-
sponds to the spacecraft ying through a upwards going current which is probably
RO. Note the lack of R1 electrons on the duskside in panel (c).
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Figure 5.12 shows the ionospheric convection pattern in the northern hemisphere at
the time of the event. The convection pattern is slightly di erent from the statistical
convection pattern forB, positive, see Figure 2.5. However, we should keep in mind that
it is mainly in the coloured regions that the convection pattern can be trusted, since it
is only there that the SuperDARN radar measurements are actually made. If we ignore
the tongue at the dawnside part of the duskside convection cell which reaches in over the
dawnside cell, the convection pattern matches better with the statistical one. We should
also recall that the convection pattern in any one case should not be expected to match
the statistical pattern perfectly, since the statistical pattern is based a large amount of
averaged data.

Figure 5.12: The ionospheric convection pattern in the northern hemisphere at
21:47 UT on 27 July 2015 as determined by SuperDARN. The format is the same as
for Figure 5.4. The usual two-cell pattern seen during southwards IMF is present.
There is a rotation of the convection pattern towards dawn, due to the IMF By being
positive.

5.4 Overview of All Events

We have identi ed a total of 15 events | three of which have already been presented.
This section aims to give an overview of the ndings, and summarise some general char-
acteristics of the events, including the remaining 12.

Common to all 15 events is that their respective AMPERE current maps exhibit a
RO current of the correct polarity to connect to the BSC for that event. (Note that no
events were excluded if this was not the case.) Moreover, in each of the events, DMSP
measurements of the horizontal velocity, together with electron and ion precipitation data,
can con rm that the RO current, at least to a certain extent, ows on open eld lines.
Collectively, the events identi ed here constitute an argument in favour of the BSC closing
as RO currents on open eld lines, during predominantly east-west IMF.

Although the general characteristics of all events are consistent with the hypothesised
closure path, there are certain inconsistencies and complications to consider. Some events
have an additional RO current of wrong polarity (e.g. Example Event 2, see Section 5.2).
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In other cases it is di cult to distinguish RO from R1 (e.g Example Event 3, see Section
5.3). All 15 events are summarised in Table 5.1, AMPERE current maps and DMSP data
for the remaining 12 events are shown in Figures A.1-A.14, in Appendix A.

Table 5.1: A summary of all 15 events. The second to last column contains estimates
of the peak value of the RO current. A positive (negative) value for RO means it is
owing out of (into) the northern hemisphere ionosphere. If the RO current is extended
over a large (small) area, the event is marked with an L (S) in the last column. In
every event with By > 0 the BSC is owing mostly north to south, and vice versa.

Event Spacecraft By [nT] By [nT] B, [nT] RO [WAm ?] Area
2015-04-28 14:14 F17 +@7 6:18 2:79 0:32 S
2015-04-29 12:19 F17 0:15 5:19 1:00 0:34 S
2015-04-29 15:42 F17 +08 6:02 0:65 0:39 S
2015-04-29 15:54 F18 +0@0 6:11 0:54 0:59 S
2015-04-29 18:49 F16 +@3 4:74 2:09 0:30 S
2015-04-29 19:04 F17 +@4 5:67 1:.93 0:28 S
2015-04-29 19:16 F18 +09 5:63 0:96 0:52 S
2015-04-29 20:30 F16 +05 5:77 1:19 0:43 L
2015-07-25 21:46 F16 0:88 +5:12 3:23 +0:53 L
2015-07-25 21:48 F17 0:69 +5:15 3:29 +0:57 L
2015-08-04 22:50 F18 111 5:33 1:.05 0:59 L
2015-08-04 22:59 F17 1.08 5:39 0:94 0:56 L
2015-08-31 11:59 F16 1:10 4:25 2:63 0:50 S
2015-08-31 18:42 F17 +@3 4:19 3:17 0:31 L
2015-08-31 18:43 F16 +@3 4:19 3:17 0:31 L

As explained earlier, a crude estimate of the total RO current can be obtained by
assuming a uniform current density, and multiplying that by the area over which the RO
current is extended. The total RO current can then be compared with the magnitude
of the BSC. Such a comparison was made in the recent case study by Dredger et al.
(2023). One of their main ndings was that, for the event that they investigated, the RO
current and BSC were of comparable magnitude. This was true for both the northern
and southern hemisphere. They interpreted this as evidence of at least a partial closure
of the BSC as RO current.

Since we do not have the means to estimate the size of the BSC in the present project,
we cannot make such a comparison here. Yet we made estimates of the peak value of the
RO current density for each event, see Table 5.1. Rather than to try to calculate the total
RO current, the motivation for doing this is to get a rough idea of how its strength varies
between our events, and to see if there appears to be a correlation between the magnitude
of the IMF By, and the RO strength in our events.

It is known that the strength of FACs increases with larger overall magnitude of the
IMF, but not how it is in uenced by the magnitude of the individual IMF components, or
the ratio between them. Assuming that the BSC really does close along the hypothesised
closure path for predominantly east-west IMF, it seems likely that the extent to which
it does so would increase as its tilt from the z axis decreases. A smaller tilt is achieved
by increasing the ratio between the y and z components of the IMF, i.e. by increasing
jByj9B;j. As explained in Section 4.1.2, that is the reason why we requifB,j > jB].
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However, the values in Table 5.1 show no such tendency. For example, in the event at 14:14
UT on 28 April (Example Event 1) jB,j was signi cantly larger than jBj, meaning that,

if we are correct, the RO current should have been relatively strong. Yet, the estimated
value for the RO current density was only 0:32uAm 2 (compare with other values in
Table 5.1), and the area was small. Thus it appears that the total RO current was in fact
rather weak. In the event at 11:59 UT on 31 August the area was also small, and the
ratio jByj5B,j was smaller compared to the other event. However, the estimated value
for the RO current density was 0:50uAm 2 which is larger in magnitude than that of
the other event ( 0:32pAm 2). Contrary to our reasoning, this implies that the total

RO current was larger in this case.

We suggest the following explanation as to why we do not observe the expected corre-
lation. Due to the proximity of the RO and R1 currents, it is often di cult to determine
the extent of the RO current. Figure 5.10, the current map in Example Event 3, is a good
example of this. (The RO and R1 currents are attached on the duskside.) To ensure that
the estimates of the RO peak current density were taken from RO and not R1, we therefore
chose values far from where the R1 current should be located according to the statistical
pattern in Figure 2.6, i.e. from regions that are unlikely to be R1. As a consequence,
we most likely underestimated the values whenever RO could not be easily distinguished
from R1. In many of those cases there was a region of higher current density that may
have belonged to RO, but just as likely to R1. If we were able to con rm exactly where
RO transitions into R1 in each case, we could have probably found more accurate values
for the peak RO current density.

Furthermore, it was generally di cult to estimate the size of the relevant area. There-
fore we simply divided the events into two categories; large and small. This was done by
visually comparing the size of the area of the RO currents in each case and sorting them
into two groups. Ideally there should have been a quantitative way to distinguish the two
categories.

6 Summary and Conclusion

The BSC ows on the bow shock at all times, due to the compression of the IMF across
the shock. Since it is suggested to play an important role in solar wind-magnetosphere
coupling, it is essential that we understand its closure path. Most of the studies that have
so far investigated the closure of the BSC have been based on simulations. Although their
ndings are of importance, they need to be supported by observational evidence in order
to be con rmed. As of yet, there is a lack of such evidence.

In this project we have provided additional observational evidence of BSC closure
which is complementary to the ndings obtained through simulations, for the case of
southwards but predominantly east-west IMF B, < 0, jB,j > jB;j). Through simultane-
ous observations of the northern hemisphere RO current and the IMF at the bow shock,
we have investigated the closure of the BSC during the above stated IMF conditions. We
successfully identi ed 15 events for which the northern hemisphere RO current could be
observed both in the AMPERE and DMSP data. In each of these events, the RO current
was of the correct polarity to connect to the BSC. Moreover, we were able to show that
part of the observed RO current was owing on open eld lines | a fact that is integral
for it to be able to connect to the BSC.

Furthermore, we brie y explored the idea that the strength of the RO current increases
for larger ratios jByj5B,j. This seems likely since the larger the ratigB,j5B,j is, the
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smaller the angle between the BSC and the z axis becomes. For the reasons explained
earlier (see Section 5.4) we were unable to see any clear correlation. In order to investigate
this in more detail, one could for example isolate the e ect gByj by keepingjBj constant.

In the future, a statistical study should look at a larger dataset, and include also the
southern hemisphere to be able to see if both the northern and southern hemisphere RO
currents are of the correct polarity to connect to the BSC.

It is likely that there are a large number of relevant events during the period inves-
tigated here which were not included in this project. In some cases the IMF quali ed
as stable, but there was no simultaneous DMSP data available due to the spacecraft not
crossing the RO current, or not being near the north pole at all during that time. If we
had included the southern hemisphere in our study we would have probably had some
additional events, even though they would have in general been less clear. Moreover, as
explained in Section 4, the time delay between IMF variations and the response of the
RO current can vary signi cantly depending on solar wind conditions. Therefore another
reason that some events were excluded is that the IMF was not considered to be stable
during a long enough period (i.e. 30 minutes), even though in those speci c cases it might
have been enough with a shorter time.

The 15 events presented here constitute an argument in favour of at least a partial
closure of the BSC to Earth's high latitude ionosphere as RO currents, for predominantly
east-west IMF. However, to corroborate these ndings, and to fully work out the details of
BSC closure, a statistical study where one varies the IMF conditions should be performed.
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A APPENDIX

A Appendix

This project has successfully identi ed 15 events of possible bow shock current closure to
Earth's high latitude ionosphere, on open eld lines. Three of these are presented and
discussed thoroughly in the main report. In the following, AMPERE current maps and
DMSP data for each of the twelve remaining events are shown. The current maps are
shown in Figures A.1-A.2, and the DMSP data are shown in Figures A.3-A.14.
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Figure A.1: Northern hemisphere AMPERE current maps, with DMSP spacecraft
trajectories overlayed as dashed black lines, going from dusk to dawn. (a) F17 at
12:18 UT on 29 April, (b) F17 at 15:42 UT on 29 April, (c) F18 at 15:54 UT on 29
April, (d) F16 at 18:50 UT on 29 April, (e) F17 at 19:04 UT on 29 April, and (f) F16
at 20:30 UT on 29 April, 2015. The average IMFBy and B, during the 30 minutes
prior to the crossing are shown in the top left corner of each current map.
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