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Abstract

The work presented in this thesis is part of ongoing research within one of the research

groups at the Birkeland Centre for Space Science (BCSS) at the Department of Physics

and Technology, University of Bergen. Members of this group have earlier found that

the two hemispheres can exhibit large asymmetries in the auroral display, contrary to

what have usually been assumed. The group at BCSS is focusing on aspects of the

solar wind - magnetosphere - ionosphere interactions that can lead to a different out-

come in the two polar hemispheres in terms of e.g. convection speeds, magnetic field

perturbations, electric currents, and auroral emissions.

As a part of this ongoing effort, this thesis investigates two mechanisms proposed

to be important in creating north-south asymmetries in the auroral display. To do this,

simultaneous images from space of both the aurora borealis and the aurora australis

are used to identify periods and regions when asymmetric aurora occurs. During the

work on this thesis, a systematic search was performed resulting in the hitherto largest

dataset of such simultaneous global imaging of the Earth’s dual auroras.

In Paper I [Reistad et al., 2013] we find that non-conjugate aurora, being features

only visible, or significantly brighter in one hemisphere, is rather common during active

auroral displays. Furthermore, we found that 10 out of 15 identified non-conjugate

features were consistent with at least one of the two mechanisms investigated in detail

in this thesis.

Two mechanisms has been investigated in detail to learn more about their impor-

tance. In Paper II [Reistad et al., 2014] we find that the poleward part of the dusk side

auroral oval in the northern hemisphere is on average brighter when the Interplanetary

Magnetic Field (IMF) is pointing away from the Sun, compared to when IMF is point-

ing toward the Sun, during southward directed IMF. The opposite result is found when

looking at the dusk side auroral oval in the southern hemisphere. We interpret the re-

sults as a possible effect of the asymmetric Solar Wind (SW) dynamo, suggested to

be responsible for asymmetric energy transfer from the SW into the conjugate hemi-

spheres. This mechanism has been suggested to explain event studies of asymmetric

aurora, but this is the first time it is investigated statistically. Therefore, these results

suggest that this mechanism can be of general importance and its accumulative effect

vii



viii Abstract

of asymmetric energy transfer from the SW into the conjugate hemispheres might be

important.

The second mechanism investigated is related to the dynamic effects from IMF By

on how field-lines convect from the nightside toward the dayside. It has earlier been

suggested that IMF By could affect the two hemispheres differently but a detailed de-

scription has been lacking. Our group at BCSS has developed an updated understand-

ing that can explain, with a higher level of detail than earlier, how the SW forcing

during IMF By can lead to hemispheric asymmetries in convection speeds, Birkeland

currents, and aurora along a closed field-line. This is presented in Paper III [Tenfjord

et al., 2015]. In Paper IV [Reistad et al., 2016] we show observations that support this

understanding, where an event with highly displaced aurora between the hemispheres

are presented, together with observations of asymmetric ionospheric convection and

Birkeland currents, consistent with our understanding of the IMF By influence.

The main conclusions in this thesis are:

→ Non-conjugate features are common in active auroral displays

→ IMF Bx influences the duskside auroral intensity during southward IMF oppo-

sitely in the two hemispheres

→ The opposite auroral response to IMF Bx in the conjugate hemipsheres is consis-

tent with a more efficient SW dynamo on average in one hemisphere compared to

the other

→ Field-lines with asymmetric footpoints (induced by IMF By) will release mag-

netic stress into one hemisphere as they convect toward and around the Earth

from the nightside. We name this the process of restoring symmetry

→ Signatures consistent with the process of restoring symmetry are observed in

both ionospheric convection data and in average maps of BCs, suggesting that

this mechanism can be responsible for substantial asymmetric forcing of the two

hemispheres
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Chapter 1

Introduction

The Earth’s magnetic field shields our living environment from the continuous flow of

plasma in the Solar Wind (SW). However, the outermost regions of the magnetosphere

are in direct contact with the shocked SW and its embedded interplanetary magnetic

field (IMF). The interactions at this interface are responsible for mass, momentum, and

energy transfer into the magnetosphere and hence represent a coupling to space that

affect our living environment.

How the Earth is coupled to space has been subject for research for more than a

century. The charged particles populating the magnetosphere flow freely along the

magnetic field. Hence, the polar regions are of special interest for the interaction be-

tween the SW and the magnetosphere, as only the magnetic field-lines at high-latitudes

couple to this region in space. The near-Earth manifestations of the SW-magnetosphere

interactions have been studied in a number of ways. One example is the aurora, which

is produced in the upper atmosphere, typically from 100-300 km. The light is emitted

by atoms and molecules in the atmosphere after being excited due to collisions with

charged particles. More precisely, it is secondary electrons produced when charged

particles precipitate along Earth’s magnetic field and collide with the atmosphere, that

excites the atmospheric atoms and molecules which eventually emit the aurora. The au-

rora therefore serves to light up the footpoint of disturbed magnetic field-lines. Hence,

the aurora can be used as a diagnostic tool for remote sensing the more distant processes

in the magnetosphere.

The two polar hemispheres can to some extent represent two separate experiments

when investigating how Earth interacts with the SW. Hence, studies looking at the si-

multaneous response in the two hemispheres can be used to test our understanding of

the SW-magnetosphere-ionosphere interactions. This approach is of special interest as

the global understanding of how Earth is coupled to space is largely based on observa-

tions from only one hemisphere. This thesis makes use of global simultaneous imaging

of the aurora from both hemispheres to achieve further insight into the mechanisms that
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2 Introduction

produce the disturbances manifested by the aurora. As the Earth’s magnetic field inter-

acting with the SW is largely symmetric between the hemispheres, it is expected that

the large-scale processes leading to the aurora should be rather similar in the two hemi-

spheres. However, observations have shown that this is not always the case, suggesting

that the global aurora can be substantially modified by mechanisms affecting the con-

jugate hemispheres differently. Little is known about such mechanisms, much due to

the sparse amounts of simultaneous data available from conjugate regions. This thesis

specifically investigates mechanisms proposed to influence how the two polar hemi-

spheres are asymmetrically coupled to space. In particular we have investigated the

following mechanisms:

1. The asymmetric SW dynamo

2. Asymmetric forcing of the magnetosphere due to IMF By

3. Effects from interhemispheric currents associated with ionospheric conductivity

gradients

This work gives constraints and aims at expanding our knowledge about the two

first mechanisms.

In Paper I we identify features of the global aurora that is seen only in one hemi-

sphere, or is significantly brighter in one hemisphere. We show that these observations

can to a large extent be explained by one or more of the three earlier proposed mecha-

nisms listed above, and suggest that the SW dynamo and IMF By mechanism could be

of greatest importance among the three.

Paper II specifically investigates the importance of the SW dynamo mechanism by

studying the average auroral response during favourable and not favourable conditions.

We find that the aurora is significantly brighter during conditions favourable for this

mechanism to operate compared to non-favourable conditions.

An updated and more detailed understanding of how IMF By leads to asymmetric

forcing of the two hemispheres has emerged during collaborative work at the Birkeland

Centre for Space Science (BCSS) that this PhD project has been a part of. This updated

description is the topic of Paper III.

We have also done a systematic search for all available conjunctions of conjugate

imaging from space by the IMAGE and Polar spacecraft. This resulted in more than 10

times the amounts of data previously analysed. From this extended dataset we managed

to find an event suitable for investigating the IMF By mechanism in great detail to

explore the validity of our updated understanding. In Paper IV we show observations

of aurora, ionospheric convection, and associated Birkeland currents that support our

understanding of how the two hemispheres are oppositely forced due to IMF By. These



3

observations demonstrate the asymmetric influence of this mechanism at a level of

detail never shown before.

In the next chapter we give a brief description of the large-scale physical processes

relevant for understanding the Earth-space connection. In Chapter 3 we give a detailed

description of mechanisms one and two listed above. Chapter 4 introduces the main

instrumentation used (global imaging of the Earth’s aurora). The main findings from the

four papers are summarized and discussed in Chapter 5. In Chapter 6 we list our main

conclusions with emphasis on what we have learned with regard to the two mechanisms

under consideration. Chapter 7 points at unsolved questions that should be addressed

in the future to further enhance our understanding of the two mechanisms.





Chapter 2

Relevant background

This thesis investigates two specific mechanisms that can affect the global transport

of energy throughout the near-Earth space differently in the conjugate hemispheres.

Before going into details regarding how the two hemispheres can be affected differently,

we set the stage by presenting a first order symmetric view of how plasma is circulated

in the near-Earth space. This is a concept referred to as the ’Dungey-cycle’ named after

the first scientist to suggest that this circulation is driven by the process of magnetic

reconnection [Dungey, 1961].

2.1 Plasma flow in the near-Earth space

By near-Earth space we mean the region around the Earth dominated by the Earth’s

magnetic field and its interaction with the SW. As illustrated in Figure 2.1, this is typi-

cally within 20 Earth radii (RE) in the sunward direction, but can extend a few hundred

RE in the anti-sunward direction. Throughout the thesis we will use the Geocentric So-

lar Magnetic (GSM) coordinate system to define geometry and directions in the near-

Earth space. The GSM x-axis refers to the direction toward the Sun from the Earth. The

z-axis, pointing northward, lies in the plane normal to the x-direction along the projec-

tion of Earth’s magnetic dipole axis in this plane. The y-axis completes the system

pointing in a duskward direction. Hence, when writing ’northwards’ or ’southwards’

IMF, we refer to the GSM z-component being > 0 or < 0, respectively.

2.1.1 Large-scale circulation: The Dungey cycle

The large-scale circulation of plasma driven by reconnection was first described by

Dungey [1961] and is schematically illustrated in Figure 2.1. Reconnection is a process

that allows efficient plasma transport throughout the near-Earth space by merging dif-

ferent magnetic domains. In the near-Earth space, reconnection takes place when the

5



6 Relevant background

Figure 2.1: Schematic illustration of the plasma circulation in the open magnetosphere. 1: The

SW with a southward directed IMF approaches the Earth on the dayside where reconnection

occurs, opening magnetic flux. 2-5: Newly opened field-lines are draped downtail and added

to the lobes at equal rates in both hemispheres. 6: Magnetic reconnection between lobe field-

lines closes magnetic flux in the tail. 7-9: Newly closed field-lines convect toward the dayside

to complete the circulation. The ionospheric footpoint of this circulation with corresponding

numbers are seen in the inset at the bottom. After Hughes [1995].
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IMF and the Earth’s magnetic field have components anti-parallel to each other and are

brought together [Crooker, 1979; Gonzalez and Mozer, 1974]. Since the SW impinges

head-on to the subsolar magnetopause, a southward directed IMF will be anti-parallel

to the northward directed terrestrial field and hence provide the most favourable condi-

tions for subsolar reconnection, as indicated by step 1 in Figure 2.1. After reconnecting

with the Earth’s magnetic field, the field-line that previously had both footpoints on

Earth (referred to as a closed field-line) is now split into two separate field-lines both

having one footpoint on Earth and the other end extending back to the Sun (referred

to as open field-lines). By definition, the same number of open field-lines are created

in each hemisphere. That is needed for the Maxwell equation ∇ ·B = 0 to be fulfilled.

Hence, the rate at which magnetic flux is opened is equal in both hemispheres. As il-

lustrated in steps 2-5 in Figure 2.1, the field-lines opened on the dayside are transported

tailward due to the anti-solar SW velocity and are added to the magnetospheric lobes

in both hemispheres. The magnetospheric convection described here is also seen in the

upper atmosphere. The ionospheric large-scale convection pattern resembles a mani-

festation of the magnetospheric convection discussed above. In the inset in the bottom

of Figure 2.1 one can see the corresponding ionospheric convection cycle with numbers

referring to the stages illustrated in the magnetosphere.

As flux is added at the same rate in the two lobes, open field-lines are forced toward

the centre of the magnetotail. The open lobe field-lines point in opposite direction

in the two hemispheres, and when they are brought sufficiently close, they can again

reconnect in the tail. The result of reconnection of two such open field-lines is one new

closed field-line connected to the Earth, and one plasmoid embedded in the SW, not

magnetically connected to Earth. As this process creates closed field-lines (again at the

same rate in both hemispheres) it increases the amount of closed magnetic flux and is

therefore often just referred to as closure of flux. This is illustrated in stage 6 in Figure

2.1. The highly stretched field-line in stage 6 is subject to a tension force that leads to

convection toward the Earth (6-8). As this process continues (stages 1-8), closed flux is

eroded on the dayside (stage 1). The newly closed flux on the nightside will therefore

convect toward the dayside (stage 9) in response to pressure imbalances associated with

the changes in magnetospheric shape as the erosion of flux on the dayside continues

[Milan, 2015], completing the cycle of plasma transport in the magnetosphere. Hence,

reconnection (change of field topology) is what allows the large-scale convection in

which can be explained through both the magnetic tension and pressure forces.
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2.1.2 A dynamic description: The expanding/contracting polar cap

paradigm

The description of the open magnetosphere suggested by Dungey [1961] provided

a theoretical framework to understand the large-scale structure and dynamics of the

SW-magnetosphere-ionosphere system. In the years that followed this new concep-

tual understanding, satellites started to explore the near-Earth space, and observations

supporting reconnection, (e.g. Aubry et al. [1970] and Sonnerup and Ledley [1979])

showed that the magnetosphere is indeed open. In the following decades, it was real-

ized that the process of nightside reconnection not necessarily followed directly after

dayside reconnection, but should be treated as a fundamentally different process, excit-

ing flows deep within the magnetospheric tail [Freeman and Southwood, 1988; Siscoe

and Huang, 1985]. This two stage description of the large-scale plasma transport in the

magnetosphere-ionosphere system is commonly known as the ’expanding/contracting

polar cap’ paradigm (ECPC) and was first completely formulated by Cowley and Lock-

wood [1992]. Their central point was that the flow within the system was not asso-

ciated with the amount of existing open magnetic flux, but with changes in the open

flux caused by reconnection events at the dayside magnetopause or in the tail [Cowley,

2015]. Further, Cowley and Lockwood [1992] realized that it was the erosion of open

flux (tail reconnection) or closed flux (dayside reconnection) that lead to deformations

in the magnetosphere, in which the magnetosphere responds to return to a more sym-

metric state, as can be described by the tension and pressure forces. The flows excited

in the magnetosphere would also be visible in the ionosphere, effectively bringing the

boundary between open and closed field-lines back to a more symmetric configuration

also there.

The excitation and decay of magnetospheric and ionospheric flows in response to

the opening of magnetic flux by dayside reconnection is illustrated in Figure 2.2 (af-

ter Figures 5 and 6 in Cowley and Lockwood [1992]). The upper row in Figure 2.2

illustrates the closed magnetosphere when looking down on the equatorial plane. It

contains all closed flux (gray shade), which is the total magnetic flux associated with

Earth’s dipole, Ftot , minus the open flux F. The second row illustrates a cross-section

of the magnetotail when looking toward the Earth from the tail. The closed flux is indi-

cated by the grey shaded region and corresponds to the plasma sheet. Above and below

this region is the open flux F. In the bottom row is the corresponding situation in the po-

lar ionosphere when looking down at the pole where the solid black line indicates the

boundary between open and closed flux. In the second column is shown the magnetic

topology with respect to open and closed field-lines just after a small amount of flux,

dF, has been opened by dayside reconnection. Associated flows in the closed magneto-
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Figure 2.2: A dynamic description of the Dungey cycle, stages 1-5 in Figure 2.1, known as

the ECPC paradigm. The three columns represent three different stages. Left: initial state

of the magnetosphere before opening of flux. Middle: the dynamic response of the magne-

tosphere due to opening of flux, quantified as dF. Blue arrows represent the excited flows.

Right: the reconfigured magnetosphere after flux has been added. The previous shape of the

magnetosphere is indicated with red dashes for reference. The three rows represent different

perspectives. Top: looking down at the equatorial plane, grey indicate the closed field-line re-

gion. Middle: cross-section of the magnetotail looking from the tail toward Earth. F indicate

the amount of initial open flux. Bottom: Looking down at the polar ionosphere. After Figures

5 and 6 of Cowley and Lockwood [1992].
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sphere (upper), magnetospheric lobes (middle), and in the ionosphere (lower) is shown

as blue flow-lines. These flows are excited by reconnection and decays as the bound-

aries between open and closed flux relax to a more symmetric configuration. Note that

flow across the open-closed boundary here only occurs where and when closed flux is

eroded on the dayside, i.e. between the first and the second column. In the last col-

umn, the new symmetric boundary between open and closed flux is shown from the

three perspectives as solid black lines. For comparison, the previous symmetric bound-

ary before flux opening is shown as red dashed lines (same as solid black lines in the

left column). For flux closure due to tail reconnection, a similar sketch could be made

(not shown here) emphasizing its influence on the boundary between open and closed

flux and the subsequent excited flows that bring the boundaries toward a symmetric

situation.

The expected large-scale behaviour predicted from the ECPC paradigm has been

investigated in great detail using observations and found to generally show very good

agreement with this understanding [Chisham et al., 2008; Clausen et al., 2012; Milan

et al., 2007, 2009]. Hence, knowledge of the open-closed boundary (OCB) location

and the plasma flow relative to it are key parameters needed to describe the dynamics

of the large-scale solar wind-magnetosphere-ionosphere coupling.

2.2 Symmetries in the near-Earth space

Since magnetic monopoles are not known to exist in nature, ∇ ·B = 0 must hold every-

where. Hence, the amount of open flux is the same in both hemispheres. Therefore, the

number of field-lines opened and closed by dayside and nightside reconnection, respec-

tively, is identical in the two hemispheres, resulting in the same net magnetic flux cir-

culation in both hemispheres. However, plasma circulation cells that do not contribute

to any net plasma circulation may exist and can be different in the two hemispheres.

This could be convection cells entirely on open field lines (e.g. lobe convection cells

[Burch et al., 1985; Crooker and Rich, 1993; Reiff and Burch, 1985]), or convection

cells entirely on closed field-lines (e.g. due to viscous interactions [Axford and Hines,

1961; Reiff and Burch, 1985].

At the surface of the Earth, the magnetic field is relatively structured due to con-

tributions from crustal fields, but dominated by a dipole configuration. However, the

structured part of the field decreases faster with radial distance than the dipole contri-

butions (e.g. equation 5.79 in Griffiths and College [2008]), leaving the IMF to interact

with a highly symmetric dipole-like field at the magnetopause at ∼ 10 Earth radii (RE)

upstream. Therefore, there are no significant local-time variations of the magnetic field
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strength at magnetopause distances due to magnetic anomalies on the ground that could

affect the SW - magnetosphere coupling.

The aurora is caused by atmospheric loss, also called precipitation, of charged par-

ticles mirroring between hemispheres while trapped inside the magnetosphere. Due

to the north-south symmetric topology of the magnetosphere, the scattering of charged

particles into the loss cone (e.g. due to waves or stretching of the tail) are assumed to be

highly symmetric between the hemispheres due to the symmetric structure of the mag-

netosphere. This has traditionally been the first order approximation when considering

the large-scale conjugacy aspects of the aurora.

2.3 Asymmetries in the near Earth space

There are also important factors that set the stage for hemispheric differences in the

electrodynamic solar wind - magnetosphere - ionosphere coupling. The next chapter

describes the two specific mechanisms for asymmetric influence investigated in this

thesis. Before going into details regarding those two mechanisms, we will give a brief

introduction to two of the most evident properties that is different in the conjugate

hemispehres. That is solar illumination and magnetic field strength. Although not

being the main focus of this thesis, these considerations are important to keep in mind

to understand the coupled system.

2.3.1 Hemispheric differences in solar illumination

One important asymmetry in the system is related to the orientation of the magnetic

axis of the Earth (often referred to as the dipole axis) relative to the Sun direction (ap-

proximately representing the direction of the SW). A measure of this asymmetry is

quantified by the dipole tilt angle, defined as 90◦ minus the angle between the vector

pointing at the Sun and the dipole axis vector, see Figure 2.3. Hence, for the perpen-

dicular (symmetric) case, the dipole tilt equals 0 and the high magnetic latitudes in the

two hemispheres are similar exposed to solar illumination. This is the case in the sym-

metric situation shown in Figure 2.1. From this definition (Figure 2.3), positive dipole

tilt angle corresponds to summer in the northern hemisphere. Due to the misalignment

of the magnetic and rotational axis of the Earth, the dipole tilt angle exhibits a ±11◦

diurnal variation in addition to the seasonal variation of ±23◦ due to the fixed orienta-

tion of the rotation axis as the Earth orbits the Sun. Hence, for quantifying hemispheric

differences in solar exposure in magnetically conjugate regions, the dipole tilt angle is

a much more accurate description than day of year. The larger absolute value of the



12 Relevant background

Figure 2.3: Definition of the dipole tilt angle: 90◦ minus the angle between the vector pointing

at the Sun and the dipole axis vector. The dipole tilt angle is therefore 0 when the dipole is illu-

minated equally in the two hemispheres, positive during summer in the norhtern hemisphere,

and negative during the northern winter.

dipole tilt angle the larger will the differences in solar exposure at magnetically conju-

gate regions be.

The dynamics of the near-Earth space is often expressed in terms of electric cur-

rents. Hence, the ionospheric conductivity is of great importance when describing the

system. On the dayside, solar Extreme Ultraviolet (EUV) radiation is the most im-

portant source of ionization in the ionosphere. On the nightside the situation is quite

different as particle precipitation is the only source of ionization. Although particle pre-

cipitation and associated BC in each end of a closed field-line are connected through

the same magnetospheric region, the different ionospheric conductivity in the two ends

can lead to significant differences in precipitation characteristics and BC strength in

the two hemispheres. In particular, the dark end of a field-line is found to have more

energetic particle precipitation and stronger BCs than the conjugate sunlit end for field-

lines on the nightside [Green et al., 2009; Newell et al., 2010; Ohtani et al., 2009]. This

has been suggested to be related to an ionospheric feedback mechanism [Lysak, 1991;

Newell et al., 2010; Ohtani et al., 2009], but this is still debated.

2.3.2 Hemispheric differences in Earth’s magnetic field

As mentioned earlier, asymmetries in the Earth’s main field are insignificant at dis-

tances larger than a few RE. However, within the ionosphere the differences can be

substantial. In general, the magnetic field is more uniform in the northern hemisphere.

In the southern hemisphere the field strength decreases rapidly toward the South At-

lantic Anomaly. At these longitudes, the magnetic field is about twice as strong in the



2.3 Asymmetries in the near Earth space 13

�

�

�

�

�

� �

�

�

�

�

�

�

��

Figure 2.4: Polar map of southern hemisphere (left) and northern hemisphere (right) where

black parallels and meridians correspond to geographic coordinates. International Geomag-

netic Reference Field (IGRF) strength at 130 km computed for the year 2001 is shown on the

map in color. On top is shown the apex magnetic coordinate system in red.

northern hemisphere compared to the conjugate location (at 50◦ MLAT (Magnetic lat-

itude)), see Figure 2.4. The differences magnetic field strength can lead to a number

of effects that will be slightly different in the two hemispheres as e.g. mirroring alti-

tude, size of the loss cone, and ionospheric conductivity [equation 1 in Cnossen et al.

[2011]].

Although hemispheric differences in e.g. solar illumination seen on a magnetic grid

is to a large degree described by the dipole orientation, non-dipole contributions from

the Earth’s magnetic field leads to further differences. When representing electrody-

namic quantities observed close to Earth (e.g. aurora or F-layer plasma drift or current

densities oriented with respect to Earth’s magnetic field), a more realistic model than

a centered dipole is needed. Most commonly used is the Altitude Adjusted Corrected

Geomagnetic coordinates (AACGM) [Baker and Wing, 1989] or the apex coordinate

system [Richmond, 1995; VanZandt et al., 1972]. Figure 2.4 shows the apex coordi-

nate system plotted in red on top of a geographic grid. One can see that the more

uniform field strength in the northern hemisphere results in a more uniform magnetic

grid. In this coordinate system (taking the realistic magnetic field into account), the

geomagnetic pole in the southern hemisphere has a larger offset from the geographic

pole compared to the northern hemisphere. This is clearly seen in Figure 2.4 by com-

paring the geographic and magnetic grids. The difference in offset of the geomagnetic
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poles are ∼ 800 km, demonstrating that a centred dipole description is inadequate as

it would have given the same offset in North and South. The larger geomagnetic pole

offset leads the southern hemisphere end of a field-line to experience larger variations

in solar exposure during the course of a day than the northern hemispheric end.

The effect of different magnetic field-strength can also affect the convection speeds

at conjugate locations. Since the large-scale plasma circulation is determined by open-

ing and closure of magnetic flux, the net plasma circulation must be the same in the

two hemispheres. The travel time of a closed field-line returning toward the dayside

from the tail must be the same in the two hemispheres to have equal flux transport rate.

However, measured in the geographic frame (m/s), the speed will be different in the

two ends whenever the field-strength is different between the two foot-points to fulfil

the requirement of equal flux transport on average.



Chapter 3

Mechanisms for producing asymmetric

Birkeland currents and aurora

The topic of this thesis is how the two hemispheres can be affected differently by the

solar wind-magnetosphere-ionosphere coupling. Østgaard and Laundal [2012] sug-

gested that the observed hemispheric asymmetries in Earth’s aurora could be explained

by interhemispheric or asymmetric Birkeland currents. Based on earlier findings, they

suggested three mechanisms that could play an important role in this regard. This thesis

investigates two of these mechanisms in more detail in order to learn more about their

importance. This chapter gives a detailed description of these mechanisms believed to

affect the global aurora differently in the two hemispheres.

3.1 Asymmetric solar wind dynamo

Although opening and closure of magnetic flux by reconnection is by far the main

driver of large-scale plasma circulation within the magnetosphere, the energy transfer

from the solar wind into the magnetosphere is a much more complex process [Koskinen

and Tanskanen, 2002; Tenfjord and Østgaard, 2013]. One aspect of the energy transfer

process is what is known as the solar wind dynamo [e.g. Cowley, 1981b; Koskinen and

Tanskanen, 2002; Siscoe et al., 2000]. After subsolar reconnection during southward

IMF, newly reconnected flux tubes are draped down the magnetotail. During this pro-

cess, tangential stresses act on the on these flux tubes and serves to slow them down as

they are added to the lobes. This process represents conversion of kinetic energy from

the solar wind into driving the magnetopause current at high latitudes. This is known as

the solar wind dynamo as this perpendicular current is directed opposite to the electric

field due to the plasma motion.

When the IMF has a significant x-component in addition to being southward, the

15



16 Mechanisms for producing asymmetric Birkeland currents and aurora

Figure 3.1: A: The presence of a negative x-component in the IMF during southward IMF Bz

resulting in different magnetic tension forces (illustrated with large black arrows) on open field

lines possibly affecting the energy transfer at the magnetopause differently in the two hemi-

spheres. Lines in blue, black, and red show the interplanetary, open, and closed field-lines,

respectively. At high latitudes, tailward of the terminator, the tension force will decelerate

plasma and affect the magnetopause current density. This is indicated with the black arrow

going into the figure in this region. This figure is adopted from Cowley [1981b]. B: Corre-

sponding figure during IMF Bx positive. C: Associated changes in current density for negative

IMF Bx of the Region 1 current system that are generated across the high-latitude magne-

topause [Guo et al., 2008; Siscoe et al., 1991, 2000]. Here the Earth is viewed from the tail.

D: Corresponding figure during positive IMF Bx.
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tangential stress, or magnetic tension force on the flux tubes being draped downtail, is

believed to differ in the two hemispheres. As this scenario can affect the energy trans-

fer at the magnetopause differently in the two hemispheres, it represents a hemispheric

asymmetry in the solar wind dynamo, referred to as the asymmetric SW dynamo. This

asymmetric scenario was first pointed out by Cowley [1981b] and later supported by

others [Laundal and Østgaard, 2009; Østgaard and Laundal, 2012]. Figure 3.1 shows

simplified sketches (adopted from Cowley [1981b]) of how the two IMF Bx directions

can affect the magnetic field topology differently in two hemispheres. Figures 3.1A

and 3.1B show the meridional plane in the magnetosphere during southward and nega-

tive/positive IMF Bx focusing on field-lines having an open topology (only one foopoint

on the Earth). The magnetic tension force on open field-lines is illustrated with filled

black arrows. Where the radius of curvature is small (large tension), these arrows are

large, whereas where the radius of curvature is greater (less tension), the correspond-

ing arrows are tiny. Neglecting particle pressure gradients, the magnetohydrodynamic

(MHD) momentum equation for a quasi-neutral (one fluid) plasma is

ρm
dv

dt
= j×B (3.1)

where ρm is mass density and dv
dt is the total derivative of the plasma bulk velocity. The

j×B term can be rewritten into two terms:

j×B =
B2

μ0RC
n̂−∇⊥

(
B2

2μ0

)
(3.2)

Here, RC is the radius of curvature and n̂ is a unit normal pointing toward the centre of

curvature. Hence, the j×B force depends on the tension force (first term in equation

3.2) and the gradient in magnetic pressure perpendicular to the magnetic field (second

term in equation 3.2). Taking the cross product with B on both sides and using vector

identities, equation 3.1 takes the form

j⊥ =
ρmB× dv

dt

B2
. (3.3)

Applied to the solar wind-magnetosphere system, j⊥ represents the magnetopause cur-

rent density perpendicular to the magnetic field resulting from the combined effect of

the two terms on the right side of equation 3.2. Due to the expected influence on ra-

dius of curvature from IMF Bx as indicated in Figures 3.1A and 3.1B, the magnitude of

the first term on the right side in equation 3.2 can be altered therefore affecting j. This

is reflected by the different sized (between hemispheres) j arrows in Figures 3.1A and

3.1B.

Results from MHD modelling of magnetospheric current systems [e.g. Guo et al.,
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2008; Siscoe et al., 2000; Tanaka, 2000] suggest that the perpendicular currents gen-

erated at the high latitude magnetopause, is coupled to the Region 1 type Birkeland

currents [Ganushkina et al., 2015; Iijima and Potemra, 1978]. This textbook picture

of the region 1 - magnetopause current system (suggested earlier by e.g. Siscoe et al.

[1991]) is shown in Figures 3.1C and 3.1D for negative and positive IMF Bx, respec-

tively. Here, the perspective is from inside the magnetotail looking toward the nightside

Earth. The magnetopause and Region 1 currents are shown with thickness reflecting

the suggested influence due to IMF Bx. One can see that for negative IMF Bx, the solar

wind dynamo is more efficient in the northern hemisphere, possibly generating stronger

Region 1 currents in the same hemisphere. For positive IMF Bx this is expected to have

an opposite influence (stronger currents in the southern hemisphere). The strongest au-

rora are typically associated with precipitating electrons carrying an upward Birkeland

Current (BC) [Dubyagin et al., 2003; Mende et al., 2003a, b; Paschmann et al., 2002;

Waters et al., 2001]. Therefore, the dusk side aurora close to the open/closed bound-

ary (OCB) is expected to be affected by this mechanism as this is where the Region 1

current is upward.

Not much work has been done on geomagnetic activity due to IMF Bx as it has been

thought to be less geoeffective than other upstream parameters as IMF By, IMF Bz, so-

lar wind velocity, and solar wind dynamic pressure. Also, due to the classic garden-

hose orientation of the IMF, the Bx and By components are highly anti-correlated mak-

ing it challenging to isolate the separate effects of the two.

Earlier studies looking specifically at IMF Bx and auroral brightness include the

studies by Baker et al. [2003]; Elphinstone et al. [1990]; Liou et al. [1998]; Shue et al.

[2002]. They all look at northern hemisphere aurora using global UV imaging from

space. Although the auroral display is highly variable in intensity, there appears to be

a consensus in all of these works to observe brighter aurora in the northern hemisphere

during negative IMF Bx. This is what would be expected from the asymmetric solar

wind dynamo effect during southward IMF, as was the case in the statistical studies by

Baker et al. [2003]; Liou et al. [1998]; Shue et al. [2002]. However, they did not relate

their findings to this possible explanation. More recently, Laundal and Østgaard [2009]

showed an event during strong positive IMF Bx, where the aurora was simultaneously

captured in both hemispheres by the IMAGE (Imager for Magnetopause-to-Aurora

Global Exploration) [Burch, 2000] and Polar [Acuña et al., 1995] satellites showing

stronger auroral brightness this time in the southern hemisphere, consistent with the

expected influence from the asymmetric solar wind dynamo mechanism. These stud-

ies motivated the further investigation of the importance of the asymmetric solar wind

dynamo in generating asymmetric aurora between the two hemispheres. This is one of

the main topics investigated in this thesis.
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Figure 3.2: Topology of closed field-lines in the tail as presented by Stenbaek-Nielsen and Otto

[1997]. A By component on closed field-lines in the tail is known to be positively correlated

with IMF By. Stenbaek-Nielsen and Otto [1997] argued that the magnitude of this induced

By should increase toward a maximum region at the inner edge of the plasma sheet, giving

rise to two regions of
∂By

∂x
as indicated with red and blue. According to Amperér’s law, this

would require a current in the z-direction, indicated with purple arrows that Stenbaek-Nielsen

and Otto [1997] suggested could be interhemispheric currents possibly creating asymmetries

in the aurora at conjugate locations, consistent with their observations.

3.2 Asymmetric response to IMF By

Our understanding of how IMF By can lead to asymmetric response in the two hemi-

spheres has significantly advanced during the work at BCSS that this thesis is a part of.

In this section we present this updated understanding that is the main results of Paper

III. Although Paul Tenfjord did most of the work and was the lead author of Paper III,

the new understanding of the dynamic effects of an induced By was a result of long and

intense discussions among all the co-authors. As I played an important role in these

discussions, and this work lies the foundation for Paper IV, I have included this paper

[Tenfjord et al., 2015] in this thesis.

This section start with introducing how earlier studies have explained how IMF By

can lead to asymmetric aurora. Then a thorough self-consistent explanation of how By

is induced in the closed magnetosphere is given, leading to the updated explanation

model of how this leads to asymmetric forcing of the two hemispheres.

3.2.1 Motivation from earlier studies

A mechanism proposed to be responsible for hemispheric asymmetries in the magneto-

sphere - ionosphere coupling related to the dawn-dusk component of the IMF was sug-

gested by Stenbaek-Nielsen and Otto [1997] based on conjugate auroral imaging from
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an aircraft campaign between 1968 and 1971 [Belon et al., 1969; Stenbaek-Nielsen

et al., 1972, 1973]. In the conjugate aircraft data, discrete aurora close to the pole-

ward edge of the oval was frequently seen in one hemisphere only. In the light of

further knowledge of the structure of the magnetosphere, Stenbaek-Nielsen and Otto

[1997] proposed a mechanism that could explain their earlier conjugate flight obser-

vations. They argued that interhemispheric field-aligned currents should be present

due to the non-uniform distribution of By within the closed magnetotail during peri-

ods of significant IMF By. The presence of By within the magnetosphere in response

to IMF By is often referred to as ’IMF By penetration’ in the literature, which we will

later in this section argue is a misleading term. We therefore use the term ’induced

By’ instead. Stenbaek-Nielsen and Otto [1997] pointed out that a non-zero
∂By

∂x
in the

equatorial plane would require a current in the z-direction (Ampére’s law). This magne-

tospheric configuration, in which they associated with periods during substantial IMF

By, is shown in Figure 3.2 together with the interhemispheric currents they suggested

(purple arrows). This simplified picture was based on observations of how the magne-

tospheric By was related to IMF By at various locations in the magnetosphere. It was

based on two studies: 1) A study by Lui [1984] who found that By in the plasma sheet

between 10 and 30 RE downtail was positively correlated with IMF By with a magni-

tude of about 50% of the IMF By. 2) Wing et al. [1995] observed a similar correlation

closer to Earth at geosynchronous orbit, but with a larger magnitude corresponding to

about 80% of IMF By. They explained this increase in By toward the Earth due to

pile-up of magnetic flux from Earthward convection. This was also supported by their

analysis of a 2D MHD model. Due to the stiffness of the inner magnetosphere, the in-

duced By should become zero when moving sufficiently close the Earth. Hence, they

argued that the gradient of By in the x-direction would point in either direction from the

maximum region (the red and blue region in Figure 3.2), requiring oppositely directed

currents in the z-direction (the purple arrows) in which they interpreted as interhemi-

spheric currents. We will later in this section argue that the term interhemispheric

currents was misleading as the currents are driven independently into the two hemi-

spheres from a common magnetospheric source, and not from one hemisphere into the

other. These currents should therefore rather be referred to as asymmetric BCs.

Although Stenbaek-Nielsen and Otto [1997] did not have any IMF observations dur-

ing the conjugate flights to validate their theory, this mechanism was subsequently sug-

gested to explain new observations of asymmetric aurora [Liou et al., 1998; Østgaard

et al., 2011a; Shue et al., 2001]. However, no direct evidence of these interhemispheric

currents has been shown, motivating the further investigation of this subject. This PhD

project has been a part of a detailed investigation of this mechanism in the BCSS group.

We have developed an updated conceptual dynamic understanding of how the induced



3.2 Asymmetric response to IMF By 21

By in the magnetosphere can affect the two hemispheres differently to produce asym-

metries in conjugate convection speeds, BC, and aurora. In the model presented by

Stenbaek-Nielsen and Otto [1997] in Figure 3.2, the explanation regarding how the

magnetospheric configuration could affect the ionosphere in the two hemispheres in-

cluded very few details. Our updated dynamic description gives a more detailed de-

scription of how we believe By is first induced in the magnetosphere, and then how

the closed magnetosphere evolves toward a symmetric configuration as the By-stress is

released primarily into one hemisphere.

3.2.2 An updated understanding of the induced By effect

In the following, the dynamic effects of an induced By in the closed magnetosphere is

introduced. Although this material is also covered in Paper III and in the introduction

in Paper IV, this section will focus more on the conceptual understanding that laid the

foundation for Paper III and Paper IV.

It was early noted that IMF By is important in controlling the direction of

ionospheric currents in the polar cap [Friis-Christensen and Wilhjelm, 1975; Friis-

Christensen et al., 1972]. Since then, a large number of papers have documented how

the magnetosphere and ionosphere respond to dawnward or duskward directed IMF.

During southward IMF, the ionospheric convection is widely known to deviate from

the classical twin cell pattern when there is a significant y-component [e.g. Haaland

et al., 2007; Heppner and Maynard, 1987; Pettigrew et al., 2010; Weimer, 1995]. One

cell tends to be more crescent and the other more round, often referred to as the ’ba-

nana’ and the ’orange’ cell, respectively, with locations approximately mirrored across

the noon-midnight meridian in the two hemispheres. For positive IMF By, the dawn

cell tends to be more banana-like in the northern hemisphere, while its corresponding

dawn cell in the southern hemisphere is more orange-like.

The main motivation for the further investigation of this mechanism is based on the

firmly established fact that footpoints can become asymmetric between hemispheres

[Liou and Newell, 2010; Østgaard et al., 2004, 2005, 2011b; Wang et al., 2007], con-

trolled to a large extent by IMF By. Knowing how asymmetric footpoints are estab-

lished and evolves with time is therefore likely a key to understand its effect in the

conjugate hemispheres. As already mentioned, such effects on auroral intensities has

been suggested [Liou et al., 1998; Østgaard et al., 2011a; Shue et al., 2001; Stenbaek-

Nielsen and Otto, 1997], but without any detailed explanation, motivating the further

investigation.

The asymmetric influence on the magnetosphere due to IMF By can be understood

from considering the forces acting on the field-lines participating in the Dungey cycle,
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Figure 3.3: Reconnection geometry for southward IMF with a positive By-componenet. Mag-

netic tension forces on the newly opened field-line will point in opposite directions in the two

ends (north and south), affecting the magnetosphere differently in the two hemispheres.

being the tension and magnetic pressure forces as described in Chapter 2. This was

discussed in detail by Cowley [1981a] who attributed the IMF By asymmetries in iono-

spheric convection patterns on the dayside to the action of magnetic tension forces on

the newly opened field-lines. When IMF is southward and has a significant By compo-

nent, the magnetic flux-circulation deviates from the 2D meridional picture in Figure

2.1. The magnetic tension force on a newly opened field-line on the dayside will now

have a substantial y-component pulling it towards dawn or dusk depending on the sign

of IMF By. Importantly, this y-directed tension will also be opposite in the two ends

(north and south) of the field-line that was recently opened. The dayside reconnec-

tion geometry for this situation is sketched in Figure 3.3 where the opposite tension

forces are indicated with blue arrows. For positive IMF By, this results in moving mag-

netic flux from the northern hemisphere dayside dusk merging site toward the northern

hemisphere high-latitude lobe on the dawn side. Due to the reconnection geometry, this

will be opposite in the southern hemisphere. Magnetic flux is efficiently eroded from

the dayside merging region and added asymmetrically to the lobes in the two hemi-

spheres. This can be seen in Figure 3.4 where the magnetic pressure derived from a

global MHD simulation is shown on a spherical shell of 8RE centred at the Earth. Fig-
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Figure 3.4: Magnetic pressure from MHD simulation projected on a half sphere centred around

Earth with radius 8 RE . The center of the plot therefore corresponds to x = 8 RE . (a) Prior to

arrival of IMF By the pressure distribution is north-south symmetric. (b) 10 min after arrival

of IMF By = 10 nT a large north-south asymmetry is seen towards the edges, corresponding

to locations at x ∼ 0.

ure 3.4 is the same as Figure 3 in Paper III. Figure 3.4a) shows the magnetic pressure

from a MHD simulation run with purely southward IMF. It clearly shows a symmet-

ric magnetic pressure distribution between the two hemispheres. Figure 3.4b) shows

the simulated magnetic pressure distribution 10 min after the arrival of a 10 nT IMF

By at the magnetopause (IMF clock angle = 135◦). Now one can clearly see the sig-

nature of asymmetric erosion of flux at the dayside (blue) and asymmetric loading of

magnetic flux at high latitudes towards the edges (red) where x ∼ 0 since the figure is a

half-sphere.

The induced By within the closed magnetosphere is explained as a result of the

asymmetric magnetic pressure distribution. Although confined to a limited region in

space (close to the terminator plane), the enhanced magnetic pressure due to the asym-

metric loading immediately forces incoming and surrounding field-lines to accelerate,

affecting a large region, as the magnetosphere attempts to restore pressure balance. In

Figure 3.5 (Figure 3a from Liou and Newell [2010]) the asymmetric loading process

and its effect on the magnetospheric convection and magnetic field is illustrated for the

IMF By > 0 situation. Here, a cross-section of the magnetotail is seen looking from the

tail toward the Earth. The magnetosphere responds to the asymmetric loading of flux

by imposing magnetospheric convection to restore pressure balance, indicated by the

bold arrows in the lobes. The asymmetric lobe convection eventually affects the closed

field-lines (grey region), representing a shear flow. These shear flows (bold arrows in-
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Figure 3.5: Asymmetric loading of magnetic flux in the tail durting IMF By > 0 leading to

asymmetric convection in the two lobes. Closed field-lines (grey region) are affected from the

different convection in the two lobes resulting in a velocity shear on closed field-lines (bold

arrows inside grey region) leading to an induced By on closed field-lines. Adopted from Figure

3a in Liou and Newell [2010].

side the grey region) lead to the induced By as the field is forced in opposite directions

in the northern and southern part, seen by the thin arrows in the central part of Figure

3.5. Hence, By can be induced independent of reconnection in the tail. In response to

this asymmetric forcing, the ionospheric footpoints will move in opposite directions in

the two hemispheres, leading to a longitudinal displacement of conjugate points from

the symmetric configuration, which is frequently observed. The neutral sheet is located

where the field-lines have their apex, sandwiched between the regions of asymmetric

forcing. A pressure balance exist across the neutral sheet forcing it to rotate in response

to the asymmetric forcing. This is indicated by the dashed line in Figure 3.5. We note

that this description of how By is induced on closed field-lines is consistent with what

was described by Khurana et al. [1996]. As By on closed field-lines can be explained

through the induced shear flows, we believe that the frequently used term ’IMF By pen-

etration’ is misleading as the By field is not simply a result of vacuum superposition.

Therefore we will use the term induced By.

Having described how a By component is induced into the closed magnetosphere,

we will now present the ’process of restoring symmetry’. This is a dynamic description

of how the stress stored in a closed field-line (having induced By and hence asymmet-

ric footpoints) dissipates preferentially into one hemisphere. This leads to asymmetric

convection and BCs into that hemisphere. This process is what was mentioned earlier as

the updated understanding of the induced By effect and represents a more detailed de-

scription of the IMF By influence first suggested by Stenbaek-Nielsen and Otto [1997].

The process of restoring symmetry is schematically illustrated in Figure 3.6. This

is the same as Figure 2 in Paper IV and is adopted from Paper III. The upper part

of this figure shows a field-line in the tail and how it is connected to the two polar
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Figure 3.6: A-C: Evolution of a closed field-line with asymmetric footpoints in the dusk con-

vection cells during IMF By positive conditions. The upper panels show how a field-line with

asymmetric footpoints connects to the dusk convection cells in the two hemispheres at three

different times. The lower panels (A2, B2) show the associated current systems with colored

arrows, seen from the dusk side. A1: In the mid-tail region the asymmetric pressure forces due

to IMF By (−∇Plobe) and the magnetic tension forces (T) on the field-line balance. Currents

close locally as indicated in A2. B1: At a later stage the field-line moves earthward and is af-

fected by the gradient of the total pressure surrounding the Earth (plasma and magnetic field,

−∇PEarth). Now the forces do not balance. In the Southern Hemisphere the indicated forces

point in the same direction. Hence, most of the stress is transmitted into this hemisphere and

the southern footpoint will catch up with the northern counterpart to restore symmetry, as seen

in C. D: The situation in B and C viewed from the tail. This figure is the same as Figure 2 in

Paper IV and is adopted from Paper III.
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hemispheres. In this projection the magnetosphere is the region between the two po-

lar regions, and the apex of the field-line is located between the two horizontal dashed

lines in each panel. Figure 3.6A1 shows a field-line in the mid-tail having asymmetric

footpoints during IMF By positive. This is a result of the shear plasma flows between

the two hemispheres induced by the asymmetric loading [Khurana et al., 1996; Liou

and Newell, 2010], illustrated by the −∇Plobe force. For this field-line the force is bal-

anced by the tension acting on the curved field-line, T. Associated with this illustrated

bend close to the field-line apex due to the induced By, Ampère’s law requires a cur-

rent in the x-direction, as illustrated by the red and blue arrows in and out of the page.

Figure 3.6A2 shows the same field-line in the meridional plane, seen from the dusk

side. Again, the apex of the field-line is indicated with dashed lines. We here consider

an idealized extent in the x-direction of the induced By, meaning that By is zero on ei-

ther side of this box. This requires a pair of currents in the z-direction, as indicated by

the purple arrows. In this situation, when the forces balance (Figure 3.6A1), one can

see that the current closes locally and no field-aligned current into the ionosphere is

present.

A later stage in the evolution of this field-line is presented in the two B panels. Now

the field-line has convected closer to Earth, and we consider a field-line convecting

earthward on the dusk side. Closer to Earth, the forces from the asymmetric loading

decreases and the forces from Earth’s total pressure (plasma and magnetic), −∇PEarth,

becomes important. This pressure gradient has a duskward component along the entire

field-line as we have chosen to consider a field-line on the dusk side. In this situation

−∇PEarth and T add in one end of the field-line but subtract in the other end. Now,

the stored By-stress in the field-line will mostly propagate in the direction where the

forces add, being the southern hemisphere in this situation. The release of stress due to

force-imbalance will likely occur gradually as the field-line convects toward the dayside

and will be released as Alfvèn waves with a current system associated with it (due

to the gradients in B). This is illustrated in Figure 3.6B2. The ionospheric signature

will be faster convection in the hemisphere receiving the stress since one footpoint

will need to travel further to catch up as symmetry is restored. This will also lead to

increased BCs as the direction of BCs associated with the stress release (Figure 3.6B2)

will always be in the same direction as the pre-existing Region 1/ Region 2 (R1/R2)

BCs associated with the ionospheric convection channel [Iijima and Potemra, 1978]

(upward/downward BC in the poleward/equatorward part of the convection channel for

this case). This process will continue until the stress is dissipated and the field-line has

become symmetric again (symmetric footpoints), representing a lower energy state.

The symmetric stage is illustrated in Figure 3.6C. In Figure 3.6D the situation in panels

B and C is illustrated in a more realistic projection as seen from the tail toward the
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Earth. For a field-line returning toward the dayside via dawn, most of the By-stress will

be transmitted to the northern hemisphere during the positive IMF By situation (not

shown here) using the same arguments as above. For opposite sign of IMF By, this

reverses.

The process of restoring symmetry outlined above represents a magnetospheric pro-

cess that affects the two hemispheres differently by imposing asymmetric convection

and BC in conjugate regions. In order to investigate this effect using data, it is essen-

tial to know how the two hemispheres are magnetically connected, as this process is

believed to become more important the more displaced the footpoints in the nightside

are between the hemispheres. For this task, simultaneous global auroral imaging from

both hemispheres can be of great value as the aurora serves to light up magnetically

connected regions in the two hemispheres. From such data, the hemispheric displace-

ment from quiet conditions can be estimated, sometimes in multiple locations.

This updated understanding of the effects of an induced By in the magnetosphere

emerged from the observations and explanations from Liou et al. [1998]; Østgaard

et al. [2004, 2005]; Shue et al. [2001]; Stenbaek-Nielsen and Otto [1997], and Paper I.

The process of restoring symmetry describes the effects in terms of asymmetric stress

release leading to asymmetric convection and BCs. Therefore, any associated auroral

signatures is likely a result of these processes. Hence, it is highly relevant to survey

literature investigating the relationship between these quantities (convection and BCs)

and IMF By to investigate the importance of the restoring symmetry process.

The most similar physical process described in the literature is the azimuthal fast

plasma flows observed in both the ionosphere and magnetosphere along a field-line on

the nightside during IMF By conditions [Grocott et al., 2004, 2005, 2008, 2007; Pitkä-

nen et al., 2015]. Although first predicted by Nishida et al. [1998], these observations

were interpreted as the necessary motion needed for one end of a field-line to catch up

with the other end during the convective motion from the nightside toward the dayside.

This is in fact the same process as we consider, only explained with less details. We note

that the aforementioned observations were mainly during northward IMF conditions.

Although being less investigated, northward IMF in combination with a By-component

is expected to stir, or rearrange magnetic flux asymmetrically (in contrast to add asym-

metrically during southward IMF) [Burch et al., 1985; Crooker and Rich, 1993; Reiff

and Burch, 1985]. This will also eventually lead to asymmetric field-lines in the night-

side [Milan, 2015] with asymmetric footpoints [Østgaard et al., 2011b]. However, this

thesis only consider the southward IMF case in detail.

The high-latitude current systems (horizontal and field-aligned) have also been ex-

tensively investigated in response to IMF direction and season [e.g. Friis-Christensen

and Wilhjelm, 1975; Green et al., 2009; He et al., 2012; Lukianova et al., 2012]. These
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studies all show results indicative of influence from the process of restoring symmetry.

To explore the validity of the updated understanding of the system response to IMF

By, we conducted a case study to investigate the predictions in an event when the field-

lines in the nightside were highly displaced from its symmetric configuration. This is

reported in Paper IV.



Chapter 4

Global auroral imaging

This chapter discusses the use of auroral imaging as a tool for investigating magne-

tospheric processes. Global auroral imaging from space is the main instrumentation

used in this thesis. Although capable of remote sensing a large portion of the magne-

tosphere, the data has undergone extensive processing and its interpretation in terms of

physical quantities are subject to assumptions. In this chapter we explain how the data

is processed and can be interpreted for the purposes relevant for this thesis.

4.1 Instrument design

4.1.1 IMAGE FUV

For imaging in the northern hemisphere, the FUV [Mende et al., 2000a] (Far Ultravi-

olet, 100−200 nm) instrument suite on the IMAGE spacecraft [Burch, 2000] is used.

It consists of three cameras observing FUV emissions at different wavelengths. In

this thesis we mainly use the Wideband Imaging Camera (WIC) [Mende et al., 2000b]

as it provides the best signal to noise ratio. WIC is sensitive to the Lyman-Birge-

Hopfield (LBH) band from N2 and a few atomic N-lines in the 140-190 nm range. The

bright Oxygen line at 130.4 nm is almost entirely excluded. The FUV instrument suite

also consists of the Spectrographic Imager 12 (SI12) measuring the Doppler shifted

Lyman−α line at 121.8 nm and rejecting the geocoronal ’cold’ Lyman−α [Mende

et al., 2000c]. The measured signal is therefore only due to proton precipitation. The

third camera, the SI13, measures the atomic Oxygen line at 135.6 nm, spectrally sepa-

rated from the bright atomic Oxygen line at 130.4 nm.

The orbit of the IMAGE satellite is highly elliptical with a 90.0◦ inclination such

that the entire auroral zone is observed from apogee. The satellite has a 123 s spin

period (3◦s−1). For the WIC camera, the Field-Of-View (FOV) is 30◦ in the direction

of rotation and 17◦ in the perpendicular direction. Each stationary feature therefore

29
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spends 10 s within the FOV. To take advantage of the entire period the camera looks

at the aurora, a single image is put together by superimposing raw images taken at 30

frames per second, and suitably offsetting from one image to the next to compensate

for the spacecraft rotation in a process known as Time Delay Integration (TDI) [Mende

et al., 2000a]. The final WIC image has 256 × 256 pixels corresponding to a pixel

size of ∼ 100 km at apogee. The two SI cameras share primary optics. Their FOV is

15◦ ×15◦, integration time is 5 s, and their final image has 128×128 pixels.

The pointing of the camera is calculated from attitude data coming from the on-

board star-tracker. Further minor corrections were applied so that the predicted location

of a known FUV star aligned with its observed location in the image, limited by the

point spread function whose full width at half maximum was 2 pixels for WIC. This

correction was done on a routinely basis by the IMAGE FUV team, but instances where

the pointing is bad still exist in the dataset. For the case studies presented in Papers I

and IV we manually checked that the pointing was reliable. This was not done in

the statistical study in Paper II. However, we did a manual inspection of all processed

images entering the statistics and removed images when the pointing was obviously

wrong. Knowing the pointing of each pixel and the spacecraft location, each pixel on

Earth gets a geographic coordinate assuming that the height of the aurora is 130 km.

For analysis purposes, it is convenient to present the image on a magnetic grid. The

locations are therefore converted to MLAT/MLT (Magnetic Local Time) coordinates

based on a realistic magnetic field model using modified apex coordinates [Richmond,

1995; VanZandt et al., 1972]).

To account for environmental and instrument variations throughout the mission, the

processing scheme takes into account the present temperature and applied voltages.

Also, imaging of FUV stars with known luminosity is used to monitor the sensitivity

of the detector. To correct for sensitivity variations across the detector a flat-field cor-

rection is applied. The flat-field variations change with time and are determined from

images of the Earth from Perigee passes where both the satellite zenith and solar zenith

angles are roughly constant across the image. These corrections are built-in features in

the FUVIEW3 software1 that we use to obtain the images. After these corrections, the

images are represented in what is often referred to as corrected counts. Throughout this

thesis we only use the term counts when discussing the camera intensities, although it

refers to the corrected counts unless otherwise specified.

Before a value of the auroral luminosity can be obtained one must remove signals

from non-auroral sources. Scattered sunlight from the atmosphere as well as FUV

emissions from atmospheric states excited by solar EUV radiation represent the day-

1Can be obtained from the IMAGE FUV website: http://sprg.ssl.berkeley.edu/image/



4.1 Instrument design 31

Figure 4.1: An example showing how the background from non-auroral sources in the WIC

image is subtracted. A: The original image from FUVIEW3 in corrected counts mapped on

a magnetic MLAT/MLT grid. B: Intensity from pixels outside the auroral oval as a function

of the ratio cos(sza)/cos(dza). Pixels in the auroral zone are assumed to follow the same

dependence of this ratio. C: The image with the modelled background subtracted. D: The

distribution of the ratio over the high-latitude region. This is the same image as shown in

Figure 4A in Paper IV.
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glow signal in the images. We remove the dayglow and the now flat background sepa-

rately for each image as the flat background varies with time. To remove contributions

from dayglow in regions where also auroral emissions occur, a model of the dayglow

is first constructed. The dayglow intensity in a pixel is proportional to the cosine of the

Solar Zenith Angle (SZA) at that pixel [e.g. Figure 13 in Meier, 1991]. In addition, the

intensity also increases for increasing Satellite Zenith Angle (DZA) as the atmosphere

is optically thin in wavelengths dominating the WIC signal. This relationship has been

found empirically to be close to cos−1(DZA) for the WIC camera. Hence, the dayglow

intensity is roughly proportional to the ratio
cos(SZA)
cos(DZA)

. How the dayglow intensity varies

as a function of this ratio is shown as black dots in Figure 4.1B for pixels outside the

auroral oval, obtained from the image shown in Figure 4.1A. One can see that there

is a linear relationship for values of the ratio greater than ∼ 0.1. Below this value the

curve flattens out, corresponding to the flat noise floor in the detector as no dayglow

is seen on the nightside. The median intensity within 0.1 wide increments of the ratio

is shown as red dots with the corresponding ±1 standard deviation. This model, rep-

resented by the red dots, can then be used on pixels where also auroral activity occurs

as their dependence on the ratio should be the same. The dayglow intensity for auro-

ral pixels is found from the model by linear interpolation between the red dots for the

ratio of the corresponding pixels, and then subtracted. Figures 4.1A and 4.1C show

the image before and after the modelled background has been subtracted, respectively.

Figure 4.1D shows how the ratio varies in the mapped image. In making Figure 4.1

only pixels < 70◦DZA are drawn on the map and used in the model. For larger DZA

the method performs less accurate. This is likely due to a combination of different ef-

fects as e.g. limb brightening/darkening [Frank and Sigwarth, 2003] and errors from

inaccurate pointing.

After subtracting the background (noise floor + dayglow), the remaining signal rep-

resents the auroral emissions, still in units of counts. Auroral brightness is frequently

represented in the unit of Rayleigh, or column intensity, where 1R = 106 photons

cm2·s
from

a column of unspecified length [Hunten et al., 1956]. From in-flight calibration using

stars with known FUV spectra, it was found that in the region of maximum spectral

response of WIC (around 150 nm), 1 kR (109 photons

cm2·s
) produced 613 counts during the

10 s exposure. We note that the kR values determined for WIC does not directly com-

pare with other FUV instruments, as the number of photons is highly dependent on the

spectral width of the instrument and which lines observed.

How the signal from auroral emissions can be related to physical quantities associ-

ated with the particle precipitation (average energy and energy fluxes) is discussed in

section 4.2.1.
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4.1.2 Polar VIS Earth

The Polar spacecraft [Acuña et al., 1995] was launched in February 1996 into a highly

elliptical polar orbit. Its apogee reached 9RE and was initially located at 68◦N and

moved northward. Perigee was at 2 RE and the orbital period was 18 h. Due to apsidal

precession of the orbit, apogee eventually moved south and by 2001 it was located

above the equator, still in a polar orbit. This configuration allowed imaging of the

southern hemisphere aurora for up to a few hours each time Polar exited from perigee.

During the work of this thesis a systematic search for conjunctions between IMAGE

and Polar was performed. A total of ∼ 600 intervals each more than 20 min were

found where the two satellites are located above opposite polar regions at the same

time while observing the aurora. Hence, the IMAGE/Polar conjunctions are by far the

largest existing dataset of simultaneous global auroral imaging.

Since we use data close to perigee, a large FOV is desirable. The Polar spacecraft

included two auroral imaging suites. The Ultraviolet Imager (UVI) [Torr et al., 1995]

observed the LHB-band, similar to IMAGE WIC. It had a narrow FOV so the entire

oval was only seen around apogee. In the 1− 2 h after perigee when the southern

hemisphere aurora could be seen, the UVI instrument only saw a fraction of the entire

oval. The other imaging suite on Polar is the Visible Imaging System (VIS) [Frank

et al., 1995]. VIS is a set of three cameras. Two of them look at visible wavelengths of

the aurora. The third camera is actually a UV camera and was included to monitor the

directions of the FOV of the visible cameras. Hence, it had a relatively wide FOV. This

is the camera we use on the Polar spacecraft, known as the VIS Earth camera.

Unlike IMAGE, Polar has a despun platform that the VIS Earth instrument is

mounted on. Hence, it has the advantage of staring at the aurora all the time. Images

are usually provided every 54 s using a 32.5 s exposure time. The VIS Earth camera

is sensitive to the 124− 149 nm wavelength range [Frank et al., 1995]. The brightest

FUV line in the aurora is the 130.4 nm Oxygen emission [Frey et al., 2003]. Hence, this

is the main contributing emission to the VIS Earth signal [Frank and Sigwarth, 2003].

The VIS Earth images were downloaded from NASA’s Space Physics Data Facility2

and processed using the XVIS 2.40 software3. When presented, the VIS Earth images

are plotted using the same magnetic coordinate system as used for the WIC camera

(modified apex [Richmond, 1995]). A conversion factor of 4.32 counts/kR has been

frequently used for this camera [Laundal and Østgaard, 2009].

2ftp://cdaweb.gsfc.nasa.gov/pub/data/polar/vis/vis_earth-camera-full/
3http://vis.physics.uiowa.edu/vis/software/
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4.2 Interpretation

4.2.1 Relating the camera signal to particle precipitation

The auroral emissions observed by WIC and VIS Earth are caused by precipitating

charged particles, mainly electrons, but to some extent also protons [Hubert et al.,

2001]. In principle, the signal (counts) measured by a camera is proportional to the

convolution of the spectrum of emissions reaching the detector, S(λ )
[

photons

cm2·s·sr·nm

]
, with

the normalized spectral transmission profile, T (λ ) ∈ [0,1] for λ ∈ [λstart ,λstop], to be

known from laboratory calibrations, integrated over the passband and observed time

[Laundal, 2010]:

counts ∝

∫ t

0

∫ λstop

λstart

S(λ )T (λ )dλdt (4.1)

One can see from this equation that the challenge in deriving physical information

regarding the precipitation relies on resolving the spectral information of S(λ ) due to

the precipitation, as the observed counts only give the integrated value, and T (λ ) and

the calibration is generally known.

IMAGE FUV

For the FUV instrumentation on the IMAGE satellite, effort has been made to derive

physical quantities of the precipitation based on the observations in different wave-

lengths together with the modelled response of the atmosphere due to particle pre-

cipitation [Gérard et al., 2001, 2000; Hubert et al., 2001, 2002; Solomon, 2001]. A

detailed presentation of this procedure leading to maps of mean electron energies and

energy fluxes of protons and electrons separately, was given by Frey et al. [2003]. In

the following we touch on some of the physics and limitations in deriving the precipi-

tation characteristics using the IMAGE FUV instrument suite. Although the papers in

this thesis are not taking full advantage of the method outlined in this subsection, its

description is included here to provide understanding of what the camera eventually

observes.

How the atmosphere respond in FUV wavelengths to particle precipitation was sim-

ulated for electrons by Solomon [2001]; Solomon et al. [1988] and protons by Gérard

et al. [2000]; Hubert et al. [2001]. The energetic charged particle interaction with the

atmosphere is a highly complex problem. In order to obtain excitation rates one has

to consider how the primary energy flux degrades and produces secondary electrons

and neutral H beams. One limitation when modelling the atmosphere response is the

inability to estimate the incident mean proton precipitation energy, unless higher spec-
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tral resolution images than what provided by the IMAGE FUV instrument are available.

Although proton precipitation is generally less efficient in generating FUV emissions, it

can in some cases (most important during quiet conditions [Hubert et al., 2002]) consti-

tute a significant part of the WIC and SI13 signal as secondary electrons are produced

due to proton precipitation resulting in emissions in the LBH band and from atomic

Oxygen and Nitrogen [Frey et al., 2003; Hubert et al., 2001]. One therefore needs to

subtract the contributions from proton precipitation in the WIC and SI13 images before

inferring information regarding the electron precipitation. When accounting for this,

the model needs to assume an average proton energy and energy distribution as this

determines the altitude of energy deposition and hence how much absorbed the signal

will be as it propagates back to the imager in space. In the FUV wavelengths, O2 is an

important absorber agent at altitudes below 150 km [Meier, 1991]. Hence, its altitude

profile is an important part of the atmosphere model.

For a unit proton energy flux (1 mW/m2) with an assumed mean energy of the

precipitating protons (also assuming the protons follow a Kappa distribution with κ =

3.5), S(λ ) due to the proton precipitation is provided by the model [see e.g Table I

in Frey et al., 2003]. Using the camera calibration, S(λ ) can be convolved with the

respective instrument passband T (λ ) (Equation 4.1) for each of the FUV cameras to

calculate the expected signal per unit proton energy flux. To subtract the proton signal

in WIC and SI13 one must first estimate the energy flux of the precipitating protons.

Since the SI12 channel was designed to only measure the Doppler shifted Lyman−α

line at 121.8 nm, its entire signal is due to the precipitating protons. Using the above

assumptions and model results, one can estimate the precipitating proton energy flux[
mW
m2

]
directly from the observed count rates in SI12 by dividing it by the count rates

per unit energy flux for the given mean energy.

As the contribution to the WIC and SI13 signal from protons can be determined and

subtracted when knowing the precipitating proton energy flux, one is left with a signal

originating from only electron precipitation. Based on the atmospheric model, the FUV

spectral response to electron precipitation can be determined assuming a Maxwellian

distribution of electrons inside the loss cone [see e.g.Table II in Frey et al., 2003]. Since

we have two independent measurements of the electron precipitation (WIC and SI13),

two quantities can be determined (mean energy and energy flux). Again, using the in-

flight calibrations from stars with known FUV intensity, the WIC and SI13 response

(counts) for 1 mW
m2 electron precipitation can be estimated from the atmosphere model

as a function of mean energy. Although the energy flux is yet unknown, the ratio of

the two cameras shows a clear energy dependence, linear in the 3− 30 keV regime

[Figure 7 in Frey et al., 2003] and can be used to estimate the average energy for each

pixel. Having the mean electron energy, one can finally estimate the electron energy
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flux for each pixel by dividing the observed count rate by the count rate from the model

obtained using the estimated mean energy for 1 mW/m2 electron energy flux.

The energy dependence on the observed FUV spectrum S(λ ) is related to

1. Emission rates at the energy deposition altitude. Higher energies deposit

their energy at lower height. This affects LBH and the 135.6 nm emis-

sions differently as the N2 density increases toward the ground while the

O density decreases

2. Absorption of the signal on its way to the detector. Absorption by O2 is

more efficient at lower altitudes as the O2 density increases toward the

ground.

The altitude profiles of N2, O, and O2 are therefore important quantities going into

the model. However, the altitude profiles of these species are known to vary with geo-

magnetic activity, reducing the O/N2 ratio during geomagnetically active periods [Drob

et al., 1999; Strickland et al., 1999]. Hence, one should exercise care when adopting

the model values for S(λ ) from Frey et al. [2003], being inferred from moderately dis-

turbed geomagnetic conditions. However, Frey et al. [2003] conclude that this method

usually provides values within a factor 2 when compared to in-situ particle measure-

ments.

VIS Earth

We are not aware of any published detailed information regarding the instrument pass-

band T (λ ) in VIS Earth (from now referred to as only VIS). Our knowledge of the

VIS response is based on Table I in Frank and Sigwarth [2003] showing the relative

response in VIS when viewing from nadir at the dayglow. Then, 83% of the response

is due to the 130.4 nm atomic Oxygen line, 7% from the 135.6 nm atomic Oxygen

line, and 9% from the LBH band. According to Meier [1991] Table 2, the average day-

time FUV dayglow seen from nadir at 600 km above the equator has the corresponding

intensities: 10498 R for 130.4 nm, 1068 R for 135.6 nm, and 4560 R for the entire

LBH band. However, the VIS passband only covers the short wavelength part of the

LBH emissions at 124−149 nm [Frank et al., 1995]. In that spectral region, the LBH

intensity is only 1756 R.

However, we are only interested in emissions due to particle precipitation (aurora).

The modelled intensity (R) of these lines from emissions produced by electron precipi-

tation during moderately disturbed geomagnetic conditions per unit energy flux can be

found in Table II in Frey et al. [2003]. Their modelled spectral intensity from electron
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Table 4.1: Upper part: Average daytime FUV spectrum of dayglow during moderately active

solar conditions, looking nadir from 600 km at 130.4 nm, 135.6 nm, and LHB band [Meier,

1991]. The fraction of each line or band to their total intensity is shown, to be compared to

the relative response to dayglow in VIS as presented in Frank and Sigwarth [2003]. Values in

parenthesis represent the case when only emissions within the VIS passband are considered.

Lower part: Spectral response to 1 mW/m2 electron precipitation for various mean electron

energies taking atmospheric absorption into account [from Table II in Frey et al., 2003]. The

fraction of each line or band to the total intensity is shown. In the lower part the LBH emissions

refer to the WIC passband.

130.4 nm 135.6 nm LBH Total

Dayglow

Intensity [R] 10498 1068 4560 (1756) 16126 (13322)

Fraction of total 0.65 (0.79) 0.07 (0.08) 0.28 (0.13)

VIS response 83% 7% 9%

1 mW/m2 electron precipitation

0.2 keV: [R] 2907 756 1629 5292

Fraction of total 0.55 0.14 0.31

1.0 keV: [R] 1606 440 2390 4430

Fraction of total 0.36 0.10 0.54

5.0 keV: [R] 621 153 2320 3094

Fraction of total 0.20 0.05 0.75

25.0 keV: [R] 116 18 1010 1144

Fraction of total 0.10 0.02 0.88
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precipitation is reproduced together with the dayglow intensities from Meier [1991] in

Table 4.1. Based on the dayglow considerations, the spectral transmission profile T (λ )

must be rather flat across the passband as the relative VIS response reported by Frank

and Sigwarth [2003] (see Table 4.1) closely resembles the relative contributions to the

total brightness in the passband (parenthesis values in Table 4.1). To investigate the

contributors to the auroral signal observed in VIS, one can once again look at the mod-

elled auroral intensities from 1 mW/m2 electron precipitation when taking atmospheric

absorption into account [Frey et al., 2003]. Their modelled spectral brightnesses are

presented in the lower part of Table 4.1 for various energies. One can see that for 0.2

keV mean electron energy precipitation, the 130.4 nm line dominates the FUV spec-

tra. However, as the mean precipitation energy increases, the LBH emissions dominate

from around 1 keV. Based on the roughly flat response identified from the dayglow

considerations, this suggest that when looking at aurora, being primarily caused by

electron precipitation [Germany et al., 1997; Ishimoto et al., 1988], the VIS signal is

likely dominated by the 130.4 nm OI line in regions of low energy precipitation. In

regions of higher energies (> 1 keV), LBH emissions might dominate.

One important note when discussing the LBH response in VIS is the fact that the

VIS passband is only observing the short wavelength part of the LBH band. It is known

that the O2 absorption cross section is greater in the short wavelength part of the LBH

band (e.g. Figure 47 in Meier [1991]) leaving that part of the LBH spectra more damped

for higher energy precipitation. As the LBH brightness due to electron precipitation

presented in Table 4.1 includes the longer wavelength LBH emissions in the WIC pass-

band, the printed fractions of LBH intensity to the total intensity are likely too high

when considering the VIS passband.

To summarize, the VIS response to electron precipitation is dominated by both

130.4 nm OI and LBH (short wavelengths). The relative importance of the two is

unknown, but contributions from LBH is likely increasing for increasing mean energy.

4.2.2 Comparing auroral intensities in the two hemispheres

This thesis utilizes simultaneous global auroral imaging from both hemispheres to in-

vestigate the solar wind - magnetosphere - ionosphere coupling. It is therefore essential

to know to what extent the auroral images from the two hemispheres can be compared.

In Paper I and Paper IV we choose to present images from the WIC camera when com-

paring to the simultaneous VIS images from the southern hemisphere. As discussed

in the previous subsection, the response to particle precipitation in VIS is known to

a less degree than for the FUV instruments. We know, however, that both the 130.4

nm and LBH (short) emissions contribute to the VIS signal, where the 130.4 nm line
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Figure 4.2: An example of the northern hemisphere aurora observed from both IMAGE FUV

and Polar VIS Earth cameras.

have the greatest response during soft precipitation (< 1 keV). For harder precipita-

tion, the VIS camera sensitivity to LBH emissions increases, but to an unknown extent.

In the nightside region during active geomagnetic conditions (which was the case in

Paper I and Paper IV), the mean energy of the electron precipitation is usually of the

order of several keV [Chua et al., 2001; Hardy et al., 1985]. Also, the winter hemi-

sphere is known to exhibit harder precipitation than the summer hemisphere [Newell

et al., 2010], further motivating the comparison of VIS against WIC when VIS is in

the winter hemisphere. Together with the better signal to noise ratio and four times

more pixel elements in WIC compared to SI12 and SI13, this represent the motivation

of presenting the VIS images together with WIC.

To illustrate how VIS responds compared to the IMAGE FUV instrumentation, one

can look at simultaneous images from the same hemisphere. One example is shown in

Figure 4.2 where the northern hemisphere aurora on August 17, 2001 is captured by

both spacecraft. The VIS image is shown in the top row and compared with images

from the three FUV cameras. The center of exposure time is only differing by 7 s in

this example. The WIC image closely resembles the features that are simultaneously

observed in VIS. Furthermore, the combination of fewer pixel elements and poorer

signal to noise ratio makes it harder to identify structures in SI12 and SI13 compared

to WIC. When comparing the intensity distribution, WIC seems to observe an overall



40 Global auroral imaging

similar brightness distribution as VIS. However, relatively brighter aurorae are seen in

the dawn region in WIC compared to VIS. Also, relatively brighter aurora are seen close

to 18 MLT in VIS compared to SI13. This example serves to illustrate that comparing

intensities between the two cameras are not straight forward. However, identifying the

same features proves to be a much easier task, especially when using the WIC camera.

The different spectral sensitivity of WIC and VIS will likely result in a different

instrument response when the altitude profiles of N2, O2, and O change for the reasons

presented in the previous subsection. Since the two hemispheres are not symmetric

with respect to solar illumination and magnetic field strength, possibly affecting the

O/N2 ratio, it is clear that a fixed relationship between counts (or kR) in WIC and VIS

can not be used to firmly establish intensity asymmetry, as this will vary with time.

In Paper I we therefore restricted the analysis to only consider cases when an auroral

feature appeared to be absent in one hemisphere in a region where conjugacy could be

firmly established from the similarity of surrounding auroral forms.

4.2.3 Identification of conjugate regions

One of the biggest advantages of conjugate auroral imaging is the ability to identify

truly conjugate regions as the aurora serves to light up magnetospheric processes. Thus,

one does not need to rely on a modelled trajectory of the magnetic field-line from one

hemisphere to the other. The inferred mapping can therefore tell us about the geometry

of the magnetosphere and provide useful context to complementary observations.

Nightside auroral features are frequently displaced in longitude [Liou et al., 2001;

Østgaard et al., 2004, 2011b; Stenbaek-Nielsen et al., 1972]. In order to objectively

determine this longitudinal shift, we use a correlation analysis, similar to that presented

in Østgaard et al. [2011a]. This method was used in both Paper I and Paper IV and can

be explained as follows:

1. Transform a limited region in the nightside corrected images (typically 3-5 MLT

sectors wide) into rectangular m×n matrices (north and south separately)

2. Calculate the correlation between vectors constructed from the simultaneous rect-

angular images

3. While holding one hemisphere fixed, step 1 and 2 is repeated with a 0.1 MLT shift

in the other hemisphere

4. The longitudinal shift (in MLT) is determined from the shift giving the largest

linear correlation

An example illustrating this process can be seen in Figure 4 in Paper IV.
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4.2.4 Auroral intensity as a proxy for upward Birkeland current

Although the WIC and VIS response to proton precipitation may be significant in some

regions as noted in section 4.2.1, the main signal is usually due to electron precipita-

tion. This is especially evident in the poleward part of the dusk sector oval where the

R1 BC is directed out of the ionosphere, carried by precipitating electrons [Dubyagin

et al., 2003; Mende et al., 2003a, b; Paschmann et al., 2002]. This region, the 12-24

MLT dusk sector, is also the region where monoenergetic electron precipitation (also

known as inverted-V’s, with typically keV energies) is most often seen [Newell et al.,

2009]. Electron precipitation with ∼ keV energy is the most efficient contributor to

LHB emissions (Figure 7 in Frey et al. [2003]). Therefore, the WIC camera is highly

sensitive to inverted-V precipitation. It has also been shown that the dark hemisphere

on average receives more energy from particle precipitation than the sunlit hemisphere,

where the difference is mainly due to increased mean energy rather than number flux,

and most evident in the inverted-V precipitation [Newell et al., 2010]. Therefore, the

dusk side auroral emissions seen by WIC can be used as a proxy for the R1 BC density,

especially during winter conditions when the current is carried by the electron energies

responsible for making bright auroras. This is supported by Ohtani et al. [2009] show-

ing a linear relationship between the precipitating electron enegy flux and the R1 BC

density in the dusk sector. These are the arguments we use in Paper II when we sug-

gest that the asymmetric auroral response in this sector due to IMF Bx could be related

to the asymmetric SW dynamo. Further discussion on this topic is given in Chapter 5.





Chapter 5

Results and discussion

This thesis investigate the importance of two specific mechanisms responsible for hemi-

spheric differences in the solar wind - magnetosphere - ionosphere coupling. In this

chapter we first summarize the main findings from the papers with emphasis on how

one result lead to the next. Then follows a section where we discuss the papers.

5.1 Summary of papers

5.1.1 Paper I

The first step in this investigation was to analyse the database of simultaneous global

conjugate imaging. At that time this dataset was 10 sequences with durations from 1 to

5 h, adding to a total of 19 h, during active geomagnetic conditions. In Paper I we show

that among the 15 features identified in this dataset, 7 could be related to the asymmetric

SW dynamo mechanism, 5 could be related to the induced By effect, 3 were consistent

with a third mechanism related to ionospheric conductivity, and two were not consistent

with the influence from any of the three mechanisms considered. Because 2 features

were consistent with two different mechanisms, the numbers add up to 17. Based

on these results, our main conclusions was that 1) non-conjugate auroral features are

common during active geomagnetic conditions and 2) the mechanisms considered can

be important in describing asymmetries in the solar wind - magnetosphere - ionosphere

coupling. However, the importance of the individual mechanisms can not be inferred

from these case studies.

5.1.2 Paper II

Motivated by the findings from Paper I, a statistical study was performed to investi-

gate the importance of the asymmetric SW dynamo mechanism. Although MHD mod-
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elling has indicated a pronounced north-south asymmetric influence on the bow shock,

magnetosheath and magnetopause during IMF Bx dominated conditions [Peng et al.,

2010], which is the regions where the region 1 currents are believed to originate (see

section 3.1 for details and references), it has only been speculated that the asymmet-

ric SW dynamo can affect the two hemispheres differently [Cowley, 1981b; Laundal

and Østgaard, 2009]. If this mechanism really affects the aurora differently in the two

hemispheres, we would expect the average auroral intensity to be affected during cer-

tain favourable conditions in specific locations. Paper II shows that this is indeed the

case in both hemispheres. Although the difference between the auroral intensity in the

poleward dusk sector for positive and negative IMF Bx is only moderate, the accumu-

lative effect might be important since the results were obtained during conditions when

|IMF Bx|> 2 nT, which is typically the case in the SW due to the typical Parker spiral

configuration of the heliospheric current sheet [Parker, 1958]. Paper II is the first study

of its kind aiming to directly investigate the importance of the asymmetric SW dynamo

mechanism using observations. Similar investigations has been made from the northern

hemisphere, but from a much smaller dataset. Shue et al. [2002] made similar average

auroral plots (as our Figures 2 and 3 in Paper II) sorted by IMF Bx. During winter and

southward IMF (corresponding to our selection criteria) they found a similar trend as

we did in Paper II, namely stronger aurora in the northern hemisphere during IMF Bx

negative compared to IMF Bx positive conditions. To our knowledge, the same anal-

ysis has never been done in the southern hemisphere before. The strongest indication

that this is an effect of the asymmetric SW dynamo is that the hemispherical asymme-

try is opposite for Bx > 0 and Bx < 0. Paper II is hence providing further support that

this mechanism has a real effect on the aurora.

5.1.3 Paper III

When investigating the simultaneous aurora in the two hemispheres, identification of

conjugate features is done on a routinely basis. As shown and discussed in section

4.2.2, the identification of conjugate features in WIC and VIS can often be done with-

out ambiguity. The longitudinal displacement of conjugate features represent important

context when analysing the global system, and has been shown to be strongly related to

IMF By. We therefore pursued the investigation of the second mechanism introduced

in Chapter 3, describing asymmetric effects of IMF By on the global system. Although

it has been firmly established that the footpoints of a closed field-line can be displaced

from the nominal configuration, the question of how and if this configuration could be

related to asymmetric forcing of the two hemispheres has not been understood. This

motivated the investigation that led to the description of how stress induced on closed
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field-lines can dissipate preferentially into one hemisphere. In this work we used sim-

ulations from a global MHD model (the Lyon-Fedder-Mobarry (LFM) model [Lyon

et al., 2004]) to develop the theoretical description presented in this paper of how IMF

By induces a By-component into the closed magnetosphere and how it leads to asym-

metric currents and convection patterns in the two hemispheres. Paper III therefore lies

the foundation of how we believe the two hemispheres can be forced asymmetrically

when magnetic flux is added asymmetrically during southward and By dominated IMF.

This paper was written by Paul Tenfjord. My contribution was mainly in the discus-

sions leading to the updated understanding of how the By-stress can be induced, and

then dissipate asymmetrically.

5.1.4 Paper IV

To enhance our understanding of the theoretical framework presented in Paper III, Pa-

per IV is an observational paper investigating, from both hemispheres, the global au-

rora, convection, and BCs when the nightside field-lines are highly displaced from the

symmetric configuration. During the presented event, conjugacy is firmly established

showing a very large longitudinal displacement of conjugate points, ΔMLT, of 3 h,

being the largest displacement reported from auroral imaging. During this event, iono-

spheric convection measurements from SuperDARN (Super Dual Auroral Radar Net-

work) were available in both hemispheres, and the nightside convection throat region

was identified, also showing a 3 h MLT displacement between hemispheres. Line-

of-sight (LOS) convection velocities derived from the SuperDARN observations also

indicated faster sunward convection on closed field-lines in the dusk cell in the south-

ern hemisphere compared to the conjugate region in the northern hemisphere dusk cell,

consistent with the model presented in Paper III. Average BC maps from both hemi-

spheres were also presented during the same seasonal and IMF conditions as the event.

The hemispheric differences in BC density closely resembled the predicted influence

as suggested in Paper III, indicating the importance of this mechanism, here referred to

as the ’process of restoring symmetry’, referring to the gradual asymmetric dissipation

of magnetic stress as a field-line return to the dayside and becomes more symmetric.

It is important to realize that the description outlined in Paper III and Paper IV is con-

sistent with what has been shown earlier regarding how the two hemispheres respond

during periods of significant IMF By. Our contribution is to give a better explanation

of the dynamic processes leading to the observed asymmetric response.
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5.2 Discussion of papers

5.2.1 The validity of using global auroral images as a proxy for up-

ward Birkeland current

Most important for our interpretation regarding the asymmetric SW dynamo is whether

the observed auroral signal can be interpreted as a proxy of the upward BC density. This

interpretation requires knowledge of the characteristics of the particle precipitation that

is not directly measured. To provide further insight into the relationship between the

upward BC, the precipitating particle spectra, and the auroral signal in the poleward

part of the dusk side oval (where we expect to observe signatures from the asymmetric

SW dynamo), we will here present an event that illustrates this correspondence.

Although not included in any of the papers in this thesis, we have investigated the

WIC response to upward BC in the dusk region in more detail. By simultaneously

estimating the BC from both in-situ particle measurements and in-situ magnetic field

measurements, we investigate the particle carriers of the BC in an event also observed

by IMAGE WIC. In Figure 5.1 we show an event from October 26, 2000 where the

FAST sattelite (Fast Auroral SnapshoT Explorer [Pfaff Jr, 2001]) entered the northern

hemisphere auroral oval from the polar cap at around 21 MLT. Low resolution FAST

data were downloaded from the FAST webpage1 at spin (5 s) resolution. Simultane-

ous images from WIC are shown in Figures 5.1A-D with the FAST track and position

overlaid. In this event, the auroral oval resembles quite well the average large-scale

R1/R2 upward BC pattern [e.g. Iijima and Potemra, 1978]. In the dusk sector, the au-

rora is seen more poleward compared to the dawnside oval, consistent with the average

locations of the upward R1 and R2 BC, respectively.

In Figure 5.1E-F energy spectrograms of electrons within the loss-cone (0− 30◦

pitch angle) and opposite to this direction (150−180◦ pitch angle) are shown, respec-

tively. One can see that the precipitating fluxes mostly dominates within the oval. In

Figure 5.1E, a broadband energy spectrum [Chaston et al., 2000] is seen just at the

boundary of the oval followed by inverted-V spectra [Frank and Ackerson, 1971] of

monoenergetic precipitation [Newell et al., 1996]. From the east-west component of

the magnetic field perturbations, the BC density is estimated using Ampére’s law in 1D

and shown in Figure 5.1G (assuming the current sheets are east-west oriented). Note

that there is a data-gap just when the spacecraft crosses into the oval of 20 s in the mag-

netic data and 5 s in the particle data. By calculating the number flux for each of the 47

energy channels n(E, t)[#/m2 · s] from the electron and ion spectra in the two directions

(up and precipitating, see Figures 5.1E and 5.1F), the resulting in-situ current density

1http://sprg.ssl.berkeley.edu/fast/scienceops/cdf_download.html
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Figure 5.1: A-D: IMAGE FUV-WIC images from October 26, 2000 with the footpoint of

FAST indicated. Panel E and F show energy spectrograms of electrons within the loss-cone

(0− 30◦ pitch angle) and escaping electrons (150− 180◦ pitch angle), respectively. G: BC

density derived from the east-west component of the magnetic field perturbations. H: BC

derived from the electron and ion spectrometer data from the two directions in panels E and F.
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j[A/m2] (positive into the ionosphere) is derived through

j(t) =

∫
E

qi

[
n(E, t)precipitate,i −n(E, t)up,i

]
−qe

[
n(E, t)precipitate,e −n(E, t)up,e

]
dE

(5.1)

where qi and qe is the ion and electron charge, respectively, both set to 1.6×10−19 C

(assuming only electrons and protons). The result is seen in Figure 5.1H. The black line

includes the contribution from ions, the red line is when only considering the electrons

in equation 5.1. One can see that the ions do not carry a significant current in this

energy range [5 eV - 24 keV].

Comparing the BC derived from the particle measurements (Figure 5.1H) to the

BC derived from the magnetic perturbations (Figure 5.1G) a good correspondence is

seen. For the upward current (negative values) the temporal development as well as the

magnitudes compare quite well between the two. The downward current, however, is

not easily seen in the particle derived BC. Since only low resolution data were available

from the website for this event, this result is expected to be similar, but not as accurate,

as what would be obtained using full resolution.

Since the WIC camera is most sensitive to precipitation of a few keV electrons [Frey

et al., 2003], it is interesting to investigate how much this energy range contributes to

the total BC. From the electron and ion spectrometer data it is possible to calculate the

BC within a chosen energy interval. This is shown in Figure 5.2 for five energy intervals

constructed from the 47 energy channels. As mentioned in section 4.2.4, the energy

channel of interest when comparing to the aurora in the WIC camera is the 1− 3.5

keV interval. Here we have also plotted on top the BC derived from the magnetic

perturbations in blue. One can see a striking correspondence in shape of the two curves

in the poleward part of the oval. It strongly suggests that the BC in this part of the oval

(where WIC observe bright emissions in Figure 5.1B) is carried by keV electrons. The

BCs are mainly carried by electrons as they are much more mobile. This is evident in

Figure 5.2 as the pure electron line (red) does not significantly deviate from the black

line including the ions. The higher energy panels never show any net upward current.

The two lowest energy intervals indicate some intervals of larger fluxes up than down.

We therefore believe that some of the deviations from the magnetometer derived BC

and particle derived BC of upward BC (positive) could be due to low energy electrons

below the detection threshold of FAST. During this pass, the spacecraft potential was

mostly within [−10,0] V.

This example illustrates that the WIC auroral brightness in the dusk sector during

dark conditions could be used as a proxy for upward BCs, as was one of the assump-

tions when interpreting the results in Paper II. Since this is only one event, we acknowl-
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Figure 5.2: BC density derived from FAST electron and ion spectrometer data shown for 5

different energy intervals, increasing from top to bottom. Black lines include contribution

from ions, red is only from electrons, and the blue line shown in the 1-3.5 keV panel is the BC

density derived from the magnetic perturbations, same as Figure 5.1G.
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edge that the correspondence between this type of aurora and upward BC can be more

complicated at other instances. Therefore, our results showing asymmetric aurora in

this sector during dominating IMF Bx conditions is not a definite proof of asymmetric

BC. However, our observations of an opposite trend in the southern hemisphere gives

further confidence that our interpretation in terms of asymmetric BC is likely.

5.2.2 The effect of dipole tilt

When introducing the process of restoring symmetry in Chapter 3, only IMF By was

considered to establish the situation with an induced By on closed field-lines and cor-

responding asymmetric footpoints. In Paper IV we pointed out that also the dipole tilt

is likely contributing in a similar manner to induce By on closed field-lines in the tail

from the warping of the current sheet. This subsection elaborates in more detail how

we believe this can be explained. We also discuss whether the effect from warping can

contribute to the process of restoring symmetry.

In section 3.2 we explained the induced By on the nightside closed field-lines as a

result of different convection in the two lobes due to IMF By. A similar situation can

arise during periods of significant dipole tilt. For non-zero dipole tilt, the current sheet

experiences warping [Petrukovich, 2011; Tsyganenko, 2002]. The warped current sheet

is illustrated in the top and bottom part of Figure 5.3 for both signs of the dipole tilt as

the grey region. This figure is adopted from Figure 3b in Liou and Newell [2010]. As

suggested by Liou and Newell [2010], the warping is expected to lead to asymmetric

convection patterns first in the two lobes (blue arrows), which in turn results in a veloc-

ity shear on the closed field-lines (blue arrows inside grey region) leading to an induced

By. The induced By will be in opposite directions in the dawn and dusk flanks due to

the symmetric warping, illustrated by the black arrows inside the grey region in Figure

5.3. As for the case with IMF By, this will affect the footpoints of the field-line, illus-

trated in the right part of each panel using the same polar projection as in Figure 3.6.

To investigate the footpoint asymmetry, the nightside convection throat is of special in-

terest, being the region in the nightside ionosphere on closed field-lines where there is

a transition from duskward to dawnward convection toward the dayside. This region

is important as it must be a conjugate feature since a field-line cannot be connected to

different convection cells in the two hemispheres. It is known that the nightside con-

vection throat is on average shifted toward a pre-midnight location in both hemispheres

[Haaland et al., 2007; Pettigrew et al., 2010; Ruohoniemi and Greenwald, 1995], inde-

pendent of IMF By and dipole tilt. It is therefore likely to assume that field-lines in the

nightside convection throat region will experience an induced By related to the warp-

ing determined by the pre-midnight location of its apex. This pre-midnight location is
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Figure 5.3: How warping of the current sheet due to dipole tilt can lead to an induced By on

closed field-lines and associated asymmetric footpoints in the ionosphere during positive (top

panel) and negative (bottom panel) values of the dipole tilt angle. In each panel, a cross-section

of the tail is shown in the left panel (adopted from Figure 3b in Liou and Newell [2010]). The

warped current sheet is indicated in grey. This warping lead to asymmetric convection pat-

terns first in the two lobes (blue arrows), which in turn results in a velocity shear on the closed

field-lines (blue arrows inside grey region) leading to an induced By. The induced By will be

in opposite direction in the dawn and dusk flanks due to the symmetric warping (black arrows

inside grey region). The apex of a closed field-line from the ionospheric nightside convec-

tion throat region is indicated with the dashed red arrows pointing away from a pre-midnight

location. Right part of each panel indicate the geometry of a field-line from the ionospheric

convection throat region having the resulting induced By and asymmetric footpoints. For com-

parison, the middle panel show the symmetric situation for no dipole tilt.
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illustrated by the dashed red arrows in Figure 5.3. The right part of each panel shows

how this field-line connects to the two hemispheres, now having asymmetric footpoints

due to its induced By from the warping effect at the pre-midight location.

The two processes (IMF By and warping induced By) are likely present at the same

time and their resulting contribution can add or subtract depending on the combina-

tion of the two effects. Ruohoniemi and Greenwald [1995] found that the combination

of positive dipole tilt and positive IMF By, as well as negative dipole tilt and negative

IMF By, on average produced the most extreme early and late, respectively, locations

of the nightside convection throat region in the northern hemisphere. Liou and Newell

[2010] found that this was also the case for the hemispheric longitudinal difference of

substorm onset location. This is consistent with our explanation above when consid-

ering a pre-midnight field-line. This favourable combination was also the case in the

event study in Paper IV, where a longitudinal displacement of 3 h in the nightside was

seen during positive IMF By and dipole tilt. In Paper IV we use average BC maps from

the Iridium constellation of low Earth orbiting satellites, known as AMPERE (Active

Magnetosphere and Planetary Electrodynamics response Experiment) [Anderson et al.,

2000] and estimate the nightside convection throat region from identifying where the

average R1/R2 current system reverse on the nighside during similar conditions as in

the event. In Paper IV we only show three selected combinations of IMF By and dipole

tilt, but Figure 5.4 shows all polarity combinations. The MLT location at which the av-

erage R1/R2 current system reverses in the nightside is indicated with a dashed line in

each panel. From comparing this location for the different combinations of IMF By and

dipole tilt, it is evident that both a positive dipole tilt and a positive IMF By contribute

to an earlier location of the nightside convection throat in the northern hemisphere, and

a later location in the southern hemisphere, and opposite when IMF By and dipole tilt is

negative. Further details regarding how the AMPERE data was processed can be found

in Paper IV.

Understanding the contributions to footpoint asymmetry in different regions are of

great value when analysing the mapping between hemispheres from simultaneous ob-

servations of the global aurora. In many cases, the auroral display can be very different

in the two hemispheres making it difficult to understand the mapping. Improved knowl-

edge of what affects the mapping between the conjugate hemispheres can possibly help

us interpret how the conjugate hemispheres are connected also during more disturbed

conditions.

Whether the warping related By and its associated asymmetric footpoints in the

nightside could lead to asymmetric stress release and hence asymmetric convection

and BC (process of restoring symmetry) as discussed for IMF By is not fully under-

stood. Looking at the middle row in Figure 5.4, representing the situation where the
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Figure 5.4: Average BC densities in the nightside from AMPERE shown on a MLAT/MLT

grid. Both the northern and southern hemispheres are shown for all polarity combinations

of IMF By and dipole tilt, as indicated by the top row and left column. The meridian likely

representing the nightside convection throat region is shown as a dashed line. Maximum and

minimum current densities for the dawn and dusk sector, separately, are printed to the right

and left, respectively. Also, the total number of individual BC maps entering the analysis is

indicated.
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average IMF By is close to zero, the variations in BCs with dipole tilt are showing op-

posite dawn-dusk variations in BC densities in the two hemispheres. Although such

signatures might be expected related to the process of restoring symmetry, these varia-

tions are likely affected also by the different levels of solar exposure. Hence, this trend

can also be related to ionospheric conductivity differences. Further investigations are

needed to determine the dipole tilt contribution to the process of restoring symmetry.

A systematic investigation of the convection in the two hemispheres will likely provide

further answers.



Chapter 6

Conclusions

This thesis is an investigation of two specific mechanisms that has been suggested to

produce auroral asymmetries between the conjugate hemispheres. Below we summa-

rize our main conclusions of this work:

→ Non-conjugate features are common in active auroral displays

→ IMF Bx influences the duskside auroral intensity during southward IMF oppo-

sitely in the two hemispheres

→ The opposite auroral response to IMF Bx in the conjugate hemipsheres is consis-

tent with a more efficient SW dynamo on average in one hemisphere compared to

the other

→ Field-lines with asymmetric footpoints (induced by IMF By) will release mag-

netic stress mainly into one hemisphere as they convect toward and around the

Earth from the nightside. We name this the process of restoring symmetry

→ Signatures consistent with the process of restoring symmetry are observed in

both ionospheric convection data and in average maps of BCs, suggesting that

this mechanism can be responsible for substantial asymmetric forcing of the two

hemispheres
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Chapter 7

Future prospects

In this chapter we mention some of the open questions that remains to be answered

regarding the two mechanisms investigated in this thesis.

7.1 Asymmetric SW dynamo

If the average auroral intensity asymmetries found in Paper II are related to the asym-

metric SW dynamo as we suggest in this thesis, we expect a similar influence on the

average BC strength in the same region. Our group at BCSS have looked at this from

single events in the AMPERE data (not published), but not found conclusive results.

Our understanding of how the asymmetric SW dynamo works may not be complete.

The conceptual picture shown in Figure 3.1 might be oversimplified, as processes in

the magnetosheath are ignored. Hence, further investigations are needed to better un-

derstand this process that could lead to asymmetric energy transfer from the SW into

the magnetosphere in the two hemispheres.

7.2 Restoring symmetry process

The SuperDARN and AMPERE observations presented in Paper IV can only give infor-

mation about the mapping in the nightside convection throat region. In order to further

investigate the predictions of the process of restoring symmetry and its influence from

the combined effect of IMF By and dipole tilt, simultaneous global conjugate imag-

ing is needed as it, at least in principle, can highlight conjugate regions in multiple

locations at the same time.

In Paper III and Paper IV we only considered the case when IMF is southward. To

which degree one get induced By during northward IMF and how it affects the restoring

symmetry process is also an open question that should be addressed in the future.
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The restoring symmetry process is expected to affect the convection on closed field-

lines in a similar way as the BCs. Hence, statistical maps of ionospheric convection

on closed field-lines sorted by IMF By and dipole tilt is expected to show the same

behaviour as for the BCs. This remains to be investigated by a specific study. If such

a dependence is found also in the average convection, it would further highlight the

importance of asymmetric forcing to understand the global magnetosphere-ionosphere

coupling.



Abbreviations

ΔMLT ΔMLT = MLTsouth - MLTnorth, longitudinal difference of conjugate

points from its quiet-day location, p. 45

AACGM Altitude Adjusted Corrected Geomagnetic coordinates [Baker and Wing,

1989], p. 13

AMPERE Active Magnetosphere and Planetary Electrodynamics response Experi-

ment [Anderson et al., 2000], p. 52

BC Birkeland Current, also known as field-aligned current (FAC), p. 18

BCSS Birkeland Centre for Space Science, p. vii

DZA Satellite Zenith Angle, p. 32

ECPC Expanding/Contracting Polar Cap, p. 8

EUV Extreme Ultraviolet, p. 12

FAST Fast Auroral SnapshoT Explorer [Pfaff Jr, 2001], p. 46

FOV Field-Of-View, p. 29

FUV Far Ultraviolet, p. 29

IGRF International Geomagnetic Reference Field, p. 13

IMAGE Imager for Magnetopause-to-Aurora Global Exploration: Satellite used

for global UV imaging [Burch, 2000], p. 18

IMF Interplanetary Magnetic Field, p. 1

LBH Lyman-Birge-Hopfield, p. 29

LFM Lyon-Fedder-Mobarry [Lyon et al., 2004], p. 45

MHD Magnetohydrodynamic, p. 17
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MLAT Magnetic latitude, p. 13

MLT Magnetic Local Time, p. 30

OCB Open/Closed Boundary, p. 18

RE Earth radii, 6371 km, p. 10

R1/R2 Region 1/ region 2 currents [Iijima and Potemra, 1978], p. 26

SI12 Spectrographic Imager, 121.8 nm, doppler shifted Lyman−α , p. 29

SI13 Spectrographic Imager, measures the atomic Oxygen line a 135.6 nm,

p. 29

SuperDARN Super Dual Auroral Radar Network [Chisham et al., 2007; Greenwald

et al., 1995], p. 45

SW Solar Wind, p. 1

SZA Solar Zenith Angle, p. 32

TDI Time Delay Integration, p. 30

UVI Ultraviolet Imager, p. 33

VIS Visible Imaging System, p. 33

WIC Wideband Imaging Camera, p. 29
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Abstract In the exploration of global-scale features of the Earth’s aurora, little attention has been given

to the radial component of the Interplanetary Magnetic Field (IMF). This study investigates the global

auroral response in both hemispheres when the IMF is southward and lies in the xz plane. We present

a statistical study of the average auroral response in the 12–24 magnetic local time (MLT) sector to an x

component in the IMF. Maps of auroral intensity in both hemispheres for two IMF Bx dominated conditions

(± IMF Bx) are shown during periods of negative IMF Bz , small IMF By , and local winter. This is obtained by

using global imaging from the Wideband Imaging Camera on the IMAGE satellite. The analysis indicates a

significant asymmetry between the two IMF Bx dominated conditions in both hemispheres. In the Northern

Hemisphere the aurora is brighter in the 15–19 MLT region during negative IMF Bx . In the Southern

Hemisphere the aurora is brighter in the 16–20 MLT sector during positive IMF Bx . We interpret the results

in the context of a more efficient solar wind dynamo in one hemisphere. Both the intensity asymmetry and

its location are consistent with this idea. This has earlier been suggested from case studies of simultaneous

observations of the aurora in both hemispheres, but hitherto never been observed to have a general

impact on global auroral brightness in both hemispheres from a statistical study. The observed asymmetries

between the two IMF Bx cases are not large; however, the difference is significant with a 95% confidence

level. As the solar wind conditions examined in the study are rather common (37% of the time) the

accumulative effect of this small influence may be important for the total energy budget.

1. Introduction

To study how the Earth is coupled to space, information of how the two hemispheres respond differently

to external forcing is of great interest. Simultaneous imaging from both hemispheres has been used to

identify and investigate possible mechanisms responsible for the observed asymmetries of the global

aurora [e.g., Stenbaek-Nielsen and Davis, 1972; Craven et al., 1991; Stenbaek-Nielsen and Otto, 1997; Sato

et al., 1998; Østgaard et al., 2003; Fillingim et al., 2005; Laundal and Østgaard, 2009; Østgaard et al., 2011;

Reistad et al., 2013].

Global imaging of the auroral oval represents a unique opportunity to look at footprints of a large region

of the magnetosphere simultaneously. Although this has been possible for a long time on a sporadic basis

from the mid-1980s, little is known about how the x component of the interplanetary magnetic field (IMF)

can affect the aurora, especially in relation to its response in both hemispheres. Statistical studies of global

auroral UV brightness dependence on solar wind (SW) and IMF in the Northern Hemisphere indicate that

negative IMF Bx on average produces brighter aurora than positive IMF Bx during negative IMF Bz conditions

[Liou et al., 1998; Shue et al., 2002; Baker et al., 2003].

Largely based on global auroral imaging, Østgaard and Laundal [2012] proposed that nonconjugate aurora,

which is aurora only appearing in one end of the magnetic field line or is significantly brighter in one hemi-

sphere, could be caused by three different generator mechanisms: the solar wind (SW) dynamo (related

to the interplanetary magnetic field (IMF) Bx), effect of IMF By penetration, and ionospheric conductivity.

The recent study by Reistad et al. [2013] indicated that those three mechanisms indeed seem to play an

important role in controlling the occurrence and location of nonconjugate aurorae.

REISTAD ET AL. ©2014. The Authors. 1
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In this paper we will go one step further and investigate if there is a significant auroral intensity difference

in the two hemispheres in the dusk sector due to IMF Bx . As will be outlined in the paper, we apply cer-

tain selection criteria in order to avoid effects of other possible mechanisms that can produce asymmetric

aurora. We focus on the dusk sector and especially the poleward part of the oval because this is the region

where we expect the effects of IMF Bx to be observable in our data. In this region we have typically upward

field-aligned currents (Region 1) and precipitating electrons. As suggested earlier [Cowley, 1981; Laundal and

Østgaard, 2009; Reistad et al., 2013], hemispheric intensity asymmetries in the aurora in this region could be

a signature of asymmetric Region 1 currents in the two hemispheres. In the discussion section we will look

at our results in the light of this related work.

2. Data andMethod
2.1. Global Imaging Data

To investigate how IMF Bx affects the auroral intensity and distribution in both hemispheres, we have used

the Far Ultraviolet Wideband Imaging Camera (WIC) [Mende et al., 2000] on board the IMAGE (Imager for

Magnetopause-to-Aurora Global Exploration) satellite [Burch, 2000]. IMAGE was launched in 2000 into

an elliptic orbit with an apogee of 7 RE precessing over Northern Hemisphere at a rate of about 50◦ per

year. From early 2004, the apsidal precession of the orbit allowed imaging of the Southern Hemisphere

with almost the same coverage as it initially had after launch in March 2000. Thus, the IMAGE WIC data set

represents a unique opportunity to study the average global response of the aurora statistically in both

hemispheres with the same instrument.

The WIC instrument is sensitive to the Lyman-Birge-Hopfield band and a few N lines of the aurora in the UV

range (140–190 nm) [Mende et al., 2000]. In general, both precipitating electrons and protons produce these

emissions and their relative influence on the resulting brightness depends primarily on their energy fluxes

[Frey et al., 2003]. Usually, the precipitating proton energy flux is too small to influence the WIC signal, but in

some cases it can account for a significant portion of the signal [Frey et al., 2001; Donovan et al., 2012]. How-

ever, in the poleward part of the dusk sector oval this should not be a problem as we focus on the upward

Region 1 current with limited downward proton fluxes. In the discussion we will use the intensity counts as

measured by the WIC camera as a proxy for upward field-aligned current. This will be further explained in

section 4.

2.2. Image Selection

We have used 1 min IMF and SW data from NASA’s Space Physics Data Facility, http://omniweb.gsfc.nasa.gov

[e.g., King and Papitashvili, 2005] represented in the Geocentric Solar Magnetospheric coordinate system.

These data represent the conditions at the nose of the Earth’s bow shock. To account for the additional prop-

agation time needed for the IMF to affect the magnetosphere, we further shift the IMF data to x = −10 RE
using the present SW velocity. This is consistent with what has been done in earlier event studies,

e.g., Reistad et al. [2013] and also what is suggested by MHDmodels regarding Region 1 current generation

at the magnetopause [Siscoe et al., 2000].

The event selection criteria are crucial when investigating the IMF Bx effects. We want to exclude contri-

butions from other possible mechanisms [Østgaard and Laundal, 2012] as far as statistical sample number

allows for. We start by identifying intervals during the IMAGE mission where strict criteria on IMF and sea-

sonal variations are met. Only global imaging data that fulfils the following criteria are used: (1) |IMF Bx| >
2 nT, (2) |IMF By| < 2 nT, (3) IMF Bz < 0 nT, (4) 10◦ < |Dipole tilt| < 30◦, (5) > 10 min between observa-

tions, and (6) criteria must be satisfied for more than 10 min. In the identified time intervals, a global image

is chosen toward the end of the interval but not less than 5 min before the end of the interval. This is to

ensure that we select images that have been exposed to the favorable IMF and tilt criteria as long as possi-

ble. Using these criteria we get two sets of images in each hemisphere which will be compared: One set for

IMF Bx < −2 nT, and one set for IMF Bx > 2 nT.

We want to exclude, as good as possible, other mechanisms that can produce asymmetric aurora to avoid

that the IMF Bx signatures drown in other stronger signals. The selection process is therefore crucial and

makes this study different from other studies that have performed statistical analysis on a much wider

spectrum of geomagnetic conditions [e.g., Shue et al., 2001, 2002; Baker et al., 2003].

The negative IMF Bz condition is chosen to include only the intervals where magnetic flux is opened on the

dayside and convected across the polar cap. At the same time we want to include only times when there is a

REISTAD ET AL. ©2014. The Authors. 2
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Figure 1. Selection criteria and overview of the method for image

processing. (a) Example from the Northern Hemisphere after dayglow

subtraction satisfying the selection criteria. Blue lines indicate the

detected oval boundaries with asterisks located at the center of the 1 h

MLT bin used in the statistics. (b) MLT sectors where all criteria are met

get normalized to a common 10 bin latitudinal extent. The values seen

in Figure 1b enter the statistical analysis.

significant x component and a small y

component in the IMF to minimize sig-

natures of IMF By effects. Due to seasonal

effects and the offset of the geomag-

netic pole from the rotational axis, the

two polar ionospheres are exposed dif-

ferently to solar radiation in magnetic

coordinates. The difference is to the

first order quantified by the dipole tilt

angle. Due to a large contribution of

dayglow-induced emissions in the WIC

camera from regions in direct sunlight,

we only use images from the local winter

hemisphere. In the Northern Hemisphere

we use images having dipole tilt angles

from −30◦ to −10◦, and in the Southern

Hemisphere we use only images hav-

ing dipole tilt angle from 10◦ to 30◦. The

use of local winter periods allows us to

more accurately examine differences in

a large region of the auroral oval extend-

ing to ∼ 15 MLT on the duskside in order

to cover more of the Region 1 current

region in the dusk sector. As mentioned

in section 1, seasonal differences may

lead to the occurrence of asymmetric

aurora. However, these effects should

not depend upon IMF Bx . When applying

the same tilt criteria in both hemispheres

such effects should not affect our

results when having a sufficient number

of samples.

The WIC images have a 2 min cadence, and consecutive images are therefore correlated. In the statistical

analysis we require observations to be more than 10 min apart to be considered not correlated. This reduces

the number of observations but gives a set of images where each event is weighted more equally.

2.3. Image Processing

Although we require the images to be taken during local winter as quantified by criterion (4) listed above,

some regions of the auroral oval are still directly exposed to sunlight leaving dayglow-induced emissions

in the WIC images. The dayglow-induced emissions, and a varying background, are therefore subtracted

from each image separately. This is done by constructing a model of the dayglow emissions from pixels not

influenced by aurora based on their solar zenith angle and satellite zenith angle in the mapped image. The

modeled pixel intensity is then subtracted from all pixels leaving only auroral emissions in the image. This

introduces an uncertainty in the regions exposed to sunlight, especially regions far into the dayside, typically

the 12–14 MLT sector in our data set. Strict criteria in the dayglow removal technique and manual inspection

of the performance for each image result in less data from these regions. For the chosen range of dipole

tilt angles, the oval will on average be in darkness from 15 MLT and tailward on the duskside. Therefore,

the analysis will focus on the 15–24 MLT region. An example of an image from the Northern Hemisphere

satisfying the selection criteria after dayglow removal is shown in Figure 1a. The black line oriented in a

dusk-dawn direction shows the location of the terminator. Since we investigate the possible IMF Bx influence

on the duskside auroral intensity, we only show this sector as it corresponds to the upward Region 1 current

and electron precipitation into the ionosphere.

As we want to study the intensity within the oval, the images are transformed into a frame following the

oval. The advantage is that the statistics will be less affected by the location of the oval from event to event

REISTAD ET AL. ©2014. The Authors. 3
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Figure 2. Results of the statistical analysis in the Northern Hemisphere. (a) Maps of median auroral intensity for the IMF

Bx negative case. (b) Corresponding map for the positive IMF Bx case. (c) The intensity difference between the two IMF

Bx cases. (d) Number of events across the domain. (e) The significance level of the test that the two distributions do

not originate from the same distributions, using the Kolmogorov-Smirnov test. The expected increased brightness for

negative IMF Bx can be seen from 16 to 19 MLT.

and minor errors in the satellite pointing direction. Previous statistical studies focusing on average auro-

ral intensities or energies [e.g., Shue et al., 2001, 2002; Newell et al., 1996] superposed their data on a fixed

MLT/MLAT grid. By using a normalized latitudinal width of the oval, signatures at the poleward/equatorward

boundary and within the oval can be more easily identified. To do so, we determine the poleward and

equatorward boundaries of the oval as shown in Figure 1a. The blue lines with asterisks indicate the oval

boundary and the 1 h MLT resolution that we use in the statistical grid. The boundaries are determined by a

threshold value depending on the mean and the spread of the counts in a 1 h by 1◦ MLT/MLAT grid. When

the boundaries have been determined, the auroral signatures in MLT sectors with valid boundaries are nor-

malized into a common latitudinal extent of 10 entries. To be considered as valid boundaries we require the

poleward boundary to be between 62◦ and 81◦ latitude, and the equatorward boundary to be between 52◦

and 72◦. In addition, we require that neighboring MLT sector boundaries within one image should not dif-

fer by more than 4◦ and that the total width of the oval should not exceed 15◦ MLAT. For the event shown in

Figure 1a, all the criteria are satisfied and the corresponding aurora normalized in MLT sectors are rebinned

in 10 latitudinal bins as shown in Figure 1b. As a result, each image can contribute with up to 13 MLT slices

to the statistical analysis. When discussing the results, the number of events is referring to the number of

such slices.

2.4. Statistical Analysis

When showing maps of auroral intensities for the two IMF Bx sets in each hemisphere, we use the median

of the distribution. This will reduce the weighting of extreme events. A similar result is obtained when

using the mean (not shown here). To test the hypothesis that the distribution of data for a given MLT value

and latitudinal bin is different for the two different IMF Bx cases in the same hemisphere, we perform a

Kolmogorov-Smirnov test [Press et al., 1992]. Based on this test, we identify in which regions of the maps the

hypothesis is found to be true (data are not drawn from the same distribution), given a significance level. To

show how the significance level varies in the grid, we present maps of the significance level.

REISTAD ET AL. ©2014. The Authors. 4
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Figure 3. Results of the statistical analysis in the Southern Hemisphere. (a) Maps of median auroral intensity for the IMF

Bx negative case. (b) Corresponding map for the positive IMF Bx case. (c) The intensity difference between the two IMF

Bx cases. (d) Number of events across the domain. (e) The significance level of the test that the two distributions do

not originate from the same distributions, using the Kolmogorov-Smirnov test. The expected increased brightness for

positive IMF Bx can be seen from 16 to 20 MLT.

3. Results

Figures 2 and 3 show the results from the statistical analysis in the same format for the Northern and South-

ern Hemispheres, respectively. Figure 2a shows the dusk sector (12–24 MLT) median auroral intensity for

the negative IMF Bx case. The corresponding plot for the positive IMF Bx case is shown in Figure 2b and

their difference in Figure 2c. The map in Figure 2e shows the probability that the two distributions in every

cell in Figures 2a and 2b are not drawn from the same distribution by using the Kolmogorov-Smirnov test.

The color scale is chosen to show how the significance varies in regions outside the 95% (5%) confidence

interval. In the black regions the hypothesis is true (there is an asymmetry), and in white regions it is falsi-

fied (there is not an asymmetry). Figure 2d shows how many events that were used in the statistics for the

two cases in different MLT sectors. A line plot is here provided as there is an equal number of events in each

latitudinal bin for a given MLT sector due to the oval boundary and normalization method used.

For the Northern Hemisphere results in Figure 2 the 15–19 MLT range for the IMF Bx negative case is more

intense than the IMF Bx positive case. The signature is also in the poleward half of the normalized oval and

is significant on a 95% confidence level in the 15–17 MLT sector. The contributions from substorm activity

are clearly seen with a peak around 23 MLT, as expected. However, there are no significant asymmetries

between the two IMF Bx cases in this region.

The results for the corresponding situation in the Southern Hemisphere during the same local winter condi-

tions are seen in Figure 3 in the same format as for the Northern Hemisphere. Now the positive IMF Bx case

in Figure 3b shows the most intense aurora in the 16–20 MLT sector. Taking the data spread and number of

observations into account, the Kolmogorov-Smirnov test indicates that the 17–20 MLT sector is more than

95% likely to be drawn from different distributions, meaning that there is a significant IMF Bx influence in

this region also in the Southern Hemisphere.

REISTAD ET AL. ©2014. The Authors. 5
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Figure 4. Distribution of IMF and dipole tilt angles for the events in

the statistical study for the Northern Hemisphere. Black bars repre-

sent the negative IMF Bx case, and red bars the positive IMF Bx case.

Number of MLT slices refers to the total number of events in the 15–20

MLT sector for the given parameter interval and IMF Bx case. Vertical

dashed lines represent the median of the distribution. (a) IMF Bx distri-

bution, (b) IMF By distribution, (c) IMF Bz distribution, and (d) dipole tilt

angle distribution.

4. Discussion

As seen in Figures 2e and 3e, there is

a region 15–17 MLT in Northern Hemi-

sphere and 17–20 MLT in Southern

Hemisphere, where the brightness for

the two IMF Bx cases differs significantly.

In the Northern Hemisphere the differ-

ence in the 15–19 MLT region is about

170 camera counts or ∼0.3 kR in the

WIC passband. In the Southern Hemi-

sphere the difference is ∼150 camera

counts for the 16–20 MLT sector, well

above the Poisson noise in the images

with a standard deviation of typically

30 counts. Typical count rates can be

seen in Figure 1a. This difference is a rel-

atively small modification on the general

auroral brightness, as also expected as|IMF Bx| > 2 nT is not a strong criterion.

However, it is significant in our data set

which is chosen to include the periods

when IMF Bx asymmetries are believed to

be most prominent. The selection crite-

ria used to avoid IMF By influences on our

result will also rule out periods of strong

driving since such periods often have an|IMF By| > 2 nT. We also tried a different

criteria, requiring IMF Bx to be twice the

magnitude of IMF By and no limitation on

their magnitude. The results were simi-

lar but slightly less significant indicating

contamination from IMF By effects.

When comparing the two IMF Bx cases it is important that both distributions on average represent the same

geomagnetic conditions. In particular the IMF Bz is important when looking at the median auroral response

as this will affect the overall driving of the system. In Figures 4 and 5 we present histograms for the IMF

components and tilt angles concurrent with each latitudinal slice in the 15–20 MLT sector that enter into

the statistics in Figures 2 and 3. The negative IMF Bx case is shown in black and positive IMF Bx in red. The

median of the distributions is shown with vertical dashed lines in respective colors. In Figure 4c we see

that the shape of the Northern Hemisphere distributions of IMF Bz is similar for both IMF Bx cases, and their

median value differs by 0.3 nT. This is a small difference. We also notice that the IMF Bx/By antisymmetry

is almost completely avoided due to the selection criteria. The median of the two distributions lies within

±0.2 nT as seen in Figure 4b. Hence, we conclude that the Northern Hemisphere data sets are not biased

with respect to SW driving. The difference of the median dipole tilt angle is also low, about 1◦. The main

difference between the two cases is that there are fewer IMF Bx positive events.

In the Southern Hemisphere we see from Figures 5a and 5b that the IMF Bx/By antisymmetry only results in a

small shift of around 0.4 nT from 0 of the median for IMF By . Looking at the IMF Bz distributions in Figure 5c,

the difference of the median is now slightly larger for the two IMF Bx cases compared to the Northern Hemi-

sphere (Figure 4c). The difference is here 0.5 nT in the direction of the observed asymmetry, making the

Southern Hemisphere results slightly biased from this point of view. We have investigated this possible

bias by looking at how the count rate depend upon IMF Bz . From every MLT slice in the 15–20 MLT sector, a

scatterplot of the mean count versus IMF Bz was made. From this scatter, the median count value of points

within 1 nT wide bins of IMF Bz gives a line that relates how strongly the different events respond. Such

lines are shown for the Northern Hemisphere in Figure 6 for both IMF Bx cases (negative IMF Bx in black and

REISTAD ET AL. ©2014. The Authors. 6
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Figure 5. Distribution of IMF and dipole tilt angles for the events in the

statistical study for the Southern Hemisphere. The figure is in the same

format as Figure 4.

positive IMF Bx in red). We can see

that the negative IMF Bx case has a

stronger response for all IMF Bz , con-

sistent with our results in Figure 2. The

histogram from Figure 4c is also plot-

ted in the same figure, and we can

see how the 95% confidence level of

the median [Chen and Ratra, 2011]

increases with decreasing number of

MLT slices. Looking at the correspond-

ing plot for the Southern Hemisphere

data, shown in Figure 7, one can see

that the general IMF Bx difference we

presented in Figure 3 is evident in the

IMF Bz ∈ [−4, 0] nT range. Looking at

the IMF Bz histogram in the same plot

we see that the majority of the events

occur for IMF Bz > −4 nT. It is evident

from Figure 7 that the few events hav-

ing large negative IMF Bz do not affect

the results in a way that will give larger

intensities for the positive IMF Bx case.

We hence conclude that the observed

IMF Bx difference in the Southern Hemi-

sphere cannot be explained by a bias in

selection regarding IMF Bz .

As mentioned in section 2, the mea-

sured WIC signal primarily originates

from precipitating electrons. In the ionosphere, the upward Region 1 current is associated with electron pre-

cipitation [e.g., Paschmann et al., 2002; Mende et al., 2003a, 2003b; Dubyagin et al., 2003]. Hence, the dusk

sector Region 1 current is of interest. However, WIC is only sensitive to the accelerated part of the elec-

tron spectra, typically 0.5–5 keV. Within this energy range the WIC counts are nearly proportional to the

electron energy flux [Frey et al., 2003]. In general, the current could be carried by lower energy electrons

leaving little to no signatures in auroral UV brightness. Within this sector and outside the regions associ-

ated with magnetic reconnection the precipitation is characterized by so-called “inverted Vs” [Newell et al.,

1996; Chaston et al., 2007]. The inverted-V type of precipitation is the most dominant in the local winter

hemisphere dusk region [Newell et al., 2009] and is believed to carry the majority of the upward field-aligned

current. Another characteristic electron spectrum is the Alfvén wave accelerated spectrum, characterized by

a broad energy distribution and associated bright aurora [Chaston et al., 2003]. Such precipitation is found

to occur typically in regions associated with magnetic reconnection [Chaston et al., 2007] and substorm

aurora [Mende et al., 2003a; Newell et al., 2009]; and hence, its signature is expected to have a fundamen-

tally different origin. Using particle and field measurements from low-Earth orbiting satellites, [Ohtani et al.,

2009] have shown that the dusk sector Region 1 current density is proportional to the precipitating elec-

tron energy flux. They found the mean electron energy during these crossings in darkness to be typically

between 1.5 and 2 keV which is the electron energy range the WIC instrument is most sensitive to. Hence,

event observations of simultaneous global aurora [Laundal and Østgaard, 2009; Reistad et al., 2013] show-

ing increased ionospheric UV brightness in the 18–24 MLT region are consistent with the Region 1 current

system having different intensity in the two hemispheres. Based on this we will interpret our statisti-

cal auroral response in the 15–20 MLT sector during local winter conditions as a proxy of the average

Region 1 currents.

The question regarding where and how the Region 1 currents are generated at the magnetopause and cou-

pled to the ionosphere has been investigated extensively [e.g., Siscoe et al., 1991, 2000; Song and Lysak, 2001;

Guo et al., 2008; Lopez et al., 2011]. MHD modeling studies such as Siscoe et al. [2000] and Guo et al. [2008]

suggest that the Region 1 current at most local times tends to be driven across the magnetopause. From

REISTAD ET AL. ©2014. The Authors. 7
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Figure 6. Line plots of WIC response for different IMF Bz values in

the data set derived from median binned values of average counts

for each event in the 15–20 MLT sector in the Northern Hemisphere.

Histograms of IMF Bz are also shown for comparison. Black and red

lines and bars represent the negative and positive IMF Bx cases,

respectively. Axis to the left corresponds to the histogram, and axis

to the right corresponds to the lines.

these arguments we would expect to see

a possible influence on the aurora where

the Region 1 current is flowing out of the

ionosphere, namely in a large portion of

the 12–24 MLT sector. In Figures 2 and 3 we

have chosen to include periods with sub-

storms. These periods are associated with

IMF Bz negative and therefore strong Region

1 currents. Leaving out substorm periods

using the list of substorms also identified

by the WIC camera [Frey et al., 2004] and

only use data more than 90 min after sub-

storm onset, we get the same trends in our

results but not the same significance lev-

els. Although substorm intervals represent a

contamination of our data we will argue that

the Region 1 currents have a different origin

and footprint than substorms. As long as we

identify the difference within the 15–20 MLT

sector, we can interpret our results to

reflect the possible IMF Bx influences on the

directly driven Region 1 currents.

In the following we will interpret our findings in the context of how the SW dynamo can have different effi-

ciency in the two hemispheres due to an IMF Bx component. By asymmetric SW dynamo efficiency we mean

that the energy transfer from the SW to the magnetosphere can be different in the two hemispheres.

As first suggested by Cowley [1981] and later supported by others [e.g., Laundal and Østgaard, 2009;

Østgaard and Laundal, 2012; Reistad et al., 2013], an x component of the IMF could, during negative IMF Bz
conditions, lead to different magnetic tension forces acting on the open magnetic field lines being draped

down tail, possibly affecting the energy transfer at the magnetopause differently in the two hemispheres.

This effect is illustrated in Figures 8a and 8b for both negative and positive IMF Bx , respectively, during

southward IMF Bz and small IMF By . Figures 8a and 8b are a remake of the original figure from Cowley [1981].

Figure 7. Line plots of WIC response for different IMF Bz values in the

data set derived from median binned values of average counts for each

event in the 15–50 MLT sector in the Southern Hemisphere. Histograms

of IMF Bz are also shown for comparison. Black and red lines and bars

represent the negative and positive IMF Bx cases, respectively. Axis to

the left corresponds to the histogram, and axis to the right corresponds

to the lines.

Here the magnitude of the magnetic

tension force on open field lines is illus-

trated with wide black arrows where

the field lines have a small curvature

radius, and smaller black arrows in

the opposite hemisphere experienc-

ing a smaller tension force due to the

greater radius of curvature. The SW elec-

tric field, due to the SW velocity and

IMF, during the conditions illustrated

in Figure 8, points out of the paper

as indicated by the red arrows. In the

high-latitude region tailward of the ter-

minator the electric field and j⊥ point

in opposite directions, hence the name

SW dynamo. When neglecting particle

pressure gradients in the magnetohydro-

dynamic (MHD) momentum equation for

a quasi-neutral plasma, and rewriting the

j×B force, we are left with one force term

that depends on the curvature of the

magnetic field—the magnetic tension

force—and one related to the gradient in

REISTAD ET AL. ©2014. The Authors. 8
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C D

A B

Figure 8. (a) The presence of a negative x component in the IMF during negative IMF Bz resulting in different magnetic

tension forces (illustrated with large black arrows) on open field lines possibly affecting the energy transfer at the mag-

netopause different in the two hemispheres. Lines in blue, black, and red show the interplanetary, open, and closed field

lines, respectively. At high latitudes, tailward of the terminator, the tension force will decelerate plasma and affect the

magnetopause current density. This is indicated with the black arrow going into the figure in this region. This figure is

adopted from Cowley [1981]. (b) Corresponding figure during positive IMF Bx . (c) Associated changes in current den-

sity for negative IMF Bx of the Region 1 current system that closes across the high-latitude magnetopause [Siscoe et al.,

1991; Siscoe et al., 2000; Guo et al., 2008]. Here the Earth is viewed from the tail. (d) Corresponding figure during positive

IMF Bx .

magnetic pressure perpendicular to the magnetic field:

𝜌m
dv

dt
= j × B =

B2

𝜇0Rc
n̂ − ∇⊥

(
B2

2𝜇0

)
, (1)

where 𝜌m is mass density, Rc is the radius of curvature of the magnetic field, n̂ is the unit normal pointing

toward the center of curvature, and
dv

dt
is the total derivative of the plasma velocity. Using vector identities

and Ampère’s law, equation (1) takes the form

j⊥ =
𝜌mB ×

dv

dt

B2
. (2)

Applied to the SW-magnetosphere system, j⊥ represents the magnetopause current density normal to

the magnetic field resulting from the combined effect of the two terms on the right side in equation (1).

MHD modeling of magnetospheric current systems [e.g., Siscoe et al., 2000; Tanaka, 2000; Guo et al., 2008]

indicates that the Region 1 currents enclosing the polar cap [Iijima and Potemra, 1978] indeed seem to be

generated on the high-latitude magnetopause as perpendicular currents, as earlier suggested by e.g. Siscoe

et al. [1991] in their Figure 1. This is conceptually indicated in Figures 8c and 8d where the Earth is viewed

from the tail. Taking into account the possible change of magnetic tension force on the open field lines due

to an IMF Bx component, this could alter the magnitude of the first term on the right side in equation (1) and

hence affect j. For negative IMF Bx (Figure 8a) open field lines on the nightside are conceptually believed to

experience a stronger magnetic tension force in the Northern Hemisphere. This can eventually increase j in

the Northern Hemisphere relative to the Southern Hemisphere according to equation (1). For positive IMF

Bx it will be the other way around as shown in Figure 8b by the black arrows going into the paper. For the

REISTAD ET AL. ©2014. The Authors. 9
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suggested generation of Region 1 currents at the magnetopause [Siscoe et al., 1991, 2000; Tanaka, 2000; Guo

et al., 2008], this asymmetric influence on j due to IMF Bx could affect the Region 1 currents differently in the

two hemispheres. This is illustrated for both IMF Bx cases in Figures 8c and 8d by the different thickness of

the lines in the two hemispheres.

The observations presented in Figure 2 are consistent with an enhanced SW dynamo in the Northern Hemi-

sphere during IMF Bx negative as illustrated in Figures 8a and 8c. The signature is also in the poleward half

of the normalized oval, consistent with the Region 1 current location. The observations presented from the

Southern Hemisphere in Figure 3 are also in agreement with this idea, suggesting an enhanced SW dynamo

in the Southern Hemisphere during positive IMF Bx . To the best of our knowledge, this is the first statistical

observational study indicating that IMF Bx can modify the energy conversion between the SW and the mag-

netosphere differently in the two hemispheres in a general sense, and although the average effect is found

to be small the accumulative effect may be important. The |IMF Bx| > 2 nT criterion is in fact met 73% of the

time during IMF Bz < 0 conditions in the period 2000–2005.

The asymmetric SW dynamo has been suggested as a possible explanation for asymmetric aurora in earlier

case studies [Laundal and Østgaard, 2009; Reistad et al., 2013] but has not been mentioned in earlier statis-

tical studies of aurora with regard to IMF Bx [Liou et al., 1998; Shue et al., 2002; Baker et al., 2003]. However,

the IMF Bx asymmetries found in the Northern Hemisphere in these previous statistical studies are consis-

tent with our results, being generally stronger aurora in the Northern Hemisphere for negative IMF Bx . These

results are therefore also consistent with what we would expect from increased SW dynamo action in the

Northern Hemisphere during negative IMF Bx .

We emphasize that the observations and interpretation presented here are only indirect evidence of the

influence of an asymmetric SW dynamo on auroral brightness. A more direct investigation during carefully

selected intervals may give more insight into the importance of the IMF Bx on SW dynamo efficiency.

5. Conclusion

We have shown median auroral intensity maps from the dusk sector in both hemispheres during nega-

tive IMF Bz and dominating IMF Bx over By conditions. We have found that in the Northern Hemisphere the

aurora is brighter in the 15–19 MLT sector during IMF Bx negative conditions. This asymmetry is most evident

in the poleward half of the indicated oval. In the Southern Hemisphere we observe an opposite behavior

where the aurora in the 16–20 MLT sector is brighter during IMF Bx positive conditions. In both hemispheres

the two auroral distributions are significantly different with a 95% significance level within most of the

indicated regions. Our results are consistent with an increased SW dynamo efficiency in the Northern Hemi-

sphere for negative IMF Bx and in the Southern Hemisphere for positive IMF Bx . The possible modulation of

SW dynamo efficiency between the hemispheres due to IMF Bx has only been suggested in earlier case stud-

ies. This is the first statistical study of observations from both hemispheres indicating that this mechanism is

likely to produce general differences in auroral brightness. Although the asymmetries are weak in a general

sense, the accumulative effect may be important in the total energy budget as |IMF Bx| > 2 nT is a common

condition in the SW.
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Abstract We used the Lyon-Fedder-Mobarry global magnetohydrodynamics model to study the effects

of the interplanetary magnetic field (IMF) By component on the coupling between the solar wind and

magnetosphere-ionosphere system. When the IMF reconnects with the terrestrial magnetic field with IMF

By ≠ 0, flux transport is asymmetrically distributed between the two hemispheres. We describe how By
is induced in the closed magnetosphere on both the dayside and nightside and present the governing

equations. The magnetosphere imposes asymmetric forces on the ionosphere, and the effects on the

ionospheric flow are characterized by distorted convection cell patterns, often referred to as “banana”

and “orange” cell patterns. The flux asymmetrically added to the lobes results in a nonuniform induced By
in the closed magnetosphere. By including the dynamics of the system, we introduce a mechanism that

predicts asymmetric Birkeland currents at conjugate foot points. Asymmetric Birkeland currents are created

as a consequence of y directed tension contained in the return flow. Associated with these currents,

we expect fast localized ionospheric azimuthal flows present in one hemisphere but not necessarily in

the other. We also present current density measurements from Active Magnetosphere and Planetary

Electrodynamics Response Experiment that are consistent with this picture. We argue that the induced

By produces asymmetrical Birkeland currents as a consequence of asymmetric stress balance between

the hemispheres. Such an asymmetry will also lead to asymmetrical foot points and asymmetries in the

azimuthal flow in the ionosphere. These phenomena should therefore be treated in a unified way.

1. Introduction

The large-scale dynamics and morphology of the magnetosphere are primarily driven by dayside reconnec-

tion between the geomagnetic field and the interplanetary magnetic field (IMF) embedded in the solar wind.

Dungey [1961] postulated that during southward directed IMF, reconnection would occur on the dayside,

merging the terrestrial and the IMF and transferring magnetic flux from the dayside to the nightside. In the

magnetotail, open flux transported from the dayside merges again and constitutes a second reconnection

region. The cycle is completed when the flux is convected back to the dayside by the return flow. For purely

southward directed IMF thismechanism can be assumed to produce symmetric ionospheric convection flows

and a near-symmetric configuration in the magnetosphere between the northern and southern lobes.

The solar wind’s IMF By component is believed to be the cause of a number of asymmetric features in both the

magnetosphere and ionosphere [e.g.,Walsh et al., 2014]. In the presence of an IMF By component the location

of the dayside reconnection site on the magnetopause changes (see Figures 1a and 1b or, e.g., Wing et al.

[1995]). Park et al. [2006] found that for a finite IMF By , the dayside reconnection site moves from the subsolar

point, toward high-latitude flanks, and concluded that antiparallel reconnection is dominant over component

reconnection for such conditions, illustrated in Figures 1a and 1b. Also, reconnection nowproduces field lines

which no longer convect in a purely antisunward direction but are instead deflected toward the dusk and

dawn by the magnetic tension [Cowley, 1981]. This additional azimuthal flow on the dayside is added to the

antisunward flow produced by the solar wind flow carrying open magnetic field lines.
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Figure 1. (a) Conceptual sketch of IMF (black lines) reconnection with the geomagnetic field (blue lines) when the IMF

has a 135∘ clock angle. The figure serves as an illustration of the topology in the presence of IMF By . We assume purely

antiparallel reconnection [Park et al., 2006]. Reconnection produces field lines which no longer convect in a purely

antisunward direction; instead, they are deflected toward the dusk and dawn by the magnetic tension. (b) Reconnection

geometry altered by induced By on the closed dayside field lines. (c) Asymmetric entry of magnetic flux in the lobes

during positive IMF By conditions [Khurana et al., 1996; Liou and Newell, 2010].

In the ionosphere the original two cells are distorted into “banana”-shaped and “orange”-shaped convection

regions. For positive By conditions a banana-shaped convection cell is observed in the dawn region and a

rounder orange-shaped cell in the dusk region in the Northern Hemisphere. For negative By this is reversed.

The convection pattern in the Southern Hemisphere is essentially amirror image of the Northern Hemisphere

with respect to the noon-midnightmeridian [Cowley, 1981; Provanetal., 2009; Kabin et al., 2003]. The influence

of IMF sector structure on the magnetic disturbances in the ionosphere was first shown by Svalgaard [1968]

and Mansurov [1969]. Later, Friis-Christensen et al. [1972] attributed the observed behavior to the effect of

IMF By .

Inside the closed magnetosphere a y component (or dawn/dusk) of the magnetic field arises, with the same

direction as the component in the solar wind. What is often expressed as “penetration” of IMF By is a mislead-

ing term [e.g., Kozlovsky, 2003; Petrukovich, 2011]. Instead, we suggest to call it an induced By [e.g., Khurana

et al., 1996]. The term induced is used to explain the mechanism and processes leading to the By component

inside the closed magnetosphere. A physical process such as dayside magnetic reconnection is needed to

have the external By mapped into the system. Through plasma interactions (asymmetric lobe pressure and

flux transport) a By component of the same sign as the external field is induced in the closedmagnetosphere.

By calling it induced we imply that it is not simply a result of vacuum superposition, where the magnitude in

different regions is determined by the amount of “shielding” from the IMF By related penetration electric field,

as often seen in the literature [e.g., Kullen and Blomberg, 1996; Walker et al., 1999; Kozlovsky, 2003]. Hau and

Erickson [1995] explained the asymmetric velocity vy in the magnetosphere as due to a north-south electric

field component in the solar wind which “penetrates” the tail, thereby causing the flow. The electric field has

no power of penetration to drive themotion of the plasma; thus, an externally imposed electric field is unable

to “penetrate” into the plasma [Parker, 1996; Song and Vasyliunas, 2011; Vasyliunas, 2012].

How By arises in the closedmagnetosphere and the consequences are still debated. To our knowledge Cowley

[1981] was the first to suggest that the post-reconnected field lines on the dayside were added preferen-

tially to different magnetospheric regions (e.g., northern dawn and southern dusk for IMF By > 0). Whether

By on closed field lines follows from the reconnection process in the magnetotail [Hau and Erickson, 1995;

Cowley, 1981; Stenbaek-Nielsen and Otto, 1997; Østgaard et al., 2004] or if the asymmetric loading of open

flux also influences closed field lines [Khurana et al., 1996] is still debated. Khurana et al. [1996] suggested

that through asymmetric loading of flux into the different magnetospheric lobes, the shear flow (y directed)
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between northern and southern halves of the plasma sheet could generate a By component on closed field

lines (see Figure 1c).

A relationship between interplanetarymagnetic field (IMF) By and an induced By component in differentmag-

netospheric regions has been established statistically [Fairfield, 1979; Cowley and Hughes, 1983; Lui, 1984;

Kaymaz et al., 1994; Cao et al., 2014; Stenbaek-Nielsen andOtto, 1997;Wing et al., 1995; Petrukovich et al., 2005]

and shows that the induced By is not distributed uniformly in the closed magnetosphere. Wing et al. [1995]

found that a fraction of the IMF By component appeared at all local times but stressed that it was strongest

near local noon and midnight. Kaymaz et al. [1994] showed that the induced By can be as large as 35% of the

IMF By at the flanks, compared to 26% at the central portion of the plasma sheet. Stenbaek-Nielsen and Otto

[1997] argued that during the evolution of a flux tubemoving from the tail toward the Earth, fluxwill be accu-

mulated (pileup) and thereby generate a region of enhanced By . We note that the asymmetries exist on both

open and closed field lines.

The effects of the induced By have been extensively studied. The substorm onset location [Liou and Newell,

2010; Liou et al., 2001; Østgaard et al., 2011a] has been found to exhibit a longitudinal dependence on

the presence of IMF By . A number of auroral studies have shown that there are systematic displacements

and intensity differences [e.g., Reistad et al., 2014; Cowley, 1981] in the aurora in the two hemispheres. The

longitudinal displacement of aurora between the two hemispheres has been shown to correlate with IMF

By [see Østgaard et al., 2007, and references therein]. It is now generally accepted that aurora is a manifes-

tation of Birkeland (field-aligned) currents [Strangeway, 2012]. Based on concurrent observations of the IMF

orientation, Stenbaek-NielsenandOtto [1997] haveproposedamechanism forhow IMFBy cangive rise to inter-

hemispheric currents between the two hemispheres. We present and discuss their mechanism in section 3.

Østgaard and Laundal [2012] proposed that this mechanism could explain some of the nonconjugate auroral

observations.

Milan [2015] has previously discussed the contributions of magnetic tension forces and asymmetri-

cal loading of the lobes with new open flux to produce dawn-dusk asymmetries in flows in the

magnetosphere-ionosphere system; the current paper investigates these influences fromamathematical and

modeling perspective. Our motivation for the present work is to address how the presence of IMF By changes

the dynamics and configuration in the magnetosphere. Furthermore, we investigate the consequences that

follow in terms of induced By , asymmetric Birkeland currents, and associated convection patterns. We believe

that these asymmetric azimuthal flows in both the dayside and nightside should be accompanied with

nonconjugate aurora.

The paper is organized as follows: section 2 gives a theoretical background of the forces responsible for the

evolution of By and vy and their interdependency. Section 3 describes how IMF By induces By on closed field

lines in the magnetosphere. We show how the forces are distributed and describe which forces are domi-

nating in the different regions. We also discuss how convection cell patterns are modulated by the presence

of IMF By . Results from our magnetohydrodynamics (MHD) model run are related to the equations intro-

duced in section 2. In section 4 we introduce a mechanism that predicts asymmetric Birkeland currents on

the same field line and argue that these are pairs of Birkeland currents instead of “interhemispheric” currents.

In section 5 we present statistical data from Active Magnetosphere and Planetary Electrodynamics Response

Experiment (AMPERE) and compare it to expected signatures from our mechanism. In section 6 we dis-

cuss the response time of the nightside magnetosphere with respect to the arrival of IMF By at the dayside

magnetopause.

2. Theoretical Background

In this sectionwe describe the governingMHD equations relevant for understanding how By is induced in the

magnetosphere.

MHD can be expressed by a set of coupled interdependent dynamical equations. We use the momentum

equation to determine how the forces can affect the flow and show how asymmetric transport of flux leads

to an induced By . This induced By can again of course affect the flow, as the momentum equation is coupled

with the induction equation. Apart from energy dissipation through Ohmic heating, magnetic stress remains

stored in the system in the form of magnetic energy. The induced By in the magnetosphere can therefore be
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explained as a simple shovingmatch between stresses. Themomentumequation can bewritten as [cf. Parker,

1996, 2007]

𝜌
dvi

dt
=

𝜕

𝜕xj
Mij −

𝜕

𝜕xj
Pij

=
1

𝜇0

(
𝜕

𝜕xj
(BiBj) −

1

2
𝛿ij

𝜕

𝜕xj
B2
)
−

𝜕

𝜕xj
Pij

(1)

whereMij , Pij , 𝜌, and v are the Maxwell stress tensor, pressure tensor, mass density, and velocity, respectively.

The induced By in the magnetosphere can be understood in terms of the magnetic forces acting on plasma.

In the following equations we consider how themagnetic field and the flow aremodulated in the y direction.

We focus on the y components since the additional forcing arising from IMF By acts primarily in this direction.

The evolution of vy , considering electromagnetic forces alone, is (assuming that the plasma pressure in the

lobes is negligible)

𝜌
dvy

dt
=

1

𝜇0

(
Bx

𝜕

𝜕x
+ Bz

𝜕

𝜕z

)
By −

1

2𝜇0

𝜕

𝜕y

(
B2
x
+ B2

z

)
(2)

Mij has been expanded to four terms, the two first terms describe the tension along the field lines, and the

two last magnetic pressure. The tension is related to the field line curvature: T⃗ =
𝜕

𝜕xj
(BiBj) = B2

n̂

RC
, where

RC is the radius of curvature of the field line and n̂ is unit vector pointing away from the center of curvature.

For self-consistency we also need an equation to determine the evolution of the magnetic field, found by

combining the Maxwell-Faraday equation with the conservation of mass:

dB⃗

dt
= (B⃗ ⋅ ∇)v⃗ +

B⃗

𝜌

d𝜌

dt
(3)

where we have used E⃗ = −v⃗ × B⃗ and the convective derivative is defined as
d

dt
=

𝜕

𝜕t
+ v⃗ ⋅∇. The y component

of equation (3) can be expressed as

dBy

dt
=

(
Bx

𝜕

𝜕x
+ By

𝜕

𝜕y
+ Bz

𝜕

𝜕z

)
vy +

By

𝜌

d𝜌

dt
(4)

The three first terms on the right-hand side describe how vy can change the magnetic field over time. These

terms dominate when the assumption of incompressible flow holds. The assumption should be valid as long

as density gradients are small (uniform flow) and the driving of the system can be considered steady (steady

flow). We consider these terms to dominate in the outer magnetosphere [Escoubet et al., 1997; Laakso et al.,

2002]. Considering regionswhere By has not yet been induced, the second term is negligible. In these regions,

the induced By is attributed to the three remaining terms. The shear flow (flow induced by a force), vy , is

determined by equation (1).

The fourth term tells us that the change of B can be caused by compressing or expanding the plasma [Hau

and Erickson, 1995]. This term becomes important in the inner magnetosphere. This can be used to explain

what is called “pileup” of magnetic flux. As a magnetic field line is convected closer to Earth from the tail,

themass density increases with themagnetic field strength. Stenbaek-Nielsen andOtto [1997] suggested that

since the magnetic field strength increases as the field lines convect earthward, and consequently also its By
component, an interhemispheric current would arise due to the gradient in the x direction of the By . However,

we will argue that this is not correct.

3. Generation of By in the Magnetosphere

In this section we present results from the Lyon-Fedder-Mobarry (LFM) [Lyon et al., 2004; Merkin and Lyon,

2010] global MHD model. We interpret the results in terms of the forces acting to produce a By component

in the magnetosphere and relate them to the equations introduced in section 2. The LFM model provides

a self-consistent model of the global magnetosphere. Even though the model is based on the equations

of ideal MHD, it has proven to be an extremely useful tool for studying the large-scale dynamics of the

magnetospheric system [Ridley et al., 2010]. Due to the lack of resistivity, magnetic reconnection does not

exist in ideal MHD. Instead, diffusion is introduced by numerical effects, which comes about when magnetic

field gradient scale length approaches the computational grid size [Lyon et al., 2004; Ouellette et al., 2010].

The model has several limitations, especially in the inner magnetosphere and in the self-consistency of the

magnetosphere-ionosphere coupling [see Ridley et al., 2010; Tu et al., 2014].
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Figure 2. The evolution of a field line from the solar wind to the nightside reconnection region, (a) seen from the Sun

and (b) down on the Northern Hemisphere. The color bar represents time with 30 s between each field line. Immediately

after dayside reconnection, the field lines are forced dawnward by the tension (equation (2) and Figures 1a and 1b).

After about 20 min the field is forced duskward by the accumulated pressure in the northern dawn lobe (Figure 1c).

(c) The flux transport in the y direction, (v⟂B)y . The three vertical lines are colored in accord with the time code: blue,

green, and red (shown as bold colored lines in Figures 1a and 1b) represent positions during the trace, for visualizing

purpose only. The first 20 min the flux transport is directed dawnward, corresponding to the tension, followed by

duskward transport due to pressure.

The solar wind conditions during the model run are BZ = −10 nT and VX = −400 km/s with zero dipole tilt.

The IMF By is zero on the first 30 min of the run, followed by By = 10 nT on the remaining 2.5 h. Start time

(t = 0) is defined as the time IMF By arrives at the dayside magnetopause. The data have been produced by

Community Coordinated Modeling Center (CCMC) and are available as run number Paul-Tenfjord-032514-1.

We trace field lines as they evolve in time by using their perpendicular velocity at some initial time to calculate

the location of the field line 30 s later. We also project the foot points of the field lines, by tracing the field

lines to 3 RE (model constraint) radius and use simple dipole mapping from this altitude. We acknowledge

that the method relies on the field not departing from a dipole configuration between the surface and the

3 RE altitude. We use the method to quantify the asymmetry of the foot points, defined to be the deviation

(in ΔMLT) from a purely symmetric configuration. The deviation can be both latitudinal and longitudinal; we

focus on the latter, often associated with IMF By . We discuss the dayside and the nightside separately.

3.1. By on the Dayside

In Figures 2a and 2b we follow a field line in the Northern Hemisphere from the solar wind to the nightside as

it evolves over time. The colors indicate time, with 30 s between each field line. Figure 2a shows the field lines

in the Y-Z plane. The solar wind approaches the magnetopause with a clock angle of 135∘.

After dayside reconnection the solar wind plasma carries open magnetic field lines with it, while the foot

points of these field lines remain anchored to the Earth. The transverse momentum from the solar wind flow

is transmitted to the foot points such that they eventually move laterally.

Due to IMF By , there exists an additional tension in the field line just after the dayside reconnection. The ten-

sion (related to the field line curvature: T⃗ =
𝜕

𝜕xj
(BiBj) = B2

n̂

RC
; see equation (2)) is directed dawnward in the

Northern Hemisphere (
dvy

dt
< 0) and duskward in the Southern Hemisphere as shown in Figures 1a and 1b.

Figure 2b shows the view in the Y-X plane. Due to the reconnection geometry of the terrestrial magnetic field,

the tension is stronger on the dusk side compared to the dawn side in the Northern Hemisphere (Figures 1a

and 1b). The tension term of equation (2) dominates over the pressure term. Immediately after dayside recon-

nection, the tension along x changes vy as described by the momentum equation (for Northern Hemisphere:

Bx
𝜕By

𝜕x
< 0, first term in equation (2)).

Figure 2c shows flux transport in the y direction along the arc length of each of the field lines. The tension

acts on the newly reconnected open field lines on the dayside at about ∼10 RE (arc length) during the first

8 min, seen in purple in Figure 2c. The part of the field lines outside the magnetosphere is not affected

(top left). This purple region extends earthward; this is the tension propagating along the field line earthward

TENFJORD ET AL. IMPACT OF IMF BY 9372



110

Paper III: How the IMF By induces a By component in the closed magnetosphere and

how it leads to asym. currents and convection patterns in the two hemispheres

Journal of Geophysical Research: Space Physics 10.1002/2015JA021579

Figure 3. Magnetic pressure projected on a half sphere of size R = 8 RE , so that the center is at X = 8 RE , but the

outmost values are at X = 0 RE . (a) Magnetic pressure 5 min prior to IMF By = 10 nT. (b) Ten minutes after IMF By arrived

at magnetopause.

accelerating the plasma in the dawn direction. This Maxwell stress exerted on the ionosphere eventually

moves the ionospheric foot points in the dawnward direction, seen as purple between 5 and 20 min.

After about 10min, themagnetospheric part of thefield line (arc lengthbetween10and15RE) starts to experi-

ence the enhanced pressure in the northern lobe. Themagnetic pressure in the lobes is a result of asymmetric

loading of flux. The region of enhanced pressure is confined by the constant external stresses applied by the

magnetosheath flow against the magnetopause, essentially maintaining a circular cross section of the mag-

netotail. This localized region of enhanced pressure (seen in green at about 10 min in Figure 2c) will start to

force themagnetospheric plasma in the dusk direction ((v
⟂
B)y > 0). This transversemomentum is transmitted

to the ionosphere, forcing the ionospheric foot points in the dusk direction after about 25min. The field lines

are now forced duskward and at the same time converge toward the neutral sheet (see Figure 1c). Eventually,

they will reconnect with the approaching field lines from the southern lobes. The vertical colored lines in

Figure 2c are added for visualization purpose only, and they represent the three field lines with larger line

width in Figures 2a and 2b.

Figure 3 shows themagnetic pressure presentedon ahalf spherewith radius 8RE looking from the Sun toward

Earth. Figure 3a shows that the pressure distribution 5 min prior to IMF By has been introduced to the MHD

model. Figure 3b shows that the configuration 10min after IMF By = 10 nT. Figure 3b suggests that more flux

is eroded from the northern dusk and southern dawn high-latitude regions and added asymmetrically to the

northern dawn and southern dusk, respectively. The enhanced pressure in the northern dawn and southern

duskwill also displace the existing closed field lines in the region. In the northern dawn and southern dusk the

closed field lines will be compressed equatorward. The northern dusk and southern dawn are not affected.

This asymmetric forcingwill induce a latitudinal asymmetry in the foot points, as already noted in Cowley et al.

[1991] (see their Figure 2). Also associated with these asymmetric forces are the twisting of the dayside field

lines, which is analogous to an induced By . We agree with the conclusion ofWing et al. [1995] that the erosion

of magnetic flux at the high-latitude flanks on the dayside, combined with the newly opened flux added to

the dawn (for Northern Hemisphere, see Figure 3), will induce a By on the dayside. This in turn affects the

dayside reconnection by changing the reconnection geometry. The altered reconnection geometry is shown

in Figure 1b. The IMF reconnects with a twisted terrestrial field, causing an even greater tension on the newly

reconnected field lines; see Figure 1b.

To summarize the effect of a positive IMF By component on the dayside, the field lines are forced both dawn-

ward (by the tension) and at the same time tailward by the solar wind. Considerably more flux is added to the

dawn side of the noon-midnightmeridian compared to the dusk side in theNorthern Hemisphere. The closed

field lines on the dayside get twisted by the combination of erosion of flux at high-latitude flanks and by the

increase of magnetic pressure in the northern dawn and southern dusk. The induced By on the dayside has

the same sign as the IMF as sketched in Figure 1b and shown by Burch et al. [1985].
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Figure 4. Illustration of a field line as it evolves over time from dayside reconnection (1), convection in the lobe (2–5),

nightside reconnection (6), and earthward convection (7) (return flow) on dawn cell. Our starting point of the trace is the

field line at (6); from this approximate reconnection site we trace backward in time (1–5) and forward in (6–7). Colors

represent time. It takes approximately 45 min from dayside reconnection until the field reconnects again in the

magnetotail. From the start of the return flow, we follow the field lines about 50 min until the foot points become

symmetric again.

3.2. Nightside By

After this first phase, approximately after thefield linehas crossed the terminator plane, themagnetic pressure

terms in equation (2) dominate (see Figure 2). In this secondphase, the accumulated flux in the northern dawn

and southern dusk dominates the evolution of vy . For simplicity we can assume that all the y directed stress

after the dayside reconnection is stored in the system as magnetic pressure (under the assumptions that the

tension is removed in the passage from the dayside to the lobe, themagnetospheric pressure is confined and

Joule heating is negligible).

The region of enhanced magnetic flux in the northern dawn and southern dusk is localized close to the ter-

minator plane. The magnetic pressure localized in this region immediately forces both the incoming field

lines and the surrounding field lines to move. The accelerated plasma will extend spatially as a direct result

of the magnetosphere’s attempt to restore pressure balance. The distribution of induced By in the magneto-

tail (and on the dayside) is a consequence of magnetic pressure accelerating the plasma. Even though it may

appear that the asymmetric magnetic pressure is distributed far downtail, it is, in fact, the accelerated plasma

that extends, inducing By as the plasma propagates. The magnetic field is transported with the plasma in the

dusk (north) and dawn directions (south) in the magnetotail for IMF By > 0. At the same time the flux tubes

are convected toward the neutral sheet. This means that the plasma propagates toward the neutral sheet at

some angle (see Figures 4 and 1c). As this compression extends, it also affects the surrounding closed field

lines, thereby inducing a By in the tail, independently of a reconnection process. This has previously been

suggested by Khurana et al. [1996], as shown in Figure 1c. By the same arguments, this is also how the dayside
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Figure 5. Corresponding foot points for Figure 5. Filled circles

represent foot points in Northern Hemisphere and asterisk (∗)

for Southern Hemisphere. The two black stars mark the time

step when field lines go from open to close. The colors follow

the colors in Figure 4. The flow (evolution of the foot point) in

the north coincides with the crescent-shaped banana

convection cell and is forced further toward dusk compared to

the southern foot point. Eventually, as the foot points are forced

toward lower latitudes (magnetospheric flow earthward), the

northern foot points catch up with the southern foot points and

they continue their convection toward the dawn-dusk meridian

with symmetric foot points.

induced By arises. We also note that since the

dayside field lines are twisted, the increased ten-

sion of the newly reconnected field lines results

in an even greater magnetic pressure added to

the lobes (see Figure 1b).

In Figure 4 we show the evolution of a newly

reconnected field line (6) in the magnetotail

viewed from the tail and rotated slightly toward

dusk. From this approximate reconnection point

we trace both backward and forward in time.

Following the field lines backward in time (1–6),

we trace them to the approximate same field

line in the solar wind. However, we note that

the convection over the Southern and Northern

Hemispheres does not take the exact same

amount of time, and we can therefore not claim

that it is the same field line. Tracing forward in

time (6–7), we observe an earthward and dawn-

ward convection.

In Figure 5 we present the projected foot points

of the field lines in Figure 4. An asterisk (∗) rep-

resents the foot points in Southern Hemisphere

and filled circles the Northern Hemisphere.

As mentioned the field lines start off at the

approximate same field line in the solar wind.

The foot points on the dayside after reconnec-

tion in Northern and Southern Hemispheres

have asymmetric positions of∼2 h (12 h and 10 hmagnetic local time (MLT), respectively), which is a signature

of the twisted daysidemagnetic field. Immediately after dayside reconnection, the foot point in the Northern

Hemisphere convects dawnward, while the foot point in the Southern Hemisphere moves duskward. After

about 25min (see Figure 2c) the northern foot pointmoves in the duskward direction; directions are reversed

in the Southern Hemisphere. As the field lines approach the neutral sheet (4–5 in Figure 4), at the angle

dictated by the pressure distribution, the field lines reconnect. In Figure 5 the two black markers (∼78∘

latitude) show the position of the start of the trace, which is a newly reconnected field line (6 in Figure 4).

They reconnect with asymmetric foot points. As they dipolarize and convect earthward (6–7 in Figure 4), the

asymmetry increases, which is due to the distribution of the pressure forces. Eventually, the flux tubes are

forced either dawnward or duskward by the plasma and magnetic pressure forces surrounding the Earth.

As the flux tube starts to convect dawnward (green colormarkers), the foot point in the Northern Hemisphere

is around 0 MLT, while the southern foot point is at 1 MLT. As time evolves, the foot points become more

symmetric again, meaning that the azimuthal flow in the north has caught up with azimuthal flow in the

Southern Hemisphere. Asymmetric azimuthal flows represent the large-scale rectifying of a twisted flux tube,

which necessarily need to be accompanied by asymmetric Birkeland currents. In the next section, we will

discuss how these differences in azimuthal flow relate to Birkeland currents on conjugate field lines.

Before we summarize the effects of IMF By on the nightside, the following question arises: how does recon-

nection manipulate the system, and which field lines actually reconnect? As shown above it is the force

balance in the magnetosphere that dictates where the field lines from the different lobes converge. That

is, the pressure distribution in the tail determines the direction in which the flow approaches the neutral

sheet. As shown in Figure 5 the global MHD model suggests that they do indeed reconnect with asymmet-

ric foot points. We acknowledge the uncertainty in both the location, tracing and of the model, in general,

regarding details. There are uncertainties in the diagnostic methods which are very difficult to quantify; for

instance, small errors may link two different field lines in the tracing procedure [Song and Vasyliūnas, 2010].

The errors could also accumulate along the trace resulting in a large uncertainty. This is especially important in

reconnection regions where the topology rapidly changes. Even though not able to quantify the uncertainty,
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Figure 6. A flux tube on closed field lines with asymmetric foot points convecting on the dawn convection cell during

IMF By > 0 conditions. (a–c) Pressure, tension, and asymmetric foot points into the dawn cell. (a′ and b′) The associated

current systems seen from dusk. Figure 6a shows closed field line in midtail region around X ∼ −17 RE experiencing the

asymmetric pressure from the lobes ∇Pmag which is balanced by the tension T⃗ . Figure 6a′ shows currents closed locally.

Figure 6b shows that field line convects earthward and is affected by the pressure (plasma and magnetic) surrounding

Earth ∇P0. Now the forces do not balance. In the Northern Hemisphere these forces point in the same direction. Hence,

most of the stress is transmitted into this hemisphere, and the northern foot point will catch up with the southern

counterpart to restore symmetry. Figure 6b′ shows a stronger current system deposited into the Northern Hemisphere,

compared to the Southern Hemisphere. Figure 6c shows the Northern Hemisphere catching up with the southern foot

point, making them symmetric. (d) View from magnetotail toward the Sun and shows the relaxation of the field line

from Figures 6b to 6c.

we are confident that foot points in Figure 5 describe the behavior properly for the following reasons:

(1) the evolution of the foot points is smooth and consistent. (2) Retracing the field lines after a small change in

the location and a temporal shift reveals a comparable pattern. Nevertheless, our main point is the role of the

pressure distribution, forcing the flux tubes in the y direction asymmetrically between the lobes. We interpret

the morphology of reconnected field lines as a consequence of these asymmetric forces. We emphasize that

the newly reconnected flux tube will continue to experience these forces, and in addition, the magnetic field

strength increases as the field line dipolarize according to equation (4). This means that closed field lines

present before IMF By arrived will also have an induced By independently of tail reconnection. In the next

section we discuss this more thoroughly, including the resulting Birkeland currents.

3.3. Ionospheric Convection

In this section we review the consequences of the above asymmetric magnetospheric forcing for the prop-

erties of flows in the ionosphere. An illustration of the convection patterns for Northern and Southern

Hemispheres is shown in Figure 6a for IMF By > 0. In the presence of IMF By the normal two-cell convec-

tion pattern is modified into what is known as banana and orange cells [Heppner, 1972; Mozer et al., 1974;

Heppner and Maynard, 1987; Cowley et al., 1991; Haaland et al., 2007; Grocott and Milan, 2014]. A crescent

banana convection cell is seen on the dawn cell in the Northern Hemisphere, while the convection cell on

the dusk side has a more rounded orange shape (opposite for Southern Hemisphere). The banana-shaped

convection cell can extend into the premidnight and postnoon regions (see Figure 6a and Figure 5).
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The shape of convection cells is determined by the imposed force from the magnetosphere. On the dayside

the tension on the newly opened field lines is forced dawnward in the Northern Hemisphere and southward

in the Southern Hemisphere; see red arrows in Figure 6a. The associated J⃗ × B⃗ force is transmitted down to

the ionosphere accelerating the ionospheric plasma in the direction dictated by the imposed force, resulting

in the crescent dawn cell and rounded dusk cell in the Northern Hemisphere. On the nightside it is the pres-

sure distribution in the lobes that forces the ionospheric convection duskward. When we follow a field line

from the nightside reconnection region as it convects toward Earth, the pressure (∇P0-plasma plusmagnetic)

surrounding Earthwill force the field line to convect either on the dawn cell or the dusk cell. In the next section

we discuss the associated current system required when the flow proceeds on a banana cell in the Northern

Hemisphere and on an orange cell in the Southern Hemisphere. This corresponds to the dawn cell for IMF

By > 0.

Finally, we notice that we have considered dayside reconnection alone as the source of the asymmetric pres-

sure distribution in themagnetosphere, which in turn induces By . In fact, there are othermechanisms that can

produce By , such as warping of the plasma sheet [Russel, 1972; Tsyganenko, 1998; Liou andNewell, 2010], lobe

reconnection, magnetotail twisting, and tilt effects [Petrukovich et al., 2005; Petrukovich, 2011]. Also, we have

not included nor discussed any consequences of ionospheric properties such as conductivity, conductivity

gradients, and/or other ion-neutral interactions. We note that the effects of these processes may amplify or

mitigate the signatures of the mechanisms.

4. Generation of Birkeland Currents Due To By

In this section we discuss the asymmetric Birkeland currents on the nightside, arising as a consequence of

an induced By component in the magnetosphere. By definition, Birkeland currents transmit the transverse

momentum (i.e., magnetic tangential stress) and energy from the source region to the region of dissipation,

along magnetic field lines [Iijima, 2000].

That is, the Birkeland currents are a consequence of perpendicular (to B) perturbations along the magnetic

field lines. The closure current (Pedersen current) is at thewavefront of the associatedAlfvènwave. The electric

current is a result of the interplay of the forces in themomentum equation. Since the associated electric fields

and current play no role in the dynamics (they are created anddriven by the varying B and v [Parker, 2007]), we

argue that the ionospheric signatures are better understood in terms of forces and flows. For this reason it is

reasonable to discuss the force balance in context of the Birkeland currents. The Birkeland currents transport

the tangential stress from the source in the tail, which is a result of asymmetric loading of flux.

4.1. Asymmetric Birkeland Currents

We now present a framework in which we predict asymmetric Birkeland currents as a result of induced By .

In Figures 6a–6c we show a conceptual illustration of a field line in the magnetotail at different stages of its

evolution. We consider a field line that convects along the dawn cell.

In this illustration By is defined as finite and positive inside the boxes (Figures 6a
′ and 6b′) and zero elsewhere.

The gradients of By along the x direction are clearly defined as step functions at the boundaries, and the

resulting Birkeland currents (violet arrows) are represented as infinitesimally thin sheets (Figures 6a′ and 6b′).

In reality the limits of the perturbation are not so impulse like and distributed over a larger area.

Figures 6a and 6a′ show a closed, midtail field line in the magnetotail region. The asymmetric loading of flux

to the lobes exerts an asymmetric pressure on the field line, directed duskward in the northern lobe, and

dawnward in the southern lobe. The foot points of the field line are asymmetric. The field line is twisted by

the magnetic pressure. An opposing tension acts to balance the magnetic pressure −∇Pmag (Figure 6a and

equation (2)). These forces could, in general, balance, resulting in a force-free configuration. The current sys-

tem of such an equilibrium is shown in Figure 6a′. In this situation, the current system is locally closed, the

perturbation is not propagating, and currents are dissipationless. In the midtail region, the closed field lines

are highly nondipolar; magnetic tension forces the field lines earthward; see Figures 6b and 6b′. Due to the

finite extent of the magnetic pressure distribution in the lobes, the force acting on the flux tube is now dom-

inated by the combined magnetic and particle pressure surrounding Earth, −∇P0. This force acts radially

outward from Earth. The twisted field line can now start to relax. In Figure 6b,−∇P0 is directed parallel to the

tension in the northern lobes and antiparallel to the tension in the southern lobe. The current system for this

situation is shown in Figure 6b′. Thenorthernpart of thefield linedeposits themajority of the tension stored in
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the flux tube to the Northern Hemisphere, since−∇P0 and the tension T⃗ act in the same direction (Figure 6b).

The current system propagating down to the northern ionosphere is therefore larger than in the Southern

Hemisphere. We stress that the current systems illustrated here are isolated from the “normal-” driven Region

1 (R1) and Region 2 (R2) systems. If the current system belonging to Figure 6b were to be superimposed with

the return flow-generated R1 andR2 currents, the resultwould be two current systemswith equal (symmetric)

direction but with different magnitude. Figure 6c shows the situation when the flux tube has relaxed and the

foot points are again symmetric. In this configuration the foot point in the Northern Hemisphere has moved

faster to catch up with the foot point in the south. That is because the magnetosphere imposed a stronger

flow dawnward in the northern lobe (as we showed in Figure 5), resulting in a stronger Pedersen current to

propagate downwhich in turn accelerates the ionospheric plasma. The flux tubewould then continue to con-

vect without tension and with symmetric foot points toward the dayside. Figure 6d shows the flux tube as

viewed from the tail toward the Sun, corresponding to Figures 6b and 6c. Here we have emphasized that the

northern foot point will move a larger distance and hence faster, compared to the Southern Hemisphere.

It is important to include thedynamics of themechanism.During the evolutionof the twistedfield line it expe-

riences different forces (varying amount of pressure gradient and curvature andEarth’s surroundingpressure),

and only when one views these different interactions in a unified way are we able to describe themechanism

properly.

Consequently, one would expect to observe a pair of asymmetric Birkeland currents connecting to the two

hemispheres, not necessarily crossing the neutral sheet. The source of the tangential stress is in themagneto-

tail region, and it is oppositely directed in the northern and southern lobes. The stress from the source region

is transmitted to the ionosphere via Alfvèn waves. The force balance exists between each ionosphere and the

magnetotail separately. The forces and energymaybedistributed asymmetrically; for IMF By > 0 a larger stress

will be transmitted to the northern postmidnight region, and southern premidnight, which should result in

asymmetries in both currents, azimuthal flows, and auroras.

We note that each ionospheremay respond differently to appliedmagnetospheric stress owing to differences

in ionospheric properties [Tu et al., 2014].

4.2. Interhemispheric Currents

In this section we present the proposedmechanism by Stenbaek-Nielsen andOtto [1997], where they suggest

that observed hemispherical difference in the aurora is a consequence of interhemispheric currents.

An interhemispheric current is defined as a current flowing between two conjugate ionospheres [Lyatskaya

et al., 2014]. We also discuss why we do not agree with their conclusions on the existence of an interhemi-

spheric current driven by the magnetosphere.

As first suggested by Stenbaek-Nielsen and Otto [1997], the induced By is not distributed uniformly in the

closed magnetosphere but tends to increase toward the Earth due to the pileup of magnetic flux toward the

inner edge of the plasma sheet, as illustrated in Figure 7. This has been shown empirically. On the nightside,

Wing et al. [1995] found that 79% of the IMF By induces a By component at X = −6.6 RE , for−30 < X < −10 RE
Lui [1984] found 50%, and further downtail between−33 < X < −20 RE Fairfield [1979] found the induced By
component to be 13%of the IMF By strength. This canbeunderstood in terms of the forth term in equation (4);

for steady flow and no shear flows the change of By is given by
dBy

dt
= v⃗ ⋅ ∇𝜌. The second assumption would

be valid if By on closed field lines on the nightside was due to reconnection with asymmetric foot points only

[e.g., Stenbaek-Nielsen and Otto, 1997]. If so, as the closed field lines convect earthward, they would experi-

ence a positive gradient in the density and thereby intensify By (alongwith Bx and Bz). However, we argue that

By is induced by the shear motion created by the asymmetric loading of flux from the dayside, and therefore,

the three first terms in equation (4) should be included. This is further supported by the short response time

discussed in section 6.

On field lines with L value <∼6 RE , the field again becomes symmetric. Stenbaek-Nielsen and Otto [1997]

suggested that due to Ampere’s law, a gradient of By along the x axis implies a current along the z axis

(see Figure 7), forming an interhemispheric current. This mechanism is shown in Figure 7 for the case of IMF

By positive. The direction of the currents in Figure 7 is consistent with those shown in Figures 6a′ and 6b′.

However, we do not agree with the terminology used in Stenbaek-Nielsen and Otto [1997], and we argue that

the system can be properly understood onlywhen the dynamics are included.We argue that the currents pro-

posed by Stenbaek-Nielsen and Otto [1997] are not interhemispheric currents. They are not interhemispheric
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Figure 7. (a) Illustration of induced By > 0 in the closed

magnetosphere and how the pileup region results in a gradient

in By , which would according to the authors result in an

interhemispheric current (remake of Stenbaek-Nielsen and Otto

[1997, Figure 4]). (b) View from the magnetotail toward the Sun.

in the sense that they cross the neutral sheet

(or equatorial plane) or that the pressure bal-

ance exists between the foot points in each

hemisphere.

Instead, we consider this as two pairs of currents

systems. The opposite-directed stresses from

the magnetospheric source region (Figures 6a′

and 6b′ red and blue arrows) are exerted on

each ionosphere. However, the force balance

does not exist between the two ionospheres

but between the near-Earth magnetosphere

and each ionosphere separately. Themagnitude

of the currents in these two current systems

is determined by the forces and energy flux

which are asymmetrically shared between the

magnetospheric source plasma and the two

ionospheres. By arguments given above there

should be no net Birkeland current flowing

between the two hemispheres. Instead, a pair of

flux tubes carrying balanced Birkeland currents

closes by transverse currents in each ionosphere

as well as in the source region near the equator (Figure 6). In Figure 6 the magnitude of the currents in the

two systems has different magnitude due to the pressure surrounding Earth (∇P0) opposing the stress in one

hemisphere and is parallel in the other. We note that any additional ionospheric asymmetries, such as dif-

ferences in conductivity between the hemispheres, could enhance or mitigate the asymmetry of the current

magnitudes.

We suggest that the term interhemispheric currents should be reserved to explain situations where one

ionosphere is active (source) and is driving a current to opposite ionosphere. In such a situation the force

balance exists between the two foot points, and the current does, in fact, cross the equatorial plane.

5. Observation of Asymmetric Birkeland Currents

The Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) provides global

continuous sampling of the magnetic field perturbations [Anderson et al., 2000; Waters et al., 2001; Korth

et al., 2004; Anderson et al., 2008]. We constructed statistical maps sorted by IMF By > 0. We use the stability

criteria defined by Anderson et al. [2008], requiring only slowly changing currents. We note that the signatures

discussed below are also clearly seen without the stability criteria.

The dayside R1 and R2 currents are modulated by the presence of IMF By . Figure 8 shows a statistical current

densitymap for theNorthern and southernHemispheres.Wediscuss theNorthernHemisphere and IMFBy > 0

unless stated otherwise. The magnetosphere imposes a flow dawnward on the dayside (see Figure 2). This, in

turn, requires a corresponding Pedersen current. This closure current is transmitted by Alfvèn waves, and the

associatedBirkeland currents serve to transmit the energy andmomentum to the ionosphere. Upward current

corresponds to downward electrons flowing into the ionosphere, andwe expect auroral signatures. Opposite

behavior in the Southern Hemisphere results in asymmetric aurora. Ionospheric flows are a consequence

of momentum transport from the magnetosphere and therefore must be associated with Birkeland current

closing in the ionosphere. In the Northern Hemisphere, one observes a “R1” current flowing into (blue) the

ionosphere around noon around 𝜆 ∼75∘ and a current flowing out of the ionosphere (red) at higher latitudes.

These are signatures of an imposed dawn-directed magnetospheric flow, set up immediately after dayside

reconnection by the tension along the field line. The resulting J⃗ × B⃗ force in the ionosphere accelerates the

plasma dawnward in the Northern Hemisphere (see Figure 2) and duskward in the Southern Hemisphere.

This describes the sunward part of the banana convection cell in the northern dawn region (see section 3.3).

The dusk region convection cell has the characteristic orange shape.

On the nightside the signatures are seen as a rotation of the current systems between the hemispheres. The

relative rotation is about 2 hMLT, represented by the dashed lines in Figure 8. In order to compare the current
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Figure 8. Statistical AMPERE maps for Bz < 0 and By > 5 and a stability criterion > 0.45 [see Anderson et al., 2008]

in the (left) Northern and (right) Southern Hemispheres. Colors indicate current density (red: away from and blue: into

ionosphere), and arrows are the measured magnetic perturbations. The R1 and R2 current systems are rotated about 2 h

MLT on the nightside compared to non-By conditions as visualized with the dashed lines at ∼23 MLT and ∼1 MLT. The

red circles represent an example of two conjugate locations where the current density can be compared between the

hemispheres.

density between the hemispheres, we must first assess the asymmetry of the conjugate foot points (ΔMLT).

That is, in order to compare the current density at conjugate positions,wemust first determine the asymmetry

of the foot point (related to the twisting of the field) of the field lines. Studies by Østgaard et al. [2004, 2011b]

and Reistad et al. [2013] suggestΔMLT ∼ 1 h; this MHDmodel suggests approximately the same; Tsyganenko

models suggest only a fraction of that [Østgaard et al., 2007].

The two red circles in Figure 8 represent two comparable regions under the assumption of ΔMLT = 1 h. With

the assumption inmind, we believe that asymmetries in the nightside currents are seen in the AMPEREmaps.

This suggests asymmetric azimuthal flows,which havebeenobservedwith SuperDual Auroral RadarNetwork

[e.g., Grocott et al., 2007].

A study by [Østgaard et al., 2011b] showed the evolution of the asymmetry of the foot points (measured by

ΔMLT) during a substorm. The authors found that during the expansion phase of the substorms analyzed

the asymmetry disappears. Although, we do not agree with their theoretical arguments, in particular the

presence of a net field-aligned current between hemispheres and the role of ΔE∥ in the asymmetry of the

ionosphericmotion. Their observations are consistentwith themechanismwehavepresented,which is based

on magnetic tension and asymmetric azimuthal flows between the two hemispheres.

6. Response Time

An important question to understand the dynamics of the system is as follows: how long does it take to

produce the induced By in the magnetotail?

In our simulation model input the IMF By changes from 0 to 10 nT as a simple step function. Both the magne-

tosphere and ionosphere respond to the change by reconfiguring into a state consistent with the new IMF.

The reconfiguration time depends on density andmagnetic field strength and is therefore different in the var-

ious regions in the magnetosphere. Our estimates presented below are considered as the response time for

reaching a new equilibrium.

On the dayside, the twisting of the field lines will evolve as more andmore fluxes are removed from northern

dusk and added to northern dawn until it saturates with some “efficiency.” The closed field lines are

affected on the same timescale as the open flux is added to the magnetosphere. Figure 3 shows that

after only ∼10 min the pressure is distributed asymmetrically; this will in turn force the closed field lines

to twist effectively inducing a By on timescales less than 15 min. Figure 1b shows the dayside closed

field lines at L ∼7.5 RE approximately 20 min after IMF By arrived. On the nightside we have presented

model runs where we follow the field lines in time from the dayside reconnection and to the magnetotail.

TENFJORD ET AL. IMPACT OF IMF BY 9380



118

Paper III: How the IMF By induces a By component in the closed magnetosphere and

how it leads to asym. currents and convection patterns in the two hemispheres

Journal of Geophysical Research: Space Physics 10.1002/2015JA021579

Figure 9. Closed field lines on nightside at L = 11 RE , 25 min after the

arrival of IMF By .

The model suggests that a newly recon-

nected field line on the dayside under-

goes tail reconnection after approximately

45 min. However, the buildup of asymmet-

ric pressure in the lobes is established on

much shorter timescales.We argue that the

magnetic pressure induced by the asym-

metrical loading of flux would induce a By
on the existing closed field lines. This

implies that the asymmetric pressure will

induce a By on the already present field

lines long before the actual field line recon-

nects in the tail. It is the compressional

waves that propagate perpendicular to the

magnetic field that affects existing mag-

netic field lines. The speed of fast-mode

waves has been reported to be about

900 km/s [Wilken et al., 1982]. We therefore

argue that the time it takes to induce a By in the closed magnetosphere is significantly less than the actual

convection time from dayside to nightside reconnection (see Figure 2). Figure 9 shows nightside closed field

lines at L = 11 RE just 25 min after IMF By arrived at the dayside magnetopause. The closed field lines are

clearly twisted, and the induced By has been established on timescales less than the convection time from

the daysidemagnetopause to nightside reconnection. Observationally, the lag time of the response from the

arrival of IMF at the magnetopause has been shown to be about 10 min on the nightside [Wing et al., 2002].

In a study comparing the IMF clock angle and substorm onset location, Østgaard et al. [2011a] found high-

est correlation when time shifting the data <10 min, which is also consistent with what we have described

and themodel results. The timing of themagnetospheric and convection response has also been thoroughly

discussed by Ruohoniemi et al. [2002]. A future project will use spacecraft data and modeling to confirm the

response timing.

7. Summary

In the current work we have addressed how IMF By modulates the dynamics and morphology in the magne-

tosphere and the resulting signatures in the ionosphere.

The process of inducing By on nightside closed field lines originates on the dayside. When the IMF possess

a By component, flux will be added asymmetrically to the magnetosphere via the dayside reconnection pro-

cess. The governing equations describing the coupling betweenmagnetospheric flow andmagnetic tension

and pressure are discussed in section 2. The asymmetric distribution of magnetic flux between the hemi-

spheres creates shear flows, acting to restore equilibrium, and will influence existing field lines on both the

dayside and nightside, effectively inducing a By component. TheMaxwell stress exerted on the ionosphere by

the tension and pressure of the displaced magnetic flux bundle distorts the ionospheric convection patterns

into the characteristic banana and orange cell patterns. We have emphasized the importance of including the

dynamical behavior of the system. As the field line convects from the midtail region, it initially experiences

asymmetric lobe forces, which twists the field lines. At a later time in the evolution it starts to experience the

pressure surrounding Earth which forces the field line to convect either dawnward or duskward, while the

lobe pressure is reduced. Eventually, the field line relaxes and tension in field line (induced by the lobe pres-

sure) is released mostly to one of the hemispheres. The result is asymmetric Birkeland currents at conjugate

foot points, consistent with the convection patterns. The magnetosphere’s response to the impact of IMF By
has been discussed, and from themodeling perspective we argue that By is induced on dayside on timescales

of a fewminutes and in tens of minutes for the nightside. We presented statistical current density maps from

AMPERE. We believe that asymmetric currents at conjugate foot points on the nightside are present in the

statistical maps. The underlying assumption is that the rotation of the current systems is smaller than the

relative shift of the conjugate foot points, since it is the current density in the conjugate foot points that

must be compared. Several studies have reported on fast nightside azimuthal flows associated with IMF By
[e.g., Pitkänen et al., 2015; Grocott et al., 2007, and references therein].
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Below we summarize the impact of IMF By on the magnetosphere and ionosphere system:

1. In the presence of IMF By ≠ 0, dayside reconnection results in a asymmetrical distribution of flux between

the hemispheres.

2. The asymmetricmagnetic pressure in the lobes leads to asymmetric plasmaflowsand thereby inducesBy on

closed field lines on both the dayside andnightside and forces asymmetric displacement of the ionospheric

foot points.

3. In the ionosphere, asymmetric azimuthal flows arise, manifested as convection on a banana cell in one

hemisphere and an orange cell in the other.

4. By is induced independently of nightside reconnection. It occurs on timescales less than20min for nightside

closed field lines.

5. Asymmetric Birkeland currents (connected to differentMLT locations in ionosphere) form as a consequence

of the field line convecting from a region of dominating magnetic lobe pressure to an area where the pres-

sure surrounding Earth is dominating. The tension is released into the hemisphere where the tension and

Earth pressure act in the same direction.

6. For IMF By > 0 we expect stronger currents in the northern postmidnight dawn region and in the southern

premidnight dusk region. For IMF By < 0 the signatures are reversed.

7. Rather than interhemispheric currents,we argue that the inducedBy results in pairs of asymmetric Birkeland

currents.

8. Signatures of asymmetric currents are seen in AMPERE, primarily as relative rotation of hemispheric

patterns.
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