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Tiivistelmä

Aurinko pitää yllä Maan lähiavaruuden sähkömagneettisia ilmiöitä puhaltamalla niiden tarvitseman energian Maan ympäristöön
aurinkotuuleksi kutsutun jatkuvan plasmavirran muodossa. Aurinkotuulen energiaa siirtyy Maan magnetosfääriin magnetopausin
läpi, ja siirtymistä edistävät useat mekanismit, kuten rekonnektio, diffuusio ja impulssitunkeutuminen. Esimerkiksi magneettivaipan
ja magnetosfäärin magneettikenttien välinen rekonnektio muuntaa tehokkaasti magneettikenttien energiaa liike-energiaksi. Yksi
avaruusfysiikan tärkeimmistä kysymyksistä on määrittää, paljonko energiaa magnetopausilla muuntuu ja miten tämä energia sitten
jakautuu magnetosfääri–ionosfääri-järjestelmään.

Nykyinen ymmärryksemme energian muuntumisesta magnetopausilla perustuu rekonnektioteoriaan. Kun planeettainvälinen
magneettikenttä (IMF) on eteläsuuntainen, rekonnektiota tapahtuu napaonkaloista kohti päiväntasaajaa sijaitsevalla alueella, ja
magneettinen jännitys kiihdyttää plasmaa muuntaen magneettista energiaa kineettiseksi. Samalla pyrstön magneettinen energiasisältö
kasvaa plasman liike-energian kustannuksella. Pohjoissuuntaisen IMF:n aikana rekonnektio siirtyy napaonkaloiden taakse ja
kenttäviivat advektoituvat päiväpuolta kohti. Näin siis eteläisen IMF:n aikana napaonkaloiden rajaama magnetopausin päiväpuoli on
sähkömagneettinen kuorma ja napaonkaloista pyrstöön päin oleva alue generaattori, ja pohjoisen IMF:n aikana päinvastoin.
Magnetohydrodynaamiset (MHD) simulaatiot vahvistavat tämän teoreettisen kuvailun. Sen sijaan havaintoihin nojaavaa varmennusta
ei ole tehty johtuen satelliittimittausten ja energianmuuntumisen laskentamenetelmien puutteellisuuksista.

Tässä väitöskirjassa tutkitaan havainnoista energian muuntumista magnetopausilla sekä verrataan tuloksia aiempiin aihetta
käsitteleviin simulaatiotutkimuksiin. Lopullisena tavoitteena on esittää ensimmäinen tilastollinen tutkimus energian muuntumisesta
magnetopausilla käyttäen Euroopan avaruusjärjestön Cluster-satelliittien havaintoja. Väitöskirja koostuu neljästä artikkelista ja
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analysointimenetelmiin sekä verrataan tuloksia aiempiin mallinnustuloksiin. Lopuksi väitöskirjassa pohditaan energian muuntumista
magnetopausin rekonnektion yhteydessä ja esitetään suuntaviivoja sille, miten aihetta voisi lähestyä tulevissa tutkimuksissa.

Artikkeleissa I ja II arvioimme Cluster-havainnoista energian muuntumisen määrän Maan magnetopausilla ja vertasimme tuloksia
Ilmatieteen laitoksen globaaliin GUMICS-4-MHD-simulaatioon. Yksityiskohtainen data-analyysi ja simulaatiovertailut osoittivat,
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Lucek, E. A., and Dandouras, I., Quantifying energy transfer in near-Earth space,
The Dynamic Magnetosphere, edited by W. Liu and M. Fujimoto, ISBN 978-94-
007-0500-5, Springer, 2011.

Abstract: We review recently developed methods to investigate energy circulation
in the near-Earth space using a global magnetohydrodynamic (MHD) simulation
GUMICS-4. We describe methods to evaluate the magnetopause energy transfer
and ways to quantify e!ects of the reconnection dynamics. We also present evidence,
supported by Cluster spacecraft observations, showing that the interplanetary mag-
netic field (IMF) y-component controls the spatial variation of the magnetopause
energy transfer. The simulation results also suggests that the energy transfer ex-
hibits a hysteresis e!ect where the energy transfer does not decrease immediately
after the driving conditions start to become weaker. We investigate the hysteresis
e!ect in the simulation and conclude that the previous driving conditions as well
as the present state of the global magnetosphere may influence the processes at the
magnetopause, and thus regulate the energy input to the system.

Paper II
Palmroth, M., Laitinen, T. V., Anekallu, C. R., Pulkkinen, T. I., Dunlop, M., Lucek,
E. A., and Dandouras, I., Spatial dependence of magnetopause energy transfer: Clus-
ter measurements verifying global simulations, Ann. Geophys., 29, 823-838, 2011.

Abstract: We investigate the spatial variation of magnetopause energy conversion
and transfer using Cluster spacecraft observations of two magnetopause crossing
events as well as using a global magnetohydrodynamic (MHD) simulation GUMICS-
4. These two events, (16 January 2001, and 26 January 2001) are similar in all other
aspects except for the sign of the interplanetary magnetic field (IMF) y-component
that has earlier been found to control the spatial dependence of energy transfer.
In simulations of the two events using observed solar wind parameters as input,
we find that the GUMICS-4 energy transfer agrees with the Cluster observations
spatially and is about 30% lower in magnitude. According to the simulation, most
of the the energy transfer takes place in the plane of the IMF (as previous mod-
elling results have suggested), and the locations of the load and generator regions
on the magnetopause are controlled by the IMF orientation. Assuming that the
model results are as well in accordance with the in situ observations also on other
parts of the magnetopause, we are able to pin down the total energy transfer during
the two Cluster magnetopause crossings. Here, we estimate that the instantaneous
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total power transferring through the magnetopause during the two events is at least
1500–2000GW, agreeing with scaled using the mean magnetopause area in the simu-
lation. Hence the combination of the simulation results and the Cluster observations
indicate that the ! parameter is probably underestimated by a factor of 2–3.

Paper III

Anekallu, C. R., Palmroth, M., Pulkkinen, T. I., Haaland, S. E., Lucek, E. A., and
Dandouras, I., Energy conversion at the Earth’s magnetopause using single and mul-
tispacecraft methods, J. Geophys. Res., 116, A11204, 2011.

Abstract: We present a small statistical data set, where we investigate energy con-
version at the magnetopause using Cluster measurements of magnetopause cross-
ings. The Cluster observations of magnetic field, plasma velocity, current density
and magnetopause orientation are needed to infer the energy conversion at the mag-
netopause. These parameters can be inferred either from accurate multi-spacecraft
methods, or by using single-spacecraft methods. Our final aim is a large statisti-
cal study, for which only single-spacecraft methods can be applied. The Cluster
mission provides an opportunity to examine and validate single-spacecraft methods
against the multi-spacecraft methods. For single-spacecraft methods, we use the
Generic Residue Analysis (GRA) and a standard one-dimensional current density
method using magnetic field measurements. For multi-spacecraft methods, we use
triangulation (Constant Velocity Approach - CVA) and the curlometer technique.
We find that in some cases the single-spacecraft methods yield a di!erent sign for
the energy conversion than compared to the multi-spacecraft methods. These sign
ambiguities arise from the orientation of the magnetopause, choosing the interval
to be analyzed, large normal current and time o!set of the current density inferred
from the two methods. By using the Finnish Meteorological Institute global MHD
simulation GUMICS-4, we are able to determine which sign is likely to be correct,
introducing an opportunity to correct the ambiguous energy conversion values. Af-
ter correcting the few ambiguous cases, we find that the energy conversion estimated
from single-spacecraft methods is generally lower by 70% compared to the multi-
spacecraft methods.
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Abstract: We investigate magnetopause energy conversion in a large statistical
data set utilizing Cluster spacecraft observations. We have compiled a database of
about 4000 magnetopause crossings from Cluster spacecraft 1 (SC1) measurements
during years 2001 - 2008. We have estimated the local energy conversion across the
magnetopause for these crossings using Generic Residue Analysis (GRA) and ana-
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lyzed the spatial distribution of load and generator regions during dayside and lobe
reconnection as a function of the IMF magnitude and solar wind dynamic pressure.
We found scatter in the load and the generator regions on the magnetopause surface.
Categorizing the crossings into equatorward or tailward of the cusp improves the
organization of the load and generator regions on the surface. During dayside re-
connection, equatorward (tailward) of the cusp indicates more load (generator) than
generator (load) and is in agreement with theory. During lobe reconnection, we find
that a faint load region dominates both equatorward and tailward of the cusp. We
compare these statistics with GUMICS-4 global magnetohydrodynamic (MHD) sim-
ulation results and find that there is a reasonable agreement, although disagreements
are also found especially during lobe reconnection. We also investigate the influence
of IMF magnitude on the load and generator locations and suggest that the spatial
mixing of load and generators is due to rapid movement of the magnetopause surface
which in turn moves the locations where load and generator processes appear. The
solar wind dynamic pressure controls the magnitude of energy conversion across the
magnetopause such that higher dynamic pressures lead to more energy conversion.
A similar dependence is observed for IMF magnitude as well.

Author’s contribution
The author participated in the planning of all papers together with the co-authors.
In Paper I and Paper II the author performed parts of data analysis and inter-
pretation of the results. He developed the data analysis tools required. In Paper
III, he led the data analysis as well as the interpretation of the results from single
spacecraft and multispacecraft methods and wrote the manuscript with help from
co-authors. To carry out the statistical study presented in Paper IV, the author
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Cluster data from years 2001-2008. He calculated energy conversion for each mag-
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Chapter 1

Introduction

1.1 Scope of this thesis

In the past few decades, our understanding of the energy dissipation mechanisms in
the magnetosphere and in the ionosphere has improved due to modelling and sim-
ulation e!orts supported by observations. The dissipated energy is supplied by the
solar wind which enters the magnetosphere through the magnetopause. However,
our knowledge of how much energy is transferred through the magnetopause and its
spatial variation is limited to a few global simulations and empirical relations. So
far there are no studies that either investigated or verified the simulation results on
energy conversion and transfer using spacecraft observations. This thesis is aimed
at filling this gap by investigating the global energy conversion pattern using in-situ
observations. Verification of the energy conversion spatial pattern requires a large
number of magnetopause crossings by spacecraft. Cluster mission [Escoubet et al.,
2001] with its long operational history from 2001 provides a good opportunity to
verify simulation results on energy conversion. The four spacecraft tetrahedron for-
mation of Cluster aids in accurately estimating the magnetopause current density
which is essential in energy conversion calculations. However, varying tetrahedron
geometry and inter-spacecraft distance between individual spacecraft limits the num-
ber of useful magnetopause crossings from which current density can be estimated
accurately. Thus, it is essential to use single spacecraft data and methods in investi-
gating the spatial pattern and locations of energy conversion. Nonetheless, Cluster
multispacecraft constellation is useful in verifying energy conversion results obtained
from the single spacecraft methods against the multispacecraft methods.

The main focus of this thesis is the first observational statistical study of magne-
topause energy conversion. Since single spacecraft methods are needed in the study,
I describe them in detail in the context of energy conversion. Chapter 1 briefly intro-
duces di!erent regions of the Earth’s magnetosphere followed by an overview of the
magnetopause observations related to mass, momentum and energy transfer. The
subsequent sections present previous research on magnetopause energy conversion
mechanisms as well as investigations using computer simulations and observations.
In Chapter 2, I give a perspective of the results obtained in Paper I, and Paper
II from observations. These results exhibited a dependence on interplanetary mag-
netic field (IMF) Y-component and indicated a spatial variation of magnetopause
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2 CHAPTER 1. INTRODUCTION

energy conversion. Chapter 3 presents single and multispacecraft results obtained in
Paper III on magnetopause normals, velocities and energy conversion and makes
a case for the applicability of single spacecraft methods in a large statistical study.
Observations on spatial pattern of the magnetopause energy conversion investigated
in Paper IV is presented in Chapter 4. Finally, Chapter 5 concludes the thesis
introduction by summarizing the most important conclusions from the papers and
their potential application to future missions. The final outcome of this thesis is to
give an observational context to global MHD simulation results on magnetopause
energy conversion.

1.2 The Earth’s magnetosphere

The existence of the Earth’s intrinsic magnetic field has been known for many cen-
turies and perhaps best utilized in navigation using a compass needle. As early
as 1600’s, Gilbert presented the dipolar nature of the Earth’s magnetic field in his
book De Magnete. In the middle of the 19th century, Carrington [1860] reported a
possible connection between violent explosions, now called solar flares, on the Sun,
and the near simultaneous disturbances in the compass needle. A detailed study by
Maunder [1905] concluded that these ground-based magnetic disturbances originate
in the Sun.

Chapman and Ferraro [1931] assumed an unmagnetized, charge neutral gas that
interacts with the Earth’s magnetic field and compresses the dayside magnetic field
and flows past the Earth’s magnetic field. This interaction creates a cavity (shown in
Fig. 1.1) of the Earth’s magnetic field called the magnetosphere, a term first used by
Gold [1959a]. The Chapman and Ferraro model correctly predicts the presence of a
surface current on the boundary of the Earth’s magnetosphere, the magnetopause.
This current system is now called the Chapman-Ferraro current system and it is
this current system that shields the solar wind and the interplanetary magnetic field
(IMF) from penetrating into the magnetosphere. Observations of cometary tails

Figure 1.1: Chapmann and Ferraro cavity adapted from Chapman and Ferraro
[1931]. Figure courtesy: http://www.phy6.org.



1.2. THE EARTH’S MAGNETOSPHERE 3

suggested the presence of a continuous stream of charged particles [Biermann, 1957]
streaming out of the Sun, increased interest in modelling the interplanetary medium
[Gold, 1959b, Parker, 1959, 1958]. Along with the progress in our understanding of
the interplanetary medium, it was also becoming clear that the near Earth space is
not empty. Storey [1953] observed whistler waves and his interpretation indicated
that the magnetosphere is filled with an ionized gas. Theoretical interpretation
suggested that these waves propagate through the magnetosphere as hydromagnetic
waves [Dessler, 1958, Dessler and Parker, 1959]. Early on, it was thought that
the shape of the magnetosphere is either a tear drop shape [Beard, 1960, Johnson,
1960] or includes open tail field lines [Piddington, 1960] carried away by the solar
wind. Estimations on the distance of the magnetospheric boundary were based on
assumptions of coronal gas density and velocity, and they ranged between 5 Earth
radii (RE) and 10 RE [Biermann, 1957, Parker, 1958].

Late 1950s and early 1960s was a period of excitement as the space age started to
change our understanding of the space environment. Pioneer 1 was the first space-
craft to measure the solar wind. The magnetic field data from Pioneer 1 [Sonett
et al., 1959, 1960] on the dayside indicated a boundary between the terrestrial and
solar magnetic fields at about 13.6 RE. Sonett and Abrams [1963] and Sonett [1963]
first called this transition region between the magnetospheric and interplanetary re-
gion as the magnetopause. Explorer 10 launched into the late evening hours observed
a magnetic field directed away from the Earth after 8 RE. Explorer 10 encountered
a boundary at about 22 RE after which the magnetic field was highly fluctuating
in both magnitude and direction. After a few hours Explorer 10 encountered radial
and steady magnetic field indicating the magnetosphere. After that Explorer 10
encountered the boundary repeatedly for a few hours. Every time Explorer 10 was
outside the boundary, it sampled streaming plasma. Bonetti et al. [1963] deduced
a velocity of about 300 km/s and a density of 3 to 8 cm!3 assuming a plasma of
protons and electrons. Thus, Explorer 10 established the presence of the Earth’s
magnetotail and evidence that ruled out the tear-drop model of magnetosphere.

For the first time, Explorer 12 [Cahill and Amazeen, 1963] provided unambiguous
observations on the presence of the magnetopause. Figure 1.2 is taken from Cahill
and Amazeen [1963] and it shows Explorer 12 the magnetic field measurements.
The magnetopause boundary is clearly marked at 8.2 RE by an abrupt change in
both direction and magnitude. Over the next few months Explorer 12 observed
the magnetopause boundary and subsequent fluctuating field region consistently
between 8 RE and 11 RE. Early satellite observations of the outer magnetospheric
boundaries led to a new understanding of the near Earth space. The presence
of a shock between the Earth’s magnetosphere and the upstream solar wind was
proposed by Axford [1962] and Kellogg [1962]. With the unambiguous observations
of the magnetopause from Explorer 12 led to the conclusion that there is a bow
shock ahead of 15 RE upstream which separates a highly fluctuating field region in
between the magnetopause and the solar wind. Dessler [1964] named the transition
region between the magnetopause and the bow shock as magnetosheath.

Figure 1.3 presents di!erent regions of the Earth’s magnetosphere. The dayside
magnetospheric field is nearly dipolar however on the nightside the field is stretched
into a tail-like structure called the magnetotail. Magnetic field lines close to the
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Figure 1.2: Explorer 12 magnetic field measurements on 12 September 1961 on an
inbound pass. The measured values are plotted in dotted curve that follows the
solid curve corresponding to the dipole field. Also shown are the elevation, ", and
longitude, #, angles. Figure is taken from Cahill and Amazeen [1963].

outer part of the tail are connected to the ionosphere, a conducting layer at about
100 km altitude, at one end and to the IMF on the other end. In the inner mag-
netotail, the field is connected to the ionosphere on both ends and is stretched.
There is a current sheet in between these stretched field lines, which is called plas-
masheet. At distances below about a few RE there is a denser plasma region both
on the dayside and nightside called the plasmasphere. Plasma mantle is a plasma
boundary layer between the field lines at the outer edges of the magnetotail called
tail lobes and the magnetosheath field lines. Di!erent regions of the magnetosphere
are threaded by current systems shown with red and yellow arrows in the figure.
The magnetopause currents are surface currents which shield the magnetosphere
from the magnetosheath. The cross-tail neutral sheet current is connected to tail
currents confining the tail magnetic field in the northern and southern tail lobes.
The ring current threads the closed magnetic field lines in the equatorial region
whereas the field-aligned currents (FAC) connect the ionosphere with the equatorial
ring current as well as to the magnetopause current. These FACs are connected to
the high-latitude ionosphere or polar cap where the magnetospheric magnetic field
converge.
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Figure 1.3: Di!erent regions of magnetosphere and magnetospheric current systems.
Figure Adapted from Kivelson and Russell [1995].

1.3 The Magnetopause

The magnetopause is a current layer shielding the Earth’s magnetic field from the
solar wind. Its location is determined by the balance between the solar wind dynamic
pressure and magnetospheric magnetic field pressure. Magnetopause is the boundary
that separates the shocked solar wind in the magnetosheath from the magnetosphere
and has a finite thickness. Across this boundary the plasma characteristics change
from the low energy shocked magnetosheath type to the high energy magnetospheric
type. The extent and plasma characteristics of the magnetopause depend to a large
extent on the state of the magnetosheath.

In terms of magnetohydrodynamics (MHD), the magnetopause can be described
either as a tangential discontinuity (TD) or a rotational discontinuity (RD). If the
magnetopause were a TD then the plasma on either side of the magnetopause are well
separated from each other and there is no magnetic field across the boundary. On
the other hand if the magnetopause were an RD, then there is a mixing of plasma
from both sides and a normal magnetic field component exists. In the absence
of magnetic connection between the magnetosheath and the magnetosphere, the
magnetopause can be described by a TD and the flow is not field-aligned. However,
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presence of magnetic connection makes the magnetopause an RD where the plasma
flow is predominantly field-aligned and provides plasma mixing from both sides.

An RD type magnetopause allows mass, momentum and energy transfer across
the magnetopause. Dungey [1961] explained how the mass, momentum, and energy
transfer can take place across the magnetopause. When the IMF is southward,
at the sub-solar magnetopause, the terrestrial and the magnetosheath field lines
di!use into the current layer and break there. Then field lines from either side
reconnect allowing the transfer of mass, momentum and energy. This process is the
reconnection. The reconnected field lines are convected away from the reconnection
site and dragged over the polar regions to the magnetotail. As more and more
open magnetic flux is added to the nightside magnetosphere, the inner tail region
is stretched and pinched together. As the magnetic pressure in the tail grows, field
lines on either side of the plasma sheet compress into the tail current sheet to break
and reconnect again. Tail reconnection releases energy stored in the magnetotail as
plasmoids which are lost to the interplanetary space and part of the energy is used
in accelerating the plasma on the closed field lines towards the Earth. The closed
field lines eventually convect back to the dayside magnetosphere. This process sets
up plasma convection in the polar ionosphere. A detailed overview of reconnection
at the Earth’s magnetopause is presented in section 1.6.1.

A magnetopause crossing can be identified from spacecraft magnetic field mea-
surements. A rotation in the field direction from magnetosheath to magnetosphere
marks the magnetopause and the rotation takes place in the magnetopause. How-
ever, it is not always easy to identify the magnetopause from magnetic field measure-
ments alone as the rotation may not be substantial when the IMF is northward. In
such circumstances plasma moments and energy spectrograms are helpful. Plasma
signatures of magnetopause include a jump in plasma density and temperatures, a
clear change in bulk velocity, sharp increase in current density and a clear change
in the plasma population. Figure 1.4 shows magnetopause crossings from an out-
bound orbit of Cluster-1 spacecraft [Escoubet et al., 2001] on Dec 14, 2003. Cluster
was sampling the dusk flank magnetopause in the northern hemisphere. Figure 1.4
shows at least 4 magnetopause crossings. Shown in the figure are magnetic field
from flux gate magnetometer (FGM) [Balogh et al., 2001], ion energy spectrogram
and ion moments from Hot Ion Analyzer (HIA) of Cluster Ion Spectrometry (CIS)
[Rème et al., 2001] instruments. The time interval between the vertical dashed lines
is a magnetopause crossing where the Cluster-1 moved from the magnetosphere into
the magnetosheath. At the beginning of this interval Cluster samples low velocity
(panel 1.4c), low density (panel 1.4d), hot magnetospheric ions (panel 1.4a). At
the end of the interval Cluster is sampling high speed (panel 1.4c), dense (panel
1.4d) and magnetosheath cold population (panel 1.4a). A clear transition is seen
from panel 1.4b. A clear rotation of the magnetic field from northern, anti-sunward
to southern, sunward direction can be seen as the spacecraft sampled the mag-
netosphere and then the magnetosheath. A sharp increase in the current density
(panel 1.4e) occurs simultaneously with the sharp rotation in the magnetic field
(panel 1.4b). However, the signatures of magnetosphere may vary depending on
which magnetospheric region the spacecraft is sampling. In this case, Cluster seems
to sample the plasmaspheric population before crossing the magnetopause into the
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magnetosheath.

1.3.1 Structure of the magnetopause

The magnetopause is seldom a sharp and clean crossing from the magnetosphere to
the magnetosheath. Plasmas of both magnetospheric and of magnetosheath origin
were observed in the magnetosheath and in the magnetosphere close to the magne-
topause creating a boundary layer structure. The structure of the boundary layer
depends on the state of the magnetosheath which in turn is controlled by the IMF
and the solar wind. When the IMF is northward, the observations of the bound-
ary layer include a gradual decrease of the density in the magnetosheath towards
the magnetopause, which is often called plasma depletion layer (PDL) or a magne-
tosheath depletion layer. This region exhibits a strong temperature anisotropy and
is consistent with the idea that higher energy particles stream away from the sub-
solar magnetopause e"ciently thus forming the PDL. The magnetic field rotation
is gradual from the magnetosheath level through the PDL and across the magne-
topause into the magnetosphere. For southward IMF, PDL in the magnetosheath
is not present while the change in the density and magnetic field are sharper at the
magnetopause current layer and there is a boundary layer of magnetosheath like
plasma Earthward of the magnetopause. For southward IMF, the lack of a PDL is
explained by e!ective evacuation of plasma from sub-solar magnetopause region due
to reconnection.

First observations of mixed plasma population of both magnetosheath and mag-
netospheric origin were reported by Eastman et al. [1976]. These observations were
made at low latitude magnetopause. Boundary layers were identified both at the
low and high latitude magnetopause. The low latitude boundary layer (LLBL) is
the low latitude region of the magnetopause boundary layer that spans the dayside
low latitudes [Haerendel et al., 1978, Sonnerup, 1980] as well as the low latitude
tail flanks [Fedorov et al., 2001, Scholer and Treumann, 1997]. The LLBL exists
predominantly on closed field lines inside the magnetopause with particles of mag-
netosheath origin. However, observations of LLBL on open field lines with one end
connected to the high latitude–ionosphere does exist [Fuselier et al., 1991, Gosling
et al., 1990b, Lockwood and Hapgood, 1997, Smith and Rodgers, 1991]. The plasma
flow in the tail flank LLBL is mainly field-aligned whereas a cross-field component
of the flow exists on the dayside LLBL. Various aspects of LLBL can be found from
reviews in Newell and Onsager [2003] and Song et al. [1995] . The boundary layer at
the high latitude magnetopause is called the high latitude boundary layer (HLBL)
and it includes two distinct regions which are separated by the cusp. The HLBL
dayside of the cusps is called entry layer [Frank, 1971, Heppner, 1967, Hones et al.,
1972, Paschmann et al., 1976], the equatorial boundary of the polar cusp. This
layer is distinguished from the polar cusp by flows faster than in the magnetosheath
compared to the stagnant flows in the polar cusp. The tailward part of the HLBL
is called the plasma mantle [Hones et al., 1972, Rosenbauer et al., 1975] which con-
tains the magnetosheath like plasma between the magnetopause and the lobes and
exhibits flows tailward with slightly lower speeds than the magnetosheath flows.

Various mechanisms have been proposed to explain the formation of these bound-
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Figure 1.4: Cluster spacecraft 1 measurements on 14 December, 2003 on an out-
bound crossing. The plot shows four successive magnetopause crossings as the mag-
netopause flaps. Shown in panels from top to bottom are (a) omnidirectional ion
energy spectrogram, (b) magnetic field, (c) ion bulk velocity, (d) ion density, and
(e) current density estimated from the Ampére law. Figure Adapted from Anekallu
et al. [2011]
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ary layers and the presence of the magnetosheath like plasma on the closed mag-
netospheric field lines. Perhaps the most e"cient mechanism for mixing plasma
populations is the reconnection between the magnetosheath and magnetospheric
field lines. During periods of the southward IMF, reconnection occurs at the low
latitude magnetopause allowing the plasma from both sides to mix while the mag-
netic tension force accelerates the plasma evacuating the low latitude dayside region
e!ectively. The open magnetic field lines are subsequently convected tailward over
the polar cusp will be closed in the tail reconnection. These field lines, closed in tail
reconnection, containing magnetosheath plasma are subsequently convected towards
dayside low latitude regions. However, when the IMF is northward, reconnection
moves to tail lobes. Also it has been suggested that double high-latitude reconnec-
tion [Song and Russell, 1992] can transport magnetosheath plasma onto closed field
lines and there are plenty of observations [Hasegawa et al., 2009a, Imber et al., 2006,
Lavraud et al., 2005, 2006, Øieroset et al., 2008, Onsager et al., 2001, Sandholt et al.,
1999] and MHD simulations [Fedder and Lyon, 1995, Li et al., 2008, 2009, Ogino
et al., 1994, Raeder et al., 1997] to support dual lobe reconnection as an e"cient
mechanism for mixing magnetosheath plasma on closed field lines.

During extended periods of northward IMF, the tail plasma sheet becomes
dense and cold plasma population dominates giving it the name cold dense plasma
sheet (CDPS) [Fairfield et al., 1981, Fujimoto et al., 1998, Lennartsson, 1992, Tera-
sawa et al., 1997]. The origin of the cold plasma is found to be the solar wind
[Borovsky et al., 1998] and exhibits a dawn-dusk asymmetry in cold ion tempera-
tures [Hasegawa et al., 2003, Wing et al., 2005]. Other mechanisms such as cross
field di!usion and Kelvin-Helmholtz (KH) vortices have been mentioned along with
double lobe reconnection to explain the presence of magnetosheath plasma on closed
field lines in LLBL and plasma sheet. Kelvin-Helmholtz instability appears to be
associated with plasma transport onto closed field lines but may not be the driver
of the transport [Hasegawa et al., 2006b, Takagi et al., 2006, Taylor et al., 2012].
KH induced di!usive processes such as ion mixing [Cowee et al., 2010, Fujimoto
and Terasawa, 1994, 1995, Thomas and Winske, 1993] and reconnection with in
KH vortices [Nykyri and Otto, 2001, 2004] can transport the plasma transport onto
closed field lines. A recent multi-spacecraft, multi-instrument study [Taylor et al.,
2008] of the magnetopause boundary layer and the CDPS concluded that the day-
side LLBL formed as a results of double high-latitude reconnection but that alone is
not enough to produce the observed flank boundary layer and CDPS. Taylor et al.
[2008] concluded that the KH instability and associated processes play important
role in transporting the observed additional plasma transport.

A particular form of signatures at the magnetopause are flux tubes moving away
from the reconnection site, called flux transfer events (FTEs) [Haerendel et al., 1978,
Russell and Elphic, 1978]. Low and mid altitude cusp observations of steps in ion
energy distributions [Escoubet et al., 1992, Lockwood and Smith, 1992], recurrent
observation of auroral forms that are moving polewards [Lockwood et al., 2001, Milan
et al., 1999, Provan and Yeoman, 1999, Wild et al., 2001] and the inter-connection
between these two phenomena [Farrugia et al., 1998, Sandholt et al., 1986] were
interpreted as consequences of FTEs. These observations along with the bipolar
signatures often detected by spacecraft [Hasegawa et al., 2006a, Owen et al., 2001,
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Sibeck et al., 2008] were interpreted as a result of either inherent unsteadiness of
reconnection [Phan et al., 2004] or the intermittent nature of reconnection. Rate of
occurrence of FTEs is strongly coupled to the southward IMF [Berchem and Russell,
1984, Rijnbeek et al., 1984, Wang et al., 2005, 2006]. Various aspects of FTEs such as
their motion and their properties as functions of local magnetic field conditions have
been studied using observations as well as in modelling studies [Fear et al., 2009,
Sibeck, 2009, Sibeck and Lin, 2010]. The size of FTEs was found to be of the order
of an Earth radii with an azimuthal extent of about 10,000 km [Fear et al., 2008].
Data reconstruction techniques such as Grad–Shafranov reconstruction technique
[Hasegawa et al., 2006a, Lui et al., 2008, Sonnerup et al., 2004b] have been used to
examine and recover complex magnetopause substructure [Lui et al., 2008, Sibeck
et al., 2008].

1.3.2 Magnetopause properties - methods

Studying the dynamics of structures in space requires precise knowledge about their
normal direction as well as their velocity. Discussion on the normal direction, veloc-
ity and thickness of the magnetopause cannot be separated from the techniques used
to determine these properties. When the magnetopause is a tangential discontinuity
i.e. when there is no reconnection going on and therefore no normal magnetic field
component, a cross product of the magnetic field vectors on either side of magne-
topause would yield the normal direction. In reality this may not be the case all the
time and a one dimensional magnetopause discontinuity assumption together with
! · B = 0 will allow a strictly constant normal magnetic field. In this approach
the normal direction would be the magnetic field direction that varies the least
[Sonnerup and Cahill, 1967, Sonnerup and Scheible, 1998]. This method is called
minimum variance of magnetic field (MVAB). Early studies of the magnetopause
used this approach.

Earlier spacecraft such as Explorer 12 encountered frequent magnetopause cross-
ings during a particular inbound or outbound orbit indicating that the magnetopause
is always in motion. Based on the time di!erence between successive crossings, early
magnetopause studies deduced the magnetopause motion to be of a few tens of kilo-
metres. However, with the advent of ISEE and AMPTE missions, which provided
lower order plasma moments with better time resolution, it became possible to use
single spacecraft magnetic field and plasma data to estimate both the normal direc-
tion and the speed of magnetopause. Berchem and Russell [1982] used successive
crossings of the magnetopause by ISEE-1 and ISEE-2 spacecraft to estimate the
magnetopause speed. They used the time di!erence between the two spacecraft ob-
serving the same magnetopause structure together with the spacecraft speed to ob-
tain magnetopause speed. These results from ISEE indicated magnetopause speeds
up to 200 km/s with an average around 40 km/s.

Earliest of the single spacecraft methods to estimate magnetopause speed is
based on the de Ho!mann and Teller [1950] frame determination. This method in-
volves in finding a frame that moves with a velocity VHT and the plasma velocity
transformed into this frame aligns with the magnetic field leading to zero electric
field in this frame of reference. The component of VHT along the normal direc-
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tion is the speed of the magnetopause. Aggson et al. [1983] were the first to apply
this technique to estimate the magnetopause motion. Since then, MVAB technique
has been used with deHo!mann–Teller frame technique [Khrabrov and Sonnerup,
1998a] to determine both magnetopause normal and velocity from single spacecraft
measurements. Another single spacecraft method based on Faraday’s law called
minimum Faraday residue (MFR) [Khrabrov and Sonnerup, 1998b, Terasawa et al.,
1996, Terasawa et al., 1997] uses both magnetic field and plasma moments to pre-
dict the magnetopause normal direction and velocity. This method used the fact
that Faraday’s law allows a constant electric field tangential to a one-dimensional
discontinuity of fixed structure moving with constant velocity. A comparison of the
results from MFR with dual spacecraft timing estimates of magnetopause velocity
using AMPTE data showed considerable disagreements [Bauer et al., 2000]. These
disagreements are due to uncertainties in single spacecraft MFR method as well as
to di"culties in obtaining an accurate timing of similar structures.

A more recent development in single spacecraft methods is to use the conserva-
tion laws [Kawano and Higuchi, 1996]. An improved precision of plasma moments
from the Cluster mission [Escoubet et al., 2001] allowed Sonnerup et al. [2004a] to
present a technique called the minimum mass residue flux (MMR) method which
uses only plasma moments i.e. velocity and density. This method uses residue min-
imization process and predicts the normal and velocity of the magnetopause. Later,
Sonnerup et al. [2006] extended the same methodology to be used with any conser-
vation law and presented a generic method which they named the generic residue
analysis (GRA) method. The main aim of this method is to use all available data
from a single spacecraft or even combining data from multiple spacecraft and to
provide magnetopause normal and velocity estimation from di!erent conservation
laws. Sonnerup et al. [2006] used the conservation of total energy (MTER), the
conservation of linear momentum (MLMR), the conservation of entropy (MER) as
well as MMR, MFR and MVAB together with deHo!mann–Teller (deHT) analysis.
They also extended the method used in Sonnerup et al. [2004a] to combine results
from di!erent methods to yield a single prediction. This is a composite (COM) of
all other methods which weights each conservation law based on a predefined crite-
ria. However, both the above cited studies using MMR and GRA are single event
studies, where a comparison of the results among di!erent conservation laws and
against multispacecraft methods showed a good agreement.

In Paper III and Paper IV we used the GRA method with only MVAB together
with deHT, MFR, MMR and MER to arrive at a composite (COM) prediction
of the magnetopause normal and speed based on eigenvalue ratios. Paper III
presented a comparison of magnetopause normal and velocity derived from both
multispacecraft constant velocity approach (CVA) and GRA method using data
set of 28 magnetopause crossings. To our knowledge this is the first study that
compared results from GRA and multispacecraft methods. Magnetopause normals
and velocities were estimated for about 4000 magnetopause crossings by Cluster
spacecraft in Paper IV utilizing GRA method. To our knowledge this is the largest
study that has tested and used GRA methodology.

The first multispacecraft analysis technique to deduce the orientation and the
speed of a discontinuity in space was presented by Russell et al. [1983]. They studied
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an interplanetary shock using ISEE-1, ISEE-2, ISEE-3 and Interplanetary Monitor-
ing Platform (IMP) magnetic field data. This method assumes that the discontinuity
is planar and does not change much over the time scales it passes by all the spacecraft
and all the spacecraft observe the same structure. Then the time di!erence between
di!erent spacecraft and the spacecraft separation vectors are used to deduce the
normal direction and the speed of the discontinuity. Russell et al. [1983] used the
crossing duration of the discontinuity over each spacecraft to estimate the thickness
of the discontinuity. Since this method assumes a constant velocity of the disconti-
nuity, it became known as constant velocity approach (CVA) and the method was
later reviewed by Harvey [1998] and Schwartz [1998]. The magnetopause crossings
analyzed in Paper I, Paper II and Paper III used CVA method to obtain magne-
topause normal and velocity. Paper III presented a small magnetopause crossing
data set where CVA results were compared against GRA results and found a good
agreement for majority of the crossings. This is the first study that examined and
compared CVA results against the GRA method.

Haaland et al. [2004a] developed a method called a constant thickness approach
(CTA) on the assumption that magnetopause thickness is constant. This method
used both the crossing times and crossing durations by each spacecraft together with
the spacecraft separation vectors. Haaland et al. [2004a] also compared the results
on magnetopause velocity and normal against various single spacecraft methods and
CVA and another multispacecraft method called discontinuity analyze (DA) [Dunlop
and Woodward, 2000]. The DA method initially calculates the normal directions
from all four spacecraft from MVAB method and obtains the timing information
to estimate the speed and thickness of the discontinuity. Paschmann et al. [2005]
combined CVA and CTA methods by weighting them to derive a new method called
minimum thickness variation (MTV) method which allows for small acceleration
of the discontinuity and minimizes thickness variations. The normal direction is a
weighted average of CVA and CTA methods. Haaland et al. [2004b] presented a new
method based on the conservation of electric charge called minimum variance of cur-
rent. This method uses magnetopause current density and then finds the minimum
variance direction to the current layer, presenting the magnetopause normal.

Comparison of magnetopause normals obtained from single and multispacecraft
methods using AMPTE data showed considerable disagreements [Bauer et al., 2000]
and were interpreted to be because of the errors in single spacecraft techniques and
inaccurate timing. A statistical study using Cluster data [Paschmann et al., 2005]
estimated the magnetopause to be of 100 to 3000 km thick with a peak at 400–800
km. Magnetopause speeds range from smaller than 10 km/s up to 300 km/s with
a peak around 20–40 km/s. These recent Cluster results are in agreement with
previous results from ISEE [Berchem and Russell, 1982] and AMPTE-IRM [Phan
and Paschmann, 1996] missions.

For magnetopause crossings used in Paper I and Paper II, the magnetopause
velocities are about 20-40 km/s. The statistical study in Paper III resulted in
similar magnetopause velocities i.e. few km/s to 100 km/s from both CVA and
GRA methods. Apart from a couple of event studies [Haaland et al., 2004a, Son-
nerup et al., 2006], Paper III is the first study to compare multispacecraft methods
against single spacecraft methods. Case studies comparing the normal direction from
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di!erent methods [Haaland et al., 2004a, Sonnerup et al., 2006] indicated that dif-
ferent single spacecraft methods yield normals that are within a few degrees of an
average normal direction from all 4 spacecraft and are also in agreement with various
multispacecraft methods. Normal direction comparison in Paper III showed very
good agreement between GRA and CVA normals as well as clear di!erences. These
di!erences could be due to the breakdown of the assumptions such as planarity,
startionarity of the magnetopause and uncertainties associated with both methods.

1.3.3 Magnetopause currents
Estimation of currents flowing in space is important because they often couple di!er-
ent regions of space. An estimation of magnetopause currents from single spacecraft
data is possible using assumptions such as planarity of the magnetopause. Aver-
age magnetopause currents can be obtained by taking the maximum change in the
magnetic field during a magnetopause crossing and dividing it with the product of
magnetopause thickness and permeability of free space i.e. !Bmax/µ0D, where D
is magnetopause thickness for a magnetopause crossing. This method only gives an
average value of the current in the magnetopause. However, with electron and ion
moments it is possible to obtain a time sequence of current density in the magne-
topause. Current density at each time instant is calculated as a product of number
density times the di!erence in velocities of electrons and ions. This method in prin-
ciple can give both direction and time series of total current density. The limitation,
however, lies in accurate determination of electron moments due to the presence of
photoelectrons with thermal velocities higher than plasma bulk velocity. This limits
the accurate estimation of current direction.

Both direction and magnitude of the current can be calculated from single space-
craft magnetic field data assuming a zero normal component and estimating Am-
père’s law, !" B = µ0 J, in boundary normal coordinates. This method gives the
tangential components of current and is suitable for magnetopause. In this method,
the measured magnetic field components are transformed into boundary layer co-
ordinates and then the temporal gradients of single spacecraft magnetic field mea-
surements are transformed to spatial variations using the magnetopause velocity
and dividing these gradients with µ0 will give the tangential components of current
density. The equation that is used to do this is:
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where µ0 is the permeability of free space, N, M, L boundary normal coordinates
and VN is the spacecraft velocity relative to the magnetopause. We call this method
a single spacecraft current (SSC) method.

With its simultaneous multipoint measurements, Cluster mission brought the
possibility of estimating currents in space most accurately using Ampère’s law [Dun-
lop et al., 2002b, Haaland et al., 2004b, Paschmann et al., 2005, Robert et al., 1998].
This method uses the simultaneous magnetic field measurements from all Cluster
spacecraft that are flying in tetrahedral formation and calculates spatial gradients
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and then estimates Ampère’s law to yield three components of current density. Sta-
tistical surveys of dawn side magnetopause [Paschmann et al., 2004] showed that
the current density ranges from 0.01 µA m!2 up to more than 0.3 µA m!2. The
distribution of current densities obtained using #Bmax

µ0D showed similar values.
In Paper I and Paper II, magnetopause current is derived using the multi-

spacecraft curlometer technique whereas Paper III used both curlometer technique
and a single spacecraft current (SSC) estimation technique. Paper III compared
energy conversion derived using both curlometer current density as well as the sin-
gle spacecraft current density. The statistical study in Paper IV used only single
spacecraft current density when calculating the energy conversion.

1.4 Poynting vector and energy conversion
Energy conversion between fields and particles can be derived by taking scalar prod-
uct of Ampère’s law with electric field, which results,
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Upon using the vector identity ! · (E"B) = B · (!"E) #E · (!"B), above
equation becomes
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Above equation is the so called the Poynting theorem which states that the rate
of energy transfer per unit volume in a region of space is equal to the sum of the
work done on charges by the fields and the electromagnetic energy leaving from that
region. The first term on the right hand side represents work done on the plasma or
by the plasma on the fields and the second term is the divergence of the Poynting
vector, S = (E " B)/µ0 which represents the electromagnetic energy transport. The
term on the left hand side is the rate of change in the total energy density where
u = !0E2/2 + B2/2µ0.

In a time-independent situation, the left hand side of Eq. 1.2 vanishes resulting

E · J = #! · S (1.3)
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Above equation implies that the energy conversion between plasma and fields
in a region of space is equal to the electromagnetic flux leaving or entering that
region. If E · J > 0 plasma gains energy at the expense of the electromagnetic
energy and hence the region is called a load and a region where E ·J < 0 is called a
generator where electromagnetic fields gain energy at the expense of plasma energy.
By replacing E with the #V " B, E · J can be written as (J " B) · V, where V is
the plasma velocity. Plasma motion parallel to J"B force extracts energy from the
electromagnetic fields and plasma gains energy while motion anti-parallel to J " B
force extracts energy from plasma to increase the electromagnetic energy.

1.5 Energy transfer/conversion
That the solar wind and the IMF drive the magnetospheric dynamics is followed
from the realisation that energy is transferred through the magnetopause into the
magnetosphere. Piddington [1963] raised the idea that the total solar wind force on
the magnetotail should be equal to the magnetic pressure in the lobes integrated
across the cross-sectional area of the magnetopause to maintain the shape of the tail.
Based on this assumption, Siscoe and Cummings [1969] estimated the total energy
input from the solar wind to the magnetosphere to be at least about 1.2"1012 Watts.
These calculations used the typical values of the solar wind and the magnetotail lobe
magnetic field. Siscoe and Cummings [1969] suggested that the tangential Maxwell
stress of the magnetic field at magnetopause extracts the solar wind kinetic energy
and stores it in the tail as electromagnetic energy which is dissipated subsequently.
This view is supported by later theoretical studies on solar wind energy transfer
to the magnetosphere [Gonzalez and Mozer, 1974, Siscoe and Crooker, 1974]. All
the above studies concentrated on the estimation of electromagnetic energy only.
However, Lee and Roederer [1982] calculated both electromagnetic and kinetic en-
ergy input through the magnetopause. Song and Lysak [1989] have pointed out
that both the generation and dissipation of electromagnetic energy are a result of
reconnection. They emphasized that increased magnetic helicity due to the curl of
the Lorentz force acts as a generator extracting energy from the plasma.

The above mentioned theoretical considerations led to the formation of empirical
equations to estimate how much energy is transferred to the magnetosphere. These
more quantitative estimates were based on correlation studies that compared the
magnetospheric energy dissipation with di!erent solar wind and IMF parameters.
Energy dissipation in the magnetosphere was estimated using the geomagnetic in-
dices such as Dst and AE, which are proxies for equatorial ring current and the
auroral particle precipitation along with Joule heating, respectively. Research on
formulating empirical functions mainly concentrated on transferring the reconnec-
tion electric field to the magnetosphere and transfer of solar wind power into the
magnetosphere. Gonzalez [1990] summarized all the empirical relations developed
based on the transfer of either the upstream electric field or the power transfer to
the magnetosphere. Recently, Newell et al. [2007] presented a better solar wind–
magnetosphere coupling function based on comparisons with 10 geomagnetic ac-
tivity representatives. This function describes the rate of magnetic flux opened at
the magnetopause in reconnection. Newell et al. [2008] further presented evidence



16 CHAPTER 1. INTRODUCTION

that this coupling function combined with a viscous interaction term produced an
accuracy of more than 80% in predicting various magnetospheric indices. Further,
Borovsky [2008] derived an expression for dayside magnetopause reconnection rate
in terms of upstream parameters from first principles. Extending this expression
to include various aspects of dayside reconnection, Borovsky [2013] found that this
modified expression for reconnection rate can predict various magnetospheric state
variables better than other coupling functions. They noticed that this modified cou-
pling function resulted in best correlation (> 0.75) while the electric field transfer
based coupling functions yielded poorest correlation.

Of all the empirical functions, perhaps Akasofu’s epsilon parameter [Akasofu,
1981, Perreault and Akasofu, 1978] is most widely used to describe the solar wind
energy transfer to the magnetosphere. Epsilon parameter is an estimation of the
Poynting flux scaled to an area of the magnetosphere where a scaling factor is set
to be 7 RE and depends on the angle between the y and z components of IMF.
Although successful, epsilon parameter often is misrepresented and a modification
to the scaling parameter has been suggested [Koskinen and Tanskanen, 2002]. In
Paper II solar wind energy input to the magnetosphere during two simulation
runs was estimated with the epsilon parameter. Paper II used both the original
scaling factor and also scaled to the simulation magnetopause area and suggested
that the epsilon parameter is underestimated by a factor of about 2-3 during the
events studied. However, in a recent review paper on GUMICS, Janhunen et al.
[2012] presented evidence for the dependence of energy transfer magnitude on the
grid resolution. Better grid resolution resulted in smaller value of energy transfer.
Hence, I think the suggestion of 2-3 orders of magnitude underestimation stemmed
from the grid issue. The grid resolution used in this comparison is 0.5 RE and
reducing the grid resolution by half means a smaller magnitude energy transfer
which may be closer to epsilon parameter.

Once the solar wind energy and momentum are transferred to the magneto-
sphere, a portion of this energy is dissipated in the magnetosphere and the rest is
left to flow along the open tail magnetic field lines. The portion of energy that
enters the magnetosphere is dissipated through Joule heating and particle precip-
itation, ring current particle energization and plasmoids. Magnetospheric energy
budget studies [Knipp et al., 1998, Lu et al., 1998, Østgaard and Tanskanen, 2003,
Østgaard et al., 2002a,b, Pulkkinen et al., 2002] investigated the ratios of the energy
dissipation in di!erent mechanisms. The contribution from the ring current is es-
timated based on the Dessler–Parker–Schopke (DSP) relation [Dessler and Parker,
1959, Sckopke, 1966] whereas the Joule heating and particle precipitation are based
on ground magnetic disturbances and the assimilative mapping of ionospheric elec-
trodynamics (AMIE) [Ahn et al., 1989]. All the above mentioned studies looked
at various energy dissipation mechanisms except for plasmoids in the magnetotail.
Based on observations from 824 plasmoid events from Geotail data Ieda et al. [1998]
concluded that the energy carried by plasmoids is of the order of ionospheric Joule
dissipation.

There are no observational means to quantify energy transfer through the mag-
netopause from the solar wind except for a recently developed method [Rosenqvist
et al., 2006]. This is partly due to the lack of observational coverage and practical
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problems with the instrumentation. However, with the advent of faster computers
and progress in the numerical simulations it is possible to estimate the energy trans-
fer through the magnetopause using computer simulations. In the next section we
describe the energy transfer and conversion mechanisms followed by simulation stud-
ies carried out to quantify both energy transfer and conversion at the magnetopause
as well as the recently developed observational technique.

1.6 Energy conversion processes
Mass, momentum and energy transfer processes operating at the magnetopause are
separated into two groups. Due to wide range of observational evidence magnetic
reconnection process forms one group and the rest are categorized in to another
group called ’viscous processes’.

1.6.1 Magnetic Reconnection
In terms of magnetohydrodynamics, the temporal evolution of magnetic fields is
given by the induction equation i.e. $B/$t = ! " (V " B) + %!2B. The induc-
tion equation governs the temporal evolution of the magnetic field in space. The
first term on the right hand side is the convective term and and the second term de-
scribes magnetic field di!usion. In tenuous yet highly conductive space plasmas, the
magnetic fields are carried by the plasma flow and the convective term dominates
over the di!usive term. However, when two such plasma systems come together,
a current layer is formed between the oppositely directed fields due to induction
e!ects. Plasma convection on both sides of the current sheet compresses the cur-
rent sheet and develops resistive instabilities which provide magnetic field di!usion
and break the frozen-in-field condition. Now, the di!usive term in the induction
equation becomes dominant and allows the magnetic field lines to di!use and field
lines from one side break and reconnect with field lines from the other side. Now
the reconnected field lines facilitate mixing of plasma elements from both sides of
the current layer as well as accelerate the plasma while trying to relax the magnetic
tension which was a result of initial convection.

While the temporal evolution of magnetic field is given by the induction equa-
tion, the current transport equation describes the behaviour of magnetised plasma.
In a two fluid plasma of ions and electrons, this relationship can be derived by multi-
plying the charge to mass ratios of each species with momentum transport equation
of respective species and summing over the two species. Following few simplifica-
tions such as introducing a constant collision frequency in place of collision integral,
neglecting derivatives of second order terms and neglecting terms that contain the
electron to ion mass ratio one arrives at

E + V " B = %J +
1

ne
(J " B) # 1

ne
¯̄Pe +

me

ne2

$J

$t
(1.4)

where n, e, ¯̄Pe, me, % are the plasma number density, the electron charge, the electron
pressure tensor, the electron mass and the plasma resistivity, respectively. Above
equation describes general relationship between the current and the electric field in
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Figure 1.5: The top panel shows the locations of magnetic reconnection at the sub-
solar magnetopause as well as in the tail plasma sheet. Bottom panel presents the
topological structure of 2D reconnection. Adapted from Øieroset et al. [2001].

two fluid plasma and hence called the generalised Ohm’s law. Any standard text
book on space plasma physics contains a detailed derivation of the above equation.

Each term on the right hand side of Eq. 1.4 is associated with a length scale:
the first term is associated with the so called resistive scale length; the second term
is associated with the ion skin depth; the third term contains e!ective ion Larmor
radius and the last term contains e!ective electron skin depth. If the resistive scale
size is larger than any of the other scale lengths, then the left hand side is equal to the
first term on the right hand side which is the Ohm’s law in resistive MHD. However,
e!ects associated with Hall (JxB) term and the pressure tensor are important in
reconnection studies. The Hall term is crucial in decoupling the ions from magnetic
field and the pressure gradient term and the electron inertial term are important in
un-freezing the electrons from the magnetic field.

Figure 1.5 demonstrates magnetic field reconnection in a 2-dimensional setup
(bottom panel) in the context of both the dayside magnetopause as well as in the tail
plasma sheet (top panel). The bottom panel shows the typical setup of reconnection
and the vertical red arrows represent the so-called Hall electric field and it is in this
region called the inflow region, the magnetic flux is convected towards the di!usion
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region in the current sheet. The horizontal blue lines indicate plasma jets that are
accelerated by the reconnected field lines; this region is called the outflow region.
The pink shaded area is the ion di!usion region in which the ions decouple from
the magnetic field lines while the small rectangular box shaded with gray colour in
the middle is called the electron di!usion region where the electrons are no longer
coupled to the magnetic field lines. This results in a quadrupolar magnetic field
structure that is associated with a Hall current system.

Magnetic reconnection was proposed by Giovanelli [1947] to explain the observed
magnetic null point in the solar flares. Parker [1957] and Sweet [1958] independently
developed a 2D picture of reconnection similar to the one in Fig. 1.5 to explain
the sudden release of electromagnetic energy observed in flares and this concept
of reconnection is called the Sweet-Parker reconnection. While the Sweet-Parker
concept describes flare observations, the reconnection rates are slower in comparison
to that observed in a flare. Petschek [1964] proposed modifications to the Sweet-
Parker theory which included two slow mode shocks in the outflow region that
increased the speed of reconnection. A variety of reconnection models have been
proposed later [Biskamp, 1986, Forbes, 1995, Priest and Forbes, 2000, 1992]. The
concept of reconnection was applied to the magnetosphere to explain the occurrence
of the aurora [Dungey, 1961]. Since then reconnection has taken a central place in
the solar wind - magnetosphere coupling research as it provides the means for mass,
momentum and energy transfer between the solar wind and the magnetosphere.

Early observational evidence for the occurrence of reconnection at the magne-
topause came from sub-solar magnetopause by means of finding high speed jets
tangential to the magnetopause [Paschmann et al., 1979, Sonnerup et al., 1981].
More recently there have been studies that have used direct observations of fluid
and kinetic signatures near the reconnection site [Phan et al., 2001]. These signa-
tures include the presence of finite normal component in magnetic field [Sonnerup
and Cahill, 1967], observation of heated and accelerated plasma as well as mixed
ion and electron populations with distinct separatrix layers [Gosling et al., 1990a,
Onsager et al., 2001], D-shaped ion distributions with a cut-o! at deHo!mann Teller
frame velocity [Cowley, 1982] and reflected ions at the magnetopause [Fuselier et al.,
1991, Sonnerup et al., 1981].

Majority of the research on the magnetopause reconnection has concentrated in
two directions: 1) to determine whether the magnetopause reconnection is contin-
uous or intermittent and 2) whether anti-parallel or the component merging is a
dominant process. Evidence from early single spacecraft encounters with Alfvénic
streams was interpreted as evidence for continuous reconnection [Fuselier et al.,
1991, Gosling et al., 1991, Paschmann et al., 1979, 1986, Smith and Rodgers, 1991,
Sonnerup et al., 1981]. However, frequent observations of flux transfer events [FTEs]
[Russell and Elphic, 1979], poleward moving auroral forms [Farrugia et al., 1998] and
step-like ion dispersion signatures observed in low altitude cusp [Escoubet et al.,
1992, Lockwood and Smith, 1992, Lockwood et al., 2003, Newell and Meng, 1991]
were interpreted as evidence for the intermittent nature of magnetopause reconnec-
tion.

Another question is whether reconnection occurs only when the magnetic field
lines either side of a current layer are purely antiparallel [Crooker, 1979, Luhmann
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et al., 1984] or can it occur when components of magnetic field are antiparallel
with a guide field along the X-line [Gonzalez and Mozer, 1974, Sonnerup, 1974].
Indirect evidence for both types of merging have been reported. Observation of flow
reversals in dawn-dusk direction in the presence of finite IMF Y-component (guide
field) [Gosling et al., 1990a] as well as examination of time of flight e!ects on the
ion distributions observed from the Polar spacecraft [Trattner et al., 2004] provide
evidence supporting the component merging. On the other hand, observations of
opposite sense of FTEs detected during a varying IMF Y-component [Berchem and
Russell, 1984] as well as ground based radar observations of split in the projection
of dayside reconnection [Chisham et al., 2002] were interpreted as evidence for anti-
parallel merging.

Recent studies showed that both continuous and intermittent reconnection are
possible and their relative occurrence depends on the solar wind and IMF conditions.
If the solar wind dynamic pressure and the IMF orientation are stable for long pe-
riods of time, then reconnection can take place at the same place continuously for
a long time. On the other hand, if the solar wind and IMF are changing rapidly,
then the reconnection is time-dependent and intermittent. However, when viewed
globally, reconnection never ceases at the magnetopause and hence it can be globally
continuous but locally intermittent. Further, many studies reported the presence
of a guide field including a study of FTEs using multispacecraft observations [Son-
nerup et al., 2004b], supporting the component merging. Reviews on the topic have
concluded that reconnection is globally continuous and predominantly componet
merging prevails [Hasegawa, 2012, Lavraud et al., 2011, Paschmann, 2008, Phan
et al., 2005].

1.6.2 Viscous processes

All the processes other than magnetic reconnection come under this group of ’vis-
cous processes’ a term first mentioned by Axford and Hines [1961]. The viscous
processes include a variety of di!usive processes. In space plasmas di!usion can
occur through wave particle interaction where the plasma is scattered by lower hy-
brid drift instability [Sibeck et al., 1999]. Pitch angle scattering is proposed as an
e"cient way of scattering particles away from their Larmor orbits in the presence of
intense wave fields with frequencies close to particle gyro-frequencies [Tsurutani and
Thorne, 1982]. Furthermore, as the gyro-radius of plasma particles is dependent on
the mass and energy of the particles as well as on the strength of the magnetic field,
energetic ions of magnetosheath origin can have gyro-radius greater than that of the
magnetopause thickness and can cross the magnetopause under the influence of mag-
netic field gradients and curvature at the magnetopause [Olson and Pfitzer, 1985,
Stasiewicz, 1993]. This kind of di!usive processes are called finite Larmor radius
(FLR) e!ects. Lemaire [1977] and Lemaire and Roth [1978] proposed that in the rest
frame of the Earth, plasma exposed to the dawn-dusk electric field can drift across
the magnetopause as a result of the E " B force [Heikkila, 1982]. These authors
called this type of di!usion as impulsive transport. Detailed descriptions of theoret-
ical and observational perspectives on di!usive processes at the magnetopause are
presented by Winske et al. [1995] and Treumann et al. [1995]. A number of studies
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have investigated di!usive processes at the magnetopause [Bauer et al., 2001, Tera-
sawa et al., 1997, Treumann, 1997, Wing et al., 2006, Zhou et al., 2007]. However,
their e"ciency in mass and momentum transfer are being questioned due to the lack
conclusive signatures in observations.

Furthermore, macro-scale instabilities such as Kelvin-Helmholtz (KH) instabili-
ties are capable of mass and momentum transfer from solar wind into the magne-
tosphere. Simulations on KH instability showed that fast anomalous di!usion can
occur for su"ciently thin boundaries inside the KH vortices [Fujimoto and Terasawa,
1994, Thomas and Winske, 1993]. Di!usive processes within KH vortices operat-
ing as secondary processes are identified in hybrid simulations where non-linear KH
growth results in development of secondary KH vortices as well as Rayleigh-Taylor
(RT) instabilities [Matsumoto and Hoshino, 2006, Matsumoto and Seki, 2007, Sharp,
1984]. These secondary instabilities cause the vortices to decay turbulently and re-
sult in particle di!usion [Cowee et al., 2009]. Furthermore, KH instabilities are also
found to transport the plasma by means of FLR which develops as a secondary
process within KH vortices [Smets et al., 2007]. Magnetic reconnection is found to
occur as a secondary process with in the KH vortices near thin current sheets in
MHD simulations [Belmont and Chanteur, 1989, Min et al., 1997, Nakamura and
Fujimoto, 2005, Nykyri and Otto, 2001, Otto and Fairfield, 2000] and later confirmed
from Cluster flank magnetopause observation [Hasegawa et al., 2009b, Nykyri et al.,
2006]. Nykyri and Otto [2001, 2004] used 2D MHD as well as Hall-MHD simu-
lations to quantify the plasma transport which resulted in di!usion coe"cients of
109 m2 s!1. Similar di!usion coe"cients for plasma transport were obtained from
hybrid simulations [Cowee et al., 2010]. These mass di!usion rates agree with the
time scales observed for the formation of cold dense plasma sheet for northward IMF
[Borovsky et al., 1998].

A recent observation of plasma transfer events (PTEs) by Lundin et al. [2003]
from Cluster observations close to the cusp region support the impulsive penetra-
tion type of di!usive process. PTEs are similar to FTEs and are observed to occur
even during northward IMF conditions unlike FTEs which occur predominantly dur-
ing southward IMF conditions. Recent studies of electromagnetic features on ion
gyro-radii scale, often called Kinetic Alfvén waves (KAWs) [Hasegawa and Chen,
1975], suggested that the location of power of KAWs can produce significant plasma
transport within the KH vortices as well as in the reconnection ion di!usion region
[Chaston et al., 2008, 2007, 2009] and elsewhere in the absence of KH and reconnec-
tion [Johnson and Cheng, 1997, 2001, Lee et al., 1994]. A recent statistical study by
Yao et al. [2011] using THEMIS data indicated a dawn-dusk asymmetry in spectral
energy densities of KAWs similar to the observed asymmetry in temperatures and
densities of magnetosheath ions in the magnetosphere [Hasegawa et al., 2003, Wing
et al., 2005]. This evidence points that ion gyro-radii scale waves may significantly
contribute to the plasma transport across the magnetopause.
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1.7 Earlier results

1.7.1 Simulations - GUMICS-4
The global nature of energy circulation in the coupled solar wind, magnetosphere and
ionosphere system makes quantitative estimates from observations di"cult. Global
three dimensional magnetohydrodynamic (3D MHD) simulations provide a good al-
ternative to model energy circulation globally. Grand Unified Magnetosphere Iono-
sphere Coupling Simulation-4 (GUMICS-4) [Janhunen et al., 2012] is a global 3D
MHD code that solves the coupled solar wind, magnetosphere and ionospheric sys-
tem. The solar wind and the magnetosphere are solved using conservative magne-
tohydrodynamic equations while the ionospheric part solves electrostatic equations.
These equations are solved on an adaptive Cartesian octogrid whose resolution can
be changed to suit a particular need. Better resolution is preferred at boundaries
near the Earth and hence the magnetopause is well reproduced. The simulation box
extends from 32 RE to -224 RE in XGSE direction and ±64 RE in both YGSE and
ZGSE directions. The magnetospheric part terminates at 3.7 RE distance from the
Earth and the information about electron precipitation and field-aligned currents is
mapped to the electrostatic ionosphere which in turn solves electrostatic equations
and feeds the ionospheric potential to the magnetosphere. The solar wind density,
temperature, velocity and the IMF are used to drive the simulation and they serve
as boundary conditions on the upstream end of simulation box whereas on the down-
stream end of the simulation box out flow conditions are used. To simulate a real
events GUMICS-4 uses measured solar wind and IMF parameters and can also sim-
ulate the magnetosphere and ionosphere system using artificial solar wind and IMF
data. This mode can be used to investigate how a particular upstream driver e!ects
the dynamics of the magnetosphere and ionosphere. Note that GUMICS-4 uses a
constant IMF BX value to avoid problems associated with building up of non-zero
divergence that is di"cult to handle.

Palmroth et al. [2003] used GUMICS-4 to simulate the evolution of energy trans-
fer during a magnetic storm. They invented a new method to identify the magne-
topause boundary in the simulation box and then calculated the energy transfer
through the magnetopause surface at each instant of time. Identification of the
magnetopause is based on tracking the solar wind stream lines and finding the inner
edge of the void they form when encompassing the magnetopause. The streamline
void identification starts at XGSE = +15 RE with about 10,000 streamlines spaced
0.5 RE apart in all directions and proceeds downstream with 0.5RE steps. Once the
search results in a void of size 1RE, then an inner boundary is identified as mag-
netopause around which the streamlines bend. This inner boundary identification
divides the YZGSE plane into 10$ sectors for each step downstream. Then in each
sector of the YZGSE plane, the first three innermost streamlines are discarded to
avoid the streamlines which penetrate into the magnetosphere. The mean radius of
the next four streamlines defines the location of the magnetopause for that sector in
YZ plane. In principle, this method works best if the magnetopause is stationary.
However, in GUMICS magnetopause is not stationary but the its motion is slow
compared to changes in solar wind. This causes some streamlines to penetrate into
the magnetosphere and also creates foldings on the streamline magnetopause. These
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foldings on the magnetopause and numerical di!usion deviates the magnetopause
from being strictly tangential allowing the energy transfer possible. To obtain the
total energy transfer through the magnetopause the energy flux along the normal di-
rection is integrated over the magnetopause area. Palmroth et al. [2003] carried out
the integration from the nose to –30 RE. Their results on energy transfer through
the magnetopause indicate that the transfer follows the rotation of the clock an-
gle. Palmroth et al. [2006a] extended the study to investigate the influence of IMF
over the spatial variation of energy transfer locations on the magnetopause and also
concluded that the energy transfer follows the IMF.

Figure 1.6 presents energy transfer results from Palmroth et al. [2006a] in a
synthetic run. They investigated the energy transfer through the magnetopause as
a function of the IMF clock angle. While keeping all other solar wind input and the
IMF magnitude constant, the IMF clock angle was rotated through 0$ to 360$ in
steps of 10$ with changes every 10 minutes. Figure 1.6 presents the total energy flux
through the magnetopause for six snapshots of IMF clock angle. The black circles
represent the location of the so-called four-field junction used to characterize the
location of reconnection line in simulations [Laitinen et al., 2006]. Identification of
the four-field junction is as follows: first the magnetic field lines are traced starting
from a location in opposite directions. If the tracking of a field line encounters Earth
on both ends, that field line is labelled ’closed’ at both ends. On the other hand if it
does not encounter Earth on the two ends and the tracking continues until a specified
limit, then that field line is categorised as ’open’ on both ends. If only one end of
the tracking reaches the Earth, that field line is called ’semi-closed’ or ’semi-open’.
If a semi-closed field line encounters the Earth in the southern hemisphere, it is an
’away’ type field line and if the tracking reaches Earth in the northern hemisphere,
that field line is ’towards’ type of field line. At a reconnection site, all the above
four types of field lines are expected and in GUMICS-4 a junction of these four field
types is identified as reconnection signature. Since GUMICS-4 is an ideal MHD
code, the reconnection in simulations is due to numerical di!usion generated by the
code which mimics the resistive term, %J in Eq. 1.4. The red arrow line indicates
the IMF clock angle for each snapshot whereas the outer circle shows the energy
conversion magnitude for the particular time. The blue triangles represent the total
energy flux through the sector on the magnetopause and the blue colour indicates
that it is flowing towards the magnetopause.

Panel 1.6a shows energy transfer when IMF is northward. The energy transfer
is very small and is taking place in dawn (dusk) sector in the northern (southern)
hemisphere. This is a consequence of a small amount of reconnection behind the
cusps. As the clock angle rotates to 60$ there is small energy transfer in the same
sectors while the reconnection line starts to rotate as well. As the clock angle
rotated to 120$, reconnection has started transferring more energy in the dawn
sector in the northern hemisphere and dusk sectors in the southern hemisphere
while an enhancement is seen in other sectors as well. The reconnection line starts
to become more aligned with the equator. When the IMF is southward (panel 1.6d),
the energy transfer through the dusk sector in the northern hemisphere and the
dawn sector in the southern hemisphere have become large while the dawn (dusk)
sector in the northern (southern) hemisphere showed even more increased transfer.
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Figure 1.6: Total energy transfer through simulated GUMICS-4 magnetopause as a
function of the IMF clock angle. Figure adapted from Palmroth et al. [2006a].

When the IMF rotated to 240$ in panel 1.6e, the energy transfer in dusk (dawn) in
northern hemisphere is still increasing while the energy transfer in the dawn (dusk)
sector in northern hemisphere has started to cease. When the clock angle moved
to 300$ in panel 1.6f the transfer in all sectors have reached very small values while
the dusk (dawn) sector in the northern (southern) hemisphere are still transferring
energy although at a reduced rate. Palmroth et al. [2006a] interpreted this as energy
transfer taking place on previously opened field lines while the reconnection moved to
behind the cusp. Panel 1.6g shows the time evolution of total energy transfer through
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the magnetopause in GUMICS-4 which shows a hysteric behaviour caused by the
memory of magnetospheric processes [Palmroth et al., 2006b, 2010]. A noticeable
feature from these snapshots is that energy transfer follows the rotation of clock angle
as does the reconnection. Majority of the energy transfer takes place perpendicular
to the reconnection line and in the plane of the clock angle. This is a consequence
of geometrical e!ects which lead to the focussing of the Poynting flux towards the
magnetopause. Using LFM MHD code [Lyon et al., 2004], Papadopoulos et al.
[1999] demonstrated, for the first time, the focussing of the Poynting flux towards
the magnetopause as a mechanism for the transfer of solar wind momentum and
energy into the magnetopause.

Laitinen et al. [2007] used GUMICS-4 code to simulate the behaviour of local
energy conversion through the magnetopause. They used synthetic solar wind and
IMF data to drive the simulations and the investigated the clock angle dependence
following the IMF rotation presented in Palmroth et al. [2006a]. To investigate the
e!ect the solar wind dynamic pressure has on magnetopause energy conversion Laiti-
nen et al. [2007]ran multiple simulations with di!erent dynamic pressures and the
IMF rotation. Following the Palmroth et al. [2003] method of magnetopause identi-
fication, Laitinen et al. [2007] identified the magnetopause and calculate the energy
conversion across the magnetopause for each grid point on the magnetopause sur-
face. They integrate the negative divergence of the Poynting vector (Eq. 1.3) across
the simulation magnetopause. Laitinen et al. [2007] pointed out that in GUMICS-4
the streamline magnetopause is found to be 0.5RE inwards of the current density
maximum which is further 0.5RE inward from the last closed field line. Hence, the
integration of the Poynting vector divergence is carried out from 1.5RE upstream of
the streamline magnetopause and ends 1.5RE downstream. These authors used a
constant integration length of 3RE everywhere on the magnetopause surface. The
Poynting vector divergence is significant only in the actual magnetopause which is
in the vicinity of the streamline magnetopause. Hence, the final value of the energy
conversion does not depend on the length of the integration path. The integral of
the divergence of the Poynting vector across the magnetopause gives the magnitude
of electromagnetic energy annihilation if the sign of the integral is positive and cre-
ation of electromagnetic energy if the sign of the integral is negative. This method is
only concerned about the conversion between the electromagnetic energy and kinetic
and thermal energy of the plasma. However, the Palmroth et al. [2006a] method
integrates the total energy through the magnetopause area. The major di!erence
between these two methods is that the Palmroth et al. [2006a] method takes into
account all types of energy transferred through the magnetopause whereas the Laiti-
nen et al. [2007] method estimates only the electromagnetic energy that is converted
within the magnetopause layer. Hence, the names energy transfer by Palmroth et
al. [2006] and energy conversion by Laitinen et al. [2007].

Figure 1.7 shows results of a GUMICS-4 run with rotating IMF similar to Palm-
roth et al. [2006a]. The black line shows the four-field junction determined using
topology of a field line indicating the reconnection line on GUMICS-4 magnetopause
surface. The green lines indicate regions of high magnetic shear and the colour-
coding indicates the load (blue colour) and the generator (red colour) regions on
the magnetopause. Intensity of the colour is an indicator of the magnitude of the
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Figure 1.7: Energy conversion through the simulated GUMICS-4 magnetopause as
a function of the IMF clock angle. Figure adapted from Laitinen et al. [2007].

converted energy. The reconnection line rotates with the rotation of the IMF clock
angle. Panels 1.7a - 1.7f show snapshots of energy conversion on magnetopause for
di!erent IMF clock angles. Panel 1.7a shows energy conversion when the IMF clock
angle is 60$. Most of the dayside magnetopause is a weak load while the dawn (dusk)
high latitudes in the northern (southern) hemisphere indicate a generator. Snapshots
for the IMF clock angles through 120$ to 240$ show a similar spatial distribution of
the energy conversion on the magnetopause. The low latitudes and the dawn and
dusk are loads while the high latitudes are generators and the magnitude of energy
conversion is increased. This is due to the increased magnetic reconnection on low
latitudes dayside of the cusp and the magnetic field lines are being transported over
the cusps and into the tail. Reconnection leads to the acceleration of plasma by
the so called ’sling shot’ action where the magnetic field line tension pushes the
plasma over the cusps into the tail. While the magnetic fields are being dragged
over to the nightside, the magnetic field lines try to straighten up and accelerate the
plasma. The resulting gain in plasma kinetic energy comes at the expense of the
electromagnetic energy. Further, as the clock angle rotates, the load and generator
separator line also rotates. When the IMF clock angle is 300$, reconnection ceases
at the sub-solar point and moves behind the cusps resulting in a load in the dawn
(dusk) high latitudes in the northern (southern) hemisphere. However, the dusk
(dawn) high latitude in the northern (southern) hemisphere still acts as a generator.
As the IMF moves to pure northward orientation, reconnection moves behind the
cusps [Kessel et al., 1996]. Now the high latitudes are loads whereas the low latitude
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and sub-solar magnetopause are generators. Thus the presented results indicate a
clear variation in the spatial energy conversion on the magnetopause. This variation
is driven by the solar wind and the IMF conditions.

1.7.2 Observations

Global observations of energy transfer or conversion at the magnetopause is di"-
cult given the little satellite coverage of the magnetopause. However, it is possible
to estimate energy converted locally during a magnetopause crossing from in situ
observations. Wright [1996] has formulated basic MHD theory to estimate the tan-
gential stress at the magnetopause as a result of large scale convection pattern set
up by reconnection. Recently, Rosenqvist et al. [2006] presented the local energy
conversion estimates from Cluster measurements during a magnetopause crossing.
They have used the following equation to calculate the converted energy during the
crossing

Q (Wm!2) =

)
{(J " B) · V} |Vmp|dt (1.5)

where J is current density, B is magnetic field, V is the plasma velocity and Vmp

is the magnetopause velocity in the normal direction. In a time-independent case,
it is straightforward to show that J " B · V equals E · J which in turn is equal
to Eq. 1.3. Notice that |Vmp|dt = dl, represents integration over the width of
the magnetopause. The magnetopause velocity Vmp can be positive or negative
but in the energy conversion computation only the absolute value matters. This
is because physically the sign of the energy conversion should be determined by
J " B · V and not the magnetopause velocity, which is only used to convert the
spatial integration measure into temporal form. Rosenqvist et al. [2006] found that
the energy conversion can be milliwatts per unit area locally during a major magnetic
storm, and using this value they also obtained a crude estimate for the total energy
transfer by making assumptions on the energy transfer spatial distribution at the
magnetopause. Note that the length of the integration path does not a!ect the final
out come as most of the energy conversion takes place in the magnetopause current
layer. On either side of the magnetopause the energy conversion is negligible and
does not change the final outcome.

Further, Rosenqvist et al. [2008a] calculated energy conversion using Eq. 1.5 from
a series of Cluster magnetopause crossings which occurred during 2001-01-26. These
magnetopause crossings have been widely studied and confirmed that continuous
reconnection is ongoing [Bosqued et al., 2001; Phan et al., 2004]. Rosenqvist et al.
[2008a] calculated reconnection rate during a set of 11 magnetopause crossings and
concluded that the reconnection is continuous but the rate is modulated. They
used both single and multispacecraft methods to estimate magnetopause orientation,
velocity and current density along with magnetopause orientation also from the
Shue et al. [1998] model. In another study, Rosenqvist et al. [2008b] presented a
comparison of local energy conversion estimated during two magnetopause crossings
with BATSRUS MHD simulation [Gombosi et al., 2002, Powell et al., 1999] results.
The results from simulations and Cluster observations in these two events agree in
sign after artificially lowering the Cluster latitude at the magnetopause. Figure 1.7
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indicates that this artificial move can move the spacecraft from a generator area to
a load area, also changing the sign of energy conversion. This procedure indicates
that computing energy conversion from spacecraft observations may be sensitive to
a number of uncertainties.

Paper I and Paper II presented comparison of two magnetopause crossings by
Cluster spacecraft with GUMICS-4 simulations. One of the magnetopause cross-
ing presented in Paper I was a load magnetopause crossing while the other was a
generator crossing. Both magnetopause crossings presented in Paper II are genera-
tors. Both these papers used multispacecraft methods to estimate the magnetopause
normal, velocity and current density and later the converted energy from Eq. 1.5.
Paper III presented energy conversion estimates during 27 Cluster high latitude
magnetopause crossings which used both multispacecraft methods as well as single
spacecraft methods. The main point of Paper III was to investigate the influence
of magnetopause normal, velocity and current density on the calculation of energy
conversion and to compare single spacecraft estimates with the multispacecraft es-
timates. Another major idea of Paper III is to establish the error bars in single
spacecraft energy conversion estimates. Paper IV investigated energy conversion
at the magnetopause using a database of about 4000 magnetopause crossings using
single spacecraft methods and the goal of this paper is to investigate the spatial vari-
ation of magnetopause energy conversion suggested by simulations [Laitinen et al.,
2007].



Chapter 2

IMF control of energy conversion

Early spacecraft and ground based observations on the occurrence of magnetospheric
substorms and storms suggested that these phenomena depend on the IMF direc-
tion especially the north-south (Z) component of IMF [Fairfield, 1967, Fairfield and
Cahill, 1966, Nishida, 1968, Rostoker and Fälthammar, 1967]. The classic paper
on magnetospheric convection by Dungey [1961] suggests that when IMF is purely
southward, interplanetary and terrestrial magnetic fields merge on the dayside and
the terrestrial field lines thus opened by magnetic field reconnection convect towards
the nightside over the poles. This picture of magnetospheric convection and recon-
nection between IMF and the terrestrial field was later corroborated using satellite
measurements [Paschmann et al., 1979, Sonnerup et al., 1981].

According to Dungey’s [1961] picture for purely southward IMF, the magnetic
field lines opened by reconnection convect symmetrically to the magnetotail. How-
ever, IMF is seldom purely southward or northward. Both IMF X and Y components
exert a stress on the open magnetic field lines and change their dynamics consider-
ably. For example, the dawn-dusk IMF component applies a stress on the open field
lines in the dawn and dusk directions such that a torque pulls the opened field lines
asymmetrically to the magnetotail [Cowley, 1981, Fairfield, 1979, Tsurutani et al.,
1984]. Cowley et al. [1991] presented an explanation of the observed asymmetries of
the flows (see Fig. 2.1). The asymmetrical evolution of open flux to the magnetotail
applies asymmetric inward forces on the closed magnetospheric field lines, which
induce a perturbed magnetic field that has the same sense as the direction of IMF
Y-component. This perturbed magnetic field Y-component sets up asymmetries in
the cusp location [Newell et al., 1989], auroral oval location [Holzworth and Meng,
1984], and particle precipitation [Candidi et al., 1983].

Figure 2.1 presents some of the asymmetries caused by the partial penetration
of IMF Y-component into the magnetosphere in the northern hemisphere for both
positive (Fig. 2.1(a)) and negative (Fig. 2.1(b)) IMF Y-component. The dotted line
representing the open closed field line boundary is shifted towards dawn when IMF
Y is positive and towards dusk when IMF Y is negative. In the southern hemisphere
the opposite e!ect occurs. This asymmetry in the open closed field line boundary is
also observed from the ground based observations. The size of the auroral oval is an
indicator of the open flux content in the magnetosphere and hence a good marker of
the reconnection rate. Since the open flux is transported asymmetrically the size of
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Figure 2.1: Ionospheric consequences of the asymmetric evolution of open flux tubes
at the magnetopause that depend on the dawn-dusk component of IMF. The solid
curves are the flow stream lines and the dashed line is the open-closed field line
boundary. The circles with dots indicate field-aligned currents that are going up
to the magnetosphere and those with crosses are the field-aligned currents coming
down into the ionosphere. All these three features show a dawn-dusk asymmetry
that is caused by the dawn-dusk component of IMF (Figure Adapted from Cowley
et al. [1991]).

the auroral oval is also asymmetric with respect to the noon-midnight meridian [e.g.
Candidi et al. [1983]]. This asymmetry is explained by the latitudinal displacement
of the closed field lines [Cowley et al., 1991].

When IMF Y-component is positive (negative), the centre of the flow across
the open and closed field lines shifts to the dusk-side (dawn-side) in the northern
hemisphere and vice versa in the southern hemisphere. The cusp maps to the open
and closed field line boundary on the dayside and from Fig. 2.1 an asymmetry in the
cusp location is expected. The cusp asymmetry due to the IMF Y component was
studied by Newell et al. [1989]. Corresponding asymmetries in auroral precipitation
were reported recently [Farrugia et al., 2004, Newell et al., 2004, Sandholt et al.,
2004].

The location of magnetopause reconnection and the resulting tailward flux trans-
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port play decisive roles when determining energy conversion and transfer. In the
presence of a non-zero IMF Y-component, the magnetopause reconnection line is
tilted away from the ecliptic. Cooling et al. [2001] presented a model that describes
the reconnection line location and the subsequent evolution of the open field lines.
As the energy transfer occurs through advecting open field lines, the energy transfer
and conversion should also display an asymmetry.

Global energy transfer results [Palmroth et al., 2006a] from simulations suggested
that majority of the energy is transferred in the plane of the IMF clock angle thus
exhibiting an asymmetry due to the IMF Y component. Further, simulation results
on local energy conversion [Laitinen et al., 2007] showed a spatial variation which also
depends on the IMF clock angle. Laitinen et al. presented a clear boundary between
the load and generator regions during southward IMF, showing the characteristic
asymmetry dependent on IMF Y-component.

2.1 Verification of simulations: Observational setup
Observational verification of global energy transfer results of Palmroth et al. [2003,
2006a] is challenging. However, it is possible to consider the suggestion that majority
of the energy is transferred through the magnetopause in the plane of the IMF
clock angle while other sectors should observe lower energy transfer. Simultaneous
observation of this needs a spacecraft placed in the plane of the clock angle and
another somewhere away from the clock angle, both crossing the magnetopause
simultaneously. Given the rarity of spacecraft conjunctions at the magnetopause,
one must use several events with controlled driver conditions and have the spacecraft
sampling the magnetopause in the same region of space. If there is a spatial variation
in energy conversion, a spacecraft crossing the magnetopause in the same sector as
the IMF clock angle should record more energy conversion than a spacecraft outside
the IMF clock angle sector.

Figure 2.2 illustrates this idea clearly using two IMF clock angles that di!er in
the sign of the Y component. If, the spacecraft is traversing the magnetopause in
the same location in the northern dusk (yellow shaded region in Fig. 2.2) then an
event during IMF Y negative (Fig. 2.2b) should see energy transfer while the other
event having a positive IMF Y component should not.

2.2 Results
The magnetopause crossings presented in Paper I and Paper II are used to test this
idea. Figure 2.3, adopted from Paper II, presents a comparison of energy transfer
and conversion from GUMICS-4 event simulation and Cluster observations. Panels
on the left hand side present magnetopause crossing on the 2001-01-16 when the IMF
is southward and duskward whereas panel on the right illustrate energy conversion
during magnetopause crossing on the 2001-01-26 for which the IMF is southward and
dawnward. The top panels present the local energy conversion [Laitinen et al., 2007]
whereas the panels in the middle show total energy transfer [Palmroth et al., 2003]
through the magnetopause. Bottom panels show energy conversion estimates from
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Figure 2.2: Cluster magnetopause crossing selection strategy to verify GUMICS-
4 simulation results on both energy transfer and conversion through the magne-
topause. When the IMF clock angle and the spacecraft are within the shaded region,
the spacecraft observes more energy transfer and conversion than when the clock
angle is not in the shaded region but the spacecraft is. Figure reproduced from
Paper II.

Cluster observations for chosen magnetopause crossings. While the Cluster estimates
for both crossings exhibit the same sign, they di!er in magnitude; –8.5 µW m!2 for
the 2001-01-16 crossing and #106 µW m!2 for the 2001-01-26 event. Since the two
events are very similar in terms of Cluster location and the upstream conditions
except for the sign of the IMF Y component, we argue that the large magnitude
di!erence in energy conversion is due to the location of the spacecraft and the spatial
variation present in the energy conversion/transfer pattern on the magnetopause.
Cluster is sampling the northern dusk side, and for the 2001-01-26 magnetopause
crossing, the IMF clock angle is in the same sector indicating enhanced energy
conversion. During the 2001-01-16 magnetopause crossing, the IMF Y component
is positive and Cluster is not in a suitable location to see higher energy conversion.
These observations support simulation results and our hypothesis.

The same magnetopause crossing from 2001-01-16 is used in both Paper I and
Paper II. Note that there is a sign di!erence in both papers for this crossing. A
re-analysis of the crossings from Paper I revealed that the energy conversion from
both 2001-01-16 and 2001-01-26 crossings should have opposite sign. This discrep-
ancy is due to the use of signed magnetopause velocity in calculating Eq. 1.5. In
fact the 2001-01-16 crossing is a generator and the 2001-01-26 crossing from Paper
I is a load and the interpretation based on energy conversion magnitude is still valid.
The magnetopause crossings from 2001-01-26 presented in Paper I and Paper II
produced opposite sign for energy conversion. Both crossings occurred dayside of
the cusp. These crossings are part of spacecraft skimming the boundary layer, mag-
netopause and the magnetosheath for over two hours. [Phan et al., 2004] analyzed
the period between 09:00 UT and 11:30 UT on that day. They concluded that the
observed flow enhancements are due to single reconnection line continuously active
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Figure 2.3: Energy conversion and transfer results from GUMICS-4 simulations
and Cluster observations. Panels on the left show, from top to bottom, GUMICS-4
energy conversion, energy transfer and Cluster energy conversion for a magnetopause
crossing on 16 January, 2001. Panels on the right are similar to the ones on the left
and for a magnetopause during 26 January, 2001. The red circle in the simulation
panels indicate the location of Cluster spacecraft. Figure reproduced from Paper
II.

for the duration below the spacecraft. Hence, one would expect a load during these
encounters. However, the magnetopause crossing presented in Paper II occurred
in the early part of the above interval at 09:15 UT and the other crossing presented
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in Paper I at 10:30 UT. The J"B force is predominantly southward during 09:15
UT crossing whereas the plasma flow is northward. However, in case of 10:30 UT
crossing the J"B force is directed northward and the plasma flow is also northward.
Hence, a generator sign for 09:15 UT crossing and a load sign for 10:30 UT crossing
makes sense. The di!erence between these two events could be due to the local
changes in magnetic field and current density.

Furthermore, the azimuthal variation is determined by the evolution of open flux
tubes over the cusps and a particular crossing is characterised as a load or a generator
based on the sign of energy conversion estimated. This sign does depend on whether
the spacecraft is sampling the open or closed flux tubes. From simulations presented
in Fig. 2.3, it can be seen that a spacecraft traversing the magnetopause in a given
clock angle sector at high latitudes is likely to see either a load or a generator
depending on where the spacecraft is crossing the magnetopause boundary. For a
given clock angle, let us say 224$ as in panels 2.3d and 2.3e, a spacecraft crossing
the magnetopause just equatorward of the open-closed field line boundary records
a load whereas a spacecraft crossing tailward of the boundary observes a generator.
The magnetopause crossings presented in Paper II, judging from sign of BX at
spacecraft location, occurred equatorward of the cusps. Hence, we expect a load
for these crossings. However, these crossings resulted in generators. We suggest
that the load-generator boundary exists where the J"B force no longer accelerates
the plasma and the magnetosheath velocity is large enough to drag the field lines.
In other words, the load-generator boundary exists where the magnetosheath flow
is equal to the Alfvén speed. In Fig. 2.3, the separator between the load and
generator regions occurs where the J " B force no longer accelerates the plasma.
The projection of Cluster location onto simulations in both cases fall in the generator
region with di!erent magnitudes. We interpret this as a result of the motion of the
load-generator boundary in response to IMF Y-component and Cluster is sampling
the high latitude magnetopause very close to this boundary.

A good comparison between the simulations and observations presented in Pa-
per II could be due to the magnetopause identification method. The GUMICS-4
magnetopause surface identified by tracking solar wind streamlines agrees with the
Shue et al. [1998] model surface for steady IMF conditions. We believe that this
is why we did not have to lower the spacecraft latitude to match the simulation
surface. We point out that the GUMICS-4 energy conversion magnitudes could be
lower if a finer resolution grid were used [Janhunen et al., 2012]. We think the good
agreement between the simulations and observations in the cases presented in Fig.
2.3 is due to steady IMF conditions. However, we also point out that global MHD
simulations can not reproduce the local phenomena observed in nature.

For the first time, results from both Paper I and Paper II indicated a strong
IMF Y-component dependence and a spatial variation of energy transfer and con-
version at the magnetopause. Further, these studies resulted in insights into how
to estimate Eq. 1.5 using observations which is sensitive to the magnitude of the
magnetopause velocity and also to the accuracy of the magnetopause current den-
sity. Rosenqvist et al. [2008a] used magnetopause normal directions deduced from
the minimum variance analysis, a magnetopause model and the timing method. In
the three events where the timing method was possible, Rosenqvist et al. estimated
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energy conversion using single spacecraft current and the results from minimum
variance normal and timing normal indicated magnitude di!erence. Rosenqvist et
al. data set also included a three magnetopause crossings where the Curlometer
technique can be used to calculate the current density. Results for those events
yielded di!erent magnitudes for energy conversion compared to those when single
spacecraft current was used in energy conversion calculations. Their results sug-
gested that di!erent methods yielding di!erent normals and the current density
from curlometer and single spacecraft methods may result in di!erent values of en-
ergy conversion. Our experience from Paper I and Paper II is that the time
interval chosen for the analysis can cause di!erence in magnitude as well as, some
times, in the sign. Firstly, the contribution comes from the sensitivity of single
spacecraft methods to the interval. Secondly, care should be taken to include only
the interval with Chapmann-Ferraro current system and exclude other current con-
tributors. Other current contributions may arise from the reconnection related flows
and the magnetosheath pressure gradients and lead to an erroneous sign of energy
conversion. Any statistical study that investigates spatial energy conversion at the
magnetopause depends on the usage of single spacecraft methods due to the limita-
tions of the multispacecraft methods. Hence, it is advised to verify the results from
single spacecraft methods against the results from multispacecraft methods before
proceeding further, keeping in mind the results from Rosenqvist et al. [2008a] as
well as experience gained from Paper I and Paper II.
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Chapter 3

Verification of analysis methods:
Observations

Quantitative estimates of magnetopause energy conversion from observations either
by estimating the Poynting vector divergence [Laitinen et al., 2006, 2007] (integral
of Eq. 1.3 through the magnetopause) or using Eq. 1.5 [Rosenqvist et al., 2006]
involves calculation of divergence and curl and requires simultaneous multi-point
observations for accurate estimation. The four spacecraft Cluster mission [Escoubet
et al., 2001] facilitates the estimation of curl and divergence with its simultaneous
four-point measurements. As mentioned in Chapter 1, magnetopause macroscopic
parameters with multispacecraft methods is based on certain practical assumptions
besides the regular one dimensionality and planarity requirements. For example,
the CVA method requires the identification of at least one unique feature from all
spacecraft crossings of the magnetopause and all spacecraft should be within the
magnetopause to allow accurate current density estimation. Further, the geometry
of the spacecraft tetrahedron also a!ects the results [Dunlop et al., 2002a, Robert
et al., 1998].

Cluster spacecraft has been providing multi-point data continuously since 2001
making the Cluster data suitable for estimating magnetopause energy conversion
and its spatial variation. However, any plans to exploit multispacecraft methods to
estimate energy conversion as well as spatial distribution should also take into ac-
count the inter-spacecraft distance. Since the launch of Cluster the inter-spacecraft
separation has been evolving. Figure 3.1 shows Cluster spacecraft separation strat-
egy from January 2001 until the middle of 2011 and shows that during the first half
of the period spacecraft separation has evolved with equal distance between di!er-
ent spacecraft whereas in the later half spacecraft 3 and 4 have smaller separation
between them and separation between spacecraft 1, 2 and 3 is about 10000 km.
However, the magnetopause thickness varies between 100 km to 6000 km [Berchem
and Russell, 1982, Elphic and Russell, 1979, Le and Russell, 1994, Panov et al., 2008,
Paschmann et al., 2005, Phan and Paschmann, 1996, Plaschke et al., 2009]. From
Fig. 3.1 it is clear that the curlometer method cannot be used all the time since it
gives best results during periods when all spacecraft are separated only by 300 km
or less. This is a large limitation if one wants to examine spatial variation of energy
conversion and to verify the spatial distribution of load and generator regions indi-
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Figure 3.1: An overview of Cluster inter-spacecraft distance during the life time of
the mission. Figure courtesy: European Space Agency (ESA).

cated by GUMICS-4 simulations [Laitinen et al., 2007]. For large statistical study,
it is essential to use single spacecraft methods. Rosenqvist et al. [2008a,b] have used
single spacecraft approximation of current density and MVAB together with deHT
analysis to obtain orientation and speed of the magnetopause, indicating that energy
conversion using Eq. 1.5 can also be calculated using single spacecraft methods. A
large statistical database also gives a unique opportunity to verify single spacecraft
methods against multispacecraft methods and to compare energy conversion from
both methods to determine potential uncertainties.

Paper III presented a comparison of magnetopause orientation, speed and en-
ergy conversion between multispacecraft and single spacecraft methods. A subset
of 28 magnetopause crossings from the list of magnetopause crossings from Panov
et al. [2008] were used in the study. These crossings occurred when the Cluster inter-
spacecraft separation was about 100 km (2 February to 17 June, 2002) and about
270 km (1 June, 2003 to 3 May, 2004). Figure 1 of Paper III shows the spacecraft
positions projected in YZGSE plane and number of crossings as a function of XGSE.
All these crossings are from high latidudes during XGSE > 0.

3.1 Magnetopause Orientation

Bauer et al. [2000] reported substantial disagreements by more than 10$ in magne-
topause normals derived from dual spacecraft method and single spacecraft methods
from dual spacecraft AMPTE dataset of about 30 magnetopause crossings. How-
ever, they reported better agreement when the dataset is restricted to only those
crossings for which the ratio of eigenvalues is more than 4. Bauer et al. [2000] used
MVAB, MFR and MVAB with a tangential discontinuity constraint imposed i.e.
< B > ·n = 0 [Sonnerup and Scheible, 1998]. More recent studies with Cluster data
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indicated a much better agreement between di!erent single spacecraft methods such
as presented in the GRA [Sonnerup et al., 2006] and multispacecraft timing methods
such as CVA, CTA and DA [Dunlop et al., 2002a, Haaland et al., 2004a, Haaland
et al., 2004b, Haaland et al., 2006, Sonnerup et al., 2004a]. These authors com-
pared single and multispacecraft methods on a single benchmark crossing on 5 July
2001 observed by Cluster spacecraft. They have reported a good agreement between
normal orientation from di!erent single and multispacecraft methods. The normals
from most of the methods are within 4 degrees from an average of normals from 4
spacecraft constrained minimum variance analysis. However, the single spacecraft
results from Cluster spacecraft-1 (SC1) and spacecraft-3 (SC3) data are not similar.
Cluster SC3 results showed more spread and the authors concluded that this is due
to the presence of ongoing reconnection close to Cluster SC3, supporting an orig-
inal suggestion by Hasegawa et al. [2004]. Haaland et al. [2004a], Sonnerup et al.
[2004a], Sonnerup et al. [2006] also reported a better agreement when a tangential
discontinuity constraint is applied on single spacecraft methods. However, these are
comparisons using a single benchmark magnetopause crossing.

A systematic comparison of magnetopause orientation derived with various single
spacecraft methods and multispacecraft methods is now possible with Cluster data.
Paper III presents such a comparison among di!erent methods in the GRA and the
composite GRA prediction with the CVA method. We have computed magnetopause
normal and velocity from both CVA and CTA methods. However, in this paper only
the CVA results are used because the spacecraft are so close that both methods
yielded similar results. Paper III compares the GRA normal with and without the
tangential discontinuity against the CVA normal, and concluded that the normals
di!er from each other as much as 20$. The normals are seen to agree with the CVA
method much better when no constraints are applied, while when the TD constraint
is applied the GRA normals are further away from the CVA normal. This indicates
that some of the crossings may have been across rotational discontinuities.

3.2 Magnetopause velocity
Early single spacecraft estimates of magnetopause velocity at low latitudes were
about a few tens of kilometres [Aubry et al., 1971, Cahill and Amazeen, 1963, East-
man and Hones, 1979, Eastman et al., 1996, Gringauz et al., 1974, Holzer et al.,
1966, Kaufmann and Konradi, 1973, Plaschke et al., 2009, Sonnerup and Ledley,
1979]. Dual spacecraft estimations based on time di!erence between the crossings
indicated velocities of a few tens of km/s up to few hundred km/s [Bauer et al.,
2000, Berchem and Russell, 1982, Elphic and Russell, 1979, Le and Russell, 1994,
Phan and Paschmann, 1996]. Magnetopause velocity estimates using Cluster data
showed similar results [de Keyser et al., 2005, Haaland et al., 2004a, Haaland et al.,
2004b, Panov et al., 2006a,b, Paschmann et al., 2005, Sonnerup et al., 2006].

Paper III presented a comparison of magnetopause velocities estimated using
the GRA method with and without constraints and using the CVA method. The
magnitudes range from a few km/s to about 100 km/s and are in agreement with
previous studies on the high latitude magnetopause [Panov et al., 2008, Paschmann
et al., 2005]. Paper III is the first study to compare the GRA method with CVA
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which reported a good agreement between both methods including the sign of the
magnetopause velocities. The sign of the magnetopause velocity indicates whether
a particular magnetopause crossing is moving towards or away from the Earth,
such that if the velocity is positive then the magnetopause is moving outwards
along the normal. Paper III presented a comparison between the GRA and the
CVA magnetopause velocities and the linear fit indicates better correlation for the
unconstrained GRA with the CVA again indicating some events may be rotational
discontinuities.

3.3 Magnetopause current density
Earlier magnetopause current estimates are deduced from the ratio of the maximum
change in the magnetic field across the magnetopause to the magnetopause thickness
and represent an average of the current in the magnetopause layer. Paschmann
et al. [2005] reported average currents between 0.01 µAm!2 up to 0.3 µAm!2 with
an average of about 0.05 µAm!2. Dunlop and Balogh [2005] reported similar values
for both average current and the curlometer-determined current. In Paper III,
magnetopause currents are estimated with curlometer as well as single spacecraft
current (SSC) method. In general the L and M components of the current agree
in sign but slightly di!er in magnitudes. The time evolution and structure of the
current are comparable between the two methods. The only di!erence is the lack of
normal component in the SSC method, which assumes the magnetopause as a current
layer without the normal component of the current. In practice there may exist a
small but negligible normal component especially in the vicinity of the cusps where
the normal component may be large enough to a!ect energy conversion calculations.

3.4 Energy conversion
Rosenqvist et al. [2006], Paper I, Paper II calculated energy conversion at the
magnetopause during a Cluster magnetopause traversal using MVAB and deHT
techniques to obtain the orientation and the speed of the magnetopause, while us-
ing curlometer technique deduced current densities. Rosenqvist et al. [2008a,b] used
single spacecraft current (SSC) estimation method along with MVAB and deHT to
obtain magnetopause orientation and speed. Equation 1.5 indicates that the magne-
topause velocity acts as a constant multiplier in energy conversion calculation during
a magnetopause crossing. A comparison between magnetopause velocities deduced
from multispacecraft and single spacecraft techniques may exhibit considerable mag-
nitude di!erences [Haaland et al. 2004; Sonnerup et al. 2005; Sonnerup et al. 2006].
These results were confirmed in Paper III, suggesting that the method to compute
the magnetopause orientation, velocity and current density a!ect magnetopause en-
ergy conversion estimation. Hence, in order to use single spacecraft methods in
statistical studies which examine the spatial distribution of the magnetopause en-
ergy conversion, these methods should be verified against a set of magnetopause
crossings where multispacecraft methods can be used unambiguously.

A comparison of energy conversion between single and multispacecraft methods is
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essentially an investigation into how the magnetopause normal, velocity and current
density a!ect the results. Paper III investigated this aspect using 28 magnetopause
crossings. For each crossing, the GRA method produced one set of magnetopause
normal and velocity and CVA method gives another set. Current densities calcu-
lated with curlometer, magnetic field and plasma velocities are then transformed
into the boundary normal frames given by the GRA and CVA frames followed by
magnetopause energy conversion estimates with Eq. 1.5. In this case the energy
conversion obtained from the CVA frame is purely multispacecraft estimate while
a purely single spacecraft energy conversion estimate is obtained by using single
spacecraft current in the GRA frame.

A comparison of energy conversion calculated with curlometer current in the
CVA and the GRA frames essentially is a comparison of how the magnetopause
velocities obtained from the CVA and the GRA a!ect energy conversion. This is fa-
cilitated by the fact that scalar product is invariant of coordinate system in which it
is calculated as long as the same quantities are transformed into di!erent coordinate
systems. With Eq. 1.5, we estimate J " B · V which is invariant of coordinate sys-
tem and discrepancies in the final result may be due to the magnetopause velocity.
Energy conversion calculated in a given frame, either the CVA or the GRA, with
the curlometer current and the single spacecraft current will also have di!erences
due to the fact that the single spacecraft estimation is one dimensional approxima-
tion. A comparison between the energy conversion estimated with the curlometer
and the single spacecraft methods in the same frame helps in understanding how
the di!erence in the current density a!ects the estimation. A comparison of en-
ergy conversion estimated using curlometer current in the CVA frame and single
spacecraft current in the GRA frame is a true comparison of energy conversion in
multispacecraft and single spacecraft methods.

Figure 3.2 demonstrates the above mentioned issues using one magnetopause
crossing which is also used in Paper III. Fig 3.2 shows magnetopause current density
and energy conversion during a Cluster magnetopause crossing on 14 December,
2003. The angular di!erence between the normal orientation obtained from GRA
and the CVA is 7$ and the magnetopause velocities are 110 km/s and 91 km/s from
GRA and the CVA, respectively. In all panels the gray lines are in GRA frame
that is marked as COM to refer to a composite of di!erent conservation laws in
GRA and the thick lines represent the CVA frame. Thick lines represent curlometer
current whereas the dotted lines represent single spacecraft current. Panel 3.2a to
3.2c present N, M and L components of current density. The thick black lines are
current density in the CVA frame indicated by the Curlo-CVA in the legend whereas
the thick gray lines are curlometer current in GRA frame which is Curlo-COM in
legend.

Thick dotted lines are single spacecraft current in the CVA frame whereas the
gray dotted lines are single spacecraft current in GRA frame and are indicated in
legend as SSC-CVA and SSC-COM, respectively. Panel 3.2d shows energy conver-
sion estimates in both frames but using the same magnetopause velocity in all four
cases. Since the thick dotted lines used curlometer current and the same magne-
topause velocity, they give the same result and the cumulative energy conversion
from these two lay on top of each other. Estimation of the two dotted lines also
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Figure 3.2: Estimated current density and energy conversion during a magnetopause
crossing on Dec 14, 2003 using multi and single-spacecraft methods. The black
(gray) curves are in boundary normal frame determined by CVA (COM) method,
whereas the solid (dashed) lines are currents estimated using curlometer (single-
spacecraft) method. Panels 3.2a-3.2c show the N, M and L components of the current
density, respectively. Panels 3.2d and 3.2e show the estimated energy conversion
using curlometer (solid lines) and single-spacecraft currents (dashed lines) in CVA
(black lines) and COM frames (gray lines). All the curves represented in panel
3.2d use same magnetopause velocity (from CVA, 135.8 km/s) in energy conversion
estimation whereas the black (gray) lines in panel 3.2e use the magnetopause velocity
given by CVA (COM) methods. Figure reproduced from Paper III.
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used the same magnetopause velocity but the magnetopause currents are deduced
in di!erent frames and these single spacecraft currents depend heavily on the struc-
ture of the magnetic field in each frame. The magnitude di!erence between the
two dotted lines is due to a di!erence in COM and the CVA magnetopause nor-
mal which is 7$ in this case. The magnitude di!erence between the continuous and
dotted lines in both frames is a measure of the di!erence between the single space-
craft current and curlometer current. Energy conversion using the SSC-CVA is a
bit closer to the Curlo-CVA or Curlo-COM than SSC-COM. This is an indication of
how good a frame is and in this case the multispacecraft frame seems a better one.
The magnitude di!erence between the thick lines and dotted lines is an e!ect of
the magnetopause normal which in turn a!ects the single spacecraft current density.
Panel 3.2e shows energy conversion in the CVA and COM frames with curlometer
and single spacecraft currents and magnetopause velocities.

The thick continuous line is energy conversion in the CVA frame using curlome-
ter current and the CVA magnetopause velocity whereas the gray continuous line is
estimated in COM frame using COM magnetopause velocity and curlometer current.
The dark dotted line is similar to dark continuous line but using single spacecraft
current instead of curlometer current whereas gray dotted line used single spacecraft
current deduced in COM frame and COM magnetopause velocity. The magnitude
di!erence among the two dotted lines and among the two continuous lines is almost
the same. In case of the continuous lines it is proportional to the di!erence between
the magnetopause velocities in two frames whereas the di!erence between the dotted
lines has a further e!ect of the di!erence between the normals along with the di!er-
ence between magnetopause velocities. Clearly, the magnitude di!erence between
the two thick lines is indicative of the di!erence between the magnetopause velocities
and Curlo-COM is larger than the Curlo-CVA and a similar trend is also seen from
the dotted lines where an additional e!ect of normal di!erence is present. Since the
dark continuous line and the gray dotted line, are estimates from multispacecraft
methods and single spacecraft methods, respectively, the di!erence between these
two lines reflects the di!erences in the normal direction, current density and the
magnetopause velocity. In this case, the multispacecraft estimation is clearly bigger
than the single spacecraft estimate by about 25% and contains all e!ects discussed
above. One of the most important aspects of the study presented in Paper III
is that it became possible to quantify the e!ects due to magnetopause orientation,
speed and current density on energy conversion estimation.

In the dataset presented in Paper III there are few magnetopause crossings
which showed a systematic di!erence in the sign of energy conversion in the same
frame when curlometer and single spacecraft currents are used. Paper III exam-
ined the origin of these systematic di!erences and found two factors responsible
for the discrepancies. First, the sign di!erence between estimates using curlometer
current and single spacecraft current can result from the presence of larger normal
component in the curlometer current, and second an o!set in the peak time of the
currents from the curlometer method and the single spacecraft method.

Paper III demonstrated how these two e!ects a!ect the sign of energy conver-
sion using a magnetopause crossing on 06 April 2004. The magnetopause normals
deduced from COM and the CVA method are within 2$ of each other and the
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magnetopause velocities are 62.9 km/s from COM and 47.6 km/s from the CVA.
Description of the solid lines and dashed lines is same as in Fig. 3.2. Panels 3.3a -
3.3c show N, M and L components of current density, respectively and Panel 3.3d
shows energy conversion in single and multispacecraft methods. Energy conver-
sions calculated using single spacecraft currents in COM and the CVA have positive
value while those using curlometer currents show a negative value. In panels 3.3e -
3.3g, the cause for this ambiguity is investigated. In panel 3.3a, the normal current
components are very large on the other hand the normal components from single
spacecraft method are essentially zero. Ideally the magnetopause current is a planar
and does not contain significant normal current. However, magnetopause in reality
is not strictly planar and contains 2D and 3D structures that also have temporal
variation and can produce normal current. One way of testing if this normal com-
ponent is the cause for the sign ambiguity is to add the normal component from
curlometer current to the single spacecraft current and perform energy conversion
calculations. Panel 3.3e shows energy conversions from single spacecraft methods
with curlometer current normal components. Now the single spacecraft estimates
show the same sign as the curlometer estimates in both frames.

Panel 3.3f shows energy conversion using single spacecraft current and curlome-
ter current with zero normal component and now the curlometer estimates do agree
with single spacecraft current estimates in sign. Furthermore, there is a time lag in
peak of M-component of current in panel 3.3b between single spacecraft and cur-
lometer currents. The o!set of the peak magnitudes in the current results from
the fact that the curlometer method gives an estimate of current at the centroid of
the tetrahedron which can be di!erent from the spacecraft position used for single
spacecraft current estimation. In couple of magnetopause crossings exhibiting a sign
ambiguity, where there is no significant normal component in curlometer current,
this time lag is found to be the cause of sign ambiguity. This sign ambiguity was
partly due to the fact that magnetic field measurements from Cluster-1 were used
and not at the centroid. Fortunately, for majority of the crossings the centroid was
close to Cluster-1 and hence no ambiguity in sign. Hence, a large di!erence be-
tween a spacecraft and the centroid locations can cause sign ambiguity. Theoretical
understanding suggests that Cluster spacecraft crossed the magnetopause within a
load, and the energy conversion should be positive. Furthermore, the GUMICS-4
simulation results [Laitinen et al., 2007] showed a load at the location of Cluster
spacecraft. Based on these, the single spacecraft energy conversion is likely to be
correct and the ambiguity is likely to be caused by the large normal component in
current density and should be corrected with a zero normal component. Lastly, if
the time interval to be used for energy conversion estimations is chosen to include
current structures other than the Chapman-Ferraro current system a sign di!erence
may occur. These other currents may be a result of the boundary layer structure.
This suggests that one has to be careful in choosing the data interval to be used for
energy conversion calculations.

For the first time, Paper III did quantify the relative uncertainties introduced
by di!erent factors in the estimation of energy conversion. Paper III presented
the relative errors in energy conversion before and after the corrections in the sign
statistically. The relative errors due to the magnetopause normal, the current density
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and the magnetopause velocity are more than ±100% before corrections, while the
uncertainty decreased after corrections were applied. The relative errors caused by
the single spacecraft current are as large as ±100% in both GRA and the CVA
frames with majority of cases within ±50% uncertainty. The relative uncertainties
caused by di!erence in normal orientation from the CVA and COM methods are
mostly less than ±100% while majority of the crossings have ±50% relative error.
Relative errors due to a combination of the magnetopause normal, the magnetopause
current density and the magnetopause velocity are on the order of ±100%.

There is a method to quantify statistical errors in the single spacecraft estima-
tion of energy conversion, by propagating errors in individual parameters in Eq. 1.5
to obtain potential error in the energy conversion estimation from single spacecraft
methods. These error estimates are based on the calculation of potential angular
uncertainties in the estimation of Eigen vectors [Khrabrov and Sonnerup, 1998a,
Sonnerup and Scheible, 1998], and they are then used to obtain the average statis-
tical uncertainty in the physical quantities like magnetic field and plasma velocity.
Once the statistical errors in individual quantities are known, they are propagated
[Bevington, 1969, Bevington and Robinson, 2003] for Eq 1.5. Paper III concluded
that the multispacecraft energy conversion estimates are within the statistical un-
certainties of single spacecraft energy conversion estimates.

Paper III is the first study investigating systematic di!erences and uncertainties
introduced by di!erent parameters involved in the estimation of energy conversion
using spacecraft data during a magnetopause traversal. This study paved the way
to carry out the first statistical study of spatial variation of energy conversion at the
magnetopause (Paper IV). The main findings of Paper III are: Single spacecraft
methods produce energy conversion estimates with magnitude di!erences introduced
by di!erences in magnetopause normal, velocity and current. In general the magni-
tude of energy conversion is in the range of 1 - 100 µ W m!2 and is in agreement with
previous simulations [Laitinen et al., 2007, Palmroth et al., 2011] and observations
[Rosenqvist et al., 2008a,b]. A comparison of magnetopause normals and velocities
indicated systematic di!erences that contributed to the di!erences in energy conver-
sion from COM and the CVA methods. Paper III concluded that in the data set
of 28 magnetopause crossings, the uncertainties due to di!erences in magnetopause
normal, velocity and single spacecraft current among the two methods can lead to
25%, 20% and 50% uncertainties in energy conversion, respectively.

One should be cautious when comparing GUMICS-4 energy conversion quantita-
tively with observations. In simulations and observations, the size of the integration
path may not be same but it does not a!ect the final outcome. Outside the magne-
topause the energy conversion values are negligible compared to the values within
the magnetopause where the current is strongest. GUMICS-4 simulated energy con-
version depends to some extent on the numerical methods and the grid resolution.
A recent GUMICS-4 review paper [Janhunen et al., 2012] compared energy trans-
fer across the magnetopause for two di!erent grid resolutions (0.5RE and 0.25RE).
This comparison showed lower magnitude for higher resolution. However, it is not
clear if this trend continues for even better grid resolutions and converge at some
point. Hence, we expect a magnitude di!erence in energy conversion values between
simulations and observations.
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Figure 3.3: Current density and energy conversion during a magnetopause crossing
on Apr 6, 2004, using multi and single-spacecraft methods. Panels 3.3a-3.3c show
the N, M and L components of magnetopause current density, respectively. The
dark black lines represent the multispacecraft frame while the grey lines represent
the single spacecraft frame. Panels 3.3d-3.3f show the energy conversion estimates
using di!erent values for the normal current. Panel 3.3d is similar to Fig. 3.2e. In
panel 3.3e the solid lines use curlometer current in CVA (black) and COM (gray)
frames and the dashed lines use single-spacecraft current after the normal current
being replaced by the normal current from curlometer. In panel 3.3f the dashed
lines use the single-spacecraft current whereas the solid lines use the current from
curlometer with zero normal current. Panel 3.3g shows the energy conversion similar
to panel 3.3f but the curlometer current is moved backwards in time to match the
peak of the major component of current (M) from the single-spacecraft method.
Figure reproduced from Paper III.



Chapter 4

Spatial variation of energy conversion

General theoretical understanding of the energy conversion process on the global
scale is based on the Dungey [1961] model, where for pure southward IMF, the mag-
netosheath and magnetospheric field lines reconnect at the dayside magnetopause.
In this process, reconnection annihilates the magnetic energy and plasma gains ki-
netic and thermal energy equivalent to the loss of magnetic energy in the recon-
nection. The reconnected field lines convect tailward by the solar wind flow. In
the tail, the plasma flow becomes tangential to the tail lobes and the plasma does
work on the magnetic fields. Observations of magnetic reconnection indicate that
reconnection moves to poleward of the cusps during northward IMF [Bogdanova
et al., 2008, Kessel et al., 1996] and can occur simultaneously in both hemispheres
[Avanov et al., 2001, Gosling et al., 1991, Kessel et al., 1996, Lavraud et al., 2006,
Onsager et al., 2001]. In this scenario, as the reconnection takes place poleward of
the cusp, the region tailward of the cusp acts as a load while the magnetic field lines
reconnect and convect back to the dayside and extract energy from the plasma in
doing so. Hence, for northward IMF, the dayside acts as generator.

Reconnection can, of course, occur at the magnetopause practically for all ori-
entations of IMF. The locations of magnetic reconnection and the X-line change
depending on the IMF orientation and a spatial variation is expected in the energy
conversion pattern and the appearance of load and generators on the magnetopause
surface. Similarly, the magnetic field evolution after reconnection [Cooling et al.,
2001] indicates a spatial variation of energy transfer depending on the IMF orienta-
tion and the location of the reconnection site.

As spacecraft observations are point measurements in space and time, continu-
ous observation of magnetopause reconnection on global scales is not possible. On
the other hand, using global 3D MHD simulations, it is possible to simulate the
behaviour of magnetic reconnection at the magnetopause for a variety of solar wind
and IMF conditions and quantify the energy conversion through the entire magne-
topause. Siebert and Siscoe [2002] used the Integrated Space weather prediction
Model (ISM) [White et al., 2001] to demonstrate the circuit theory of magnetopause
reconnection and showed that the magnetopause equatorward of the cusps acts as
a load for southward IMF and as a generator for northward IMF. They also ver-
ified that the region tailward of the cusps acts as a load for northward IMF and
as a generator for southward IMF. Further, they identified that the magnetopause
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reconnection is powered by a generator at the bow shock connected by a low lati-
tude reconnection current equatorward of the cusps and polar reconnection current
system [Wu, 1983] tailward of the cusps. Similar work using Lyon-Fedder-Mobarry
(LFM) MHD code [Lyon et al., 2004], Lopez et al. [2011] presented similar results.
However, these simulations did not give any information on the magnitude and
spatial variation of magnetopause energy conversion.

Laitinen et al. [2007] investigated energy conversion through simulated magne-
topause using GUMICS-4 MHD code and reported a systematic spatial variation
present in magnetopause energy conversion. They first identified the magnetopause
surface in the simulation as a cavity in the solar wind streamlines [Palmroth et al.,
2003] and then computed the divergence of Poynting flux through the magnetopause
layer. Note that the grid resolution at the magnetopause is about 0.25RE and the
integration is carried out over 3RE length. In the Laitinen et al. [2007] study, the
results were presented as a function of the IMF clock angle and also as a function of
solar wind dynamic pressure. We reproduce their results as a function of the IMF
clock angle in Fig. 1.6. For IMF clock angles between 120$ and 240$, there is a
strong load on the low latitudes and also on the dawn and dusk flanks while the
high latitude magnetopause acts as a generator. The load and generator separator
is seen to coincide with the location of the cusps in the dayside and it rotates as the
clock angle rotates indicating IMF BY control of the magnetopause energy conver-
sion. For clock angles 300$ and further, reconnection moves behind the cusps and
the magnetopause energy conversion spatial pattern changes. The sub-solar portion
of the magnetopause acts as a generator along with the northern dusk and southern
dawn in the high latitudes. The high latitude dawn in the northern hemisphere and
the dusk in the southern hemisphere including the mid latitudes on the dayside of
the cusps act as loads. However, when the IMF clock angle is rotated to pure north
(Fig. 1.6f), the high latitude reconnection behind cusps becomes fully active and a
weak load and a generator is seen in the high and low latitudes, respectively.

Apart from the simulations of Laitinen et al. [2007] there are no other studies
that have investigated spatial variation of energy conversion either from modelling
or from observations on global scale. Di"cult as it may be to verify the spatial
variation of magnetopause energy conversion observationally, it is not impossible.
Provided a good observational coverage of magnetopause with satellites is available,
it is in principle possible to investigate spatial variation of magnetopause energy
conversion statistically as functions of the driving solar wind and the IMF condi-
tions. the Cluster mission has an orbital period of about 52 hours and it crosses the
magnetopause at least twice an orbit when the apogee is on the dayside and to some
extent on the flanks. The Cluster crosses the magnetopause from the late autumn
until early summer i.e. about 5 to 6 months, in total about 70 to 80 orbits a year.
This amounts to at least 150 magnetopause crossings a year by each Cluster satel-
lite since 2001, excluding multiple crossings due to magnetopause motion. It is this
wealth of magnetopause crossings that motivated us to use Cluster data to investi-
gate the spatial variation in the magnetopause energy conversion. One advantage of
using Cluster data is that it crosses high latitude magnetopause both equatorward
and tailward of the cusps, and therefore it should be possible to investigate spatial
variation of the separator between the load and the generator.
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Figure 4.1: An overview of the magnetopause crossings database used in Paper
IV. The crossings were manually identified from Cluster SC1 data from years 2001–
2008. Shown in panels 4.1a and 4.1b are the locations of Cluster SC1 in XY and
YZ planes, respectively, in GSE coordinates. In panel 4.1a the red (blue) coloured
squares belong to the crossings from northern (southern) hemisphere while in panel
4.1b, red (blue) squares represents magnetopause on the dayside (tailward) of the
terminator. Panel 4.1c shows the number of magnetopause crossings as a function of
interplanetary magnetic field clock angle i.e., &IMF . Panel 4.1d presents the number
of magnetopause crossings as a function of solar wind dynamic pressure i.e., pd (black
bars) and IMF magnitude (red bars). Figure copied from Paper IV.

There are only a few studies that have estimated magnetopause energy con-
version quantitatively from observations prior to the papers included in this thesis
[Rosenqvist et al., 2006, 2008a,b]. Rosenqvist et al. [2006, 2008b] carried out event
studies while Rosenqvist et al. [2008a] presented a set of 11 magnetopause cross-
ings that occurred during one Cluster orbit. Paper I and II are also event studies
indicating a spatial variation in the magnetopause energy conversion, while Paper
III prepared the ground to investigate magnetopause energy conversion statistically
from Cluster observations utilizing single spacecraft methods. Paper IV presented
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a statistical study on the spatial variaton of magnetopause energy conversion in the
context of generally accepted theory and Laitinen et al. [2007] simulation results.
Paper IV compiled a magnetopause database of about 4000 crossings from Cluster
SC-1 data (shown in Fig. 4.1).

4.1 Location corrections
In any statistical study concerning energy conversion at the magnetopause, it is
necessary to view the magnetopause crossings on a single magnetopause surface.
This may be problematic as these magnetopause crossings occur during a variety of
solar wind and IMF conditions and the shape and size of the magnetopause depends
on these driving conditions as evidenced from previous modelling work [Boardsen
et al., 2000, Fairfield, 1971, Formisano et al., 1979, Lin et al., 2010, Petrinec and
Russell, 1993, 1996, Roelof and Sibeck, 1993, Shue et al., 1997, 1998, Sibeck et al.,
1991]. However complex the magnetopause models are, all models agree that the
magnetopause stando! distance at the sub-solar point and the size of the surface
are controlled by the solar wind dynamic pressure and the IMF Z-component. Fur-
thermore, the location of loads and generators depend on the positions of the cusps
which in turn depend on the Earth’s dipole tilt angle as well as IMF conditions
[Palmroth et al., 2001a]. Hence, in order to view all the magnetopause crossings
obtained from spacecraft visiting a broad range of latitudes, at least two corrections
should be applied to the spacecraft location. These corrections are described in
subsequent subsections.

4.1.1 Dipole tilt correction
Since the Earth’s dipole tilt a!ects the location of the cusps [Burch, 1972, Newell and
Meng, 1988, Palmroth et al., 2001a, Zhou et al., 2000], it also a!ects the locations
of the load and the generator regions and consequently the spatial variation of the
energy conversion. Since the data set contains many magnetopause crossings with a
variable dipole tilt angle, it is sensible to correct the dipole tilt to zero and then to
present the observations on a single magnetopause surface. Furthermore, Laitinen
et al. [2007] results were obtained using zero dipole tilt in GSE coordinates in the
simulations and hence any comparison between these results and the observations
should correct for the dipole tilt in observations.

Figure 4.2 demonstrates how the interpretation of the load and generator is
a!ected by the dipole tilt. Panel 4.2a shows the magnetospheric configuration for
the zero dipole tilt angle. The red line in the northern hemisphere and blue line
in the southern hemisphere indicate sample Cluster magnetopause crossings. The
crossing shown in the northern hemisphere is clearly equatorward of the cusp while
the southern hemisphere crossing occurred tailward of the cusp. However, when the
dipole tilt is -34$ the northern hemisphere crossing will be behind the cusp while the
southern hemisphere crossing will be equatorward of the cusp as shown in panel 4.2b.
Let us assume that IMF is purely southward for simplicity. Now, from the general
understanding of load and generator processes, the northern hemispheric crossing
in panel 4.2a should see a load region whereas the northern hemisphere crossing
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Figure 4.2: This figure demonstrates the importance of dipole tilt correction to the
interpretation of load and generator processes. Figure reproduced from Paper IV.

in panel 4.2b should see a generator. Similarly, the southern hemisphere crossing
in panel 4.2a should take place in a generator region while in panel 4.2b it would
correspond to a load region. This demonstrates that when the energy conversion
estimates from magnetopause crossings collected from spacecraft observations over
many years may show a mixing of loads and generators, should they be presented
on a single magnetopause surface. To get rid of this mixing it is advised to untilt
the tilted magnetospheric configuration and map the original magnetopause crossing
into an untilted configuration.

4.1.2 Radial scaling

Once the spacecraft location is corrected for the dipole tilt, further corrections con-
cerning the radial scaling of the spacecraft location should be applied. Magnetopause
shape depends on the solar wind dynamic pressure and the IMF Z-component. The
data set used in Paper IV contained magnetopause crossings observed for variety
of dynamic pressures and IMF orientations. In Paper IV we present all the ob-
served magnetopause crossings and the estimated energy conversions on a reference
magnetopause surface obtained from the Shue et al. [1998] model representing a
particular IMF and solar wind dynamic pressure. Hence, spacecraft positions of ob-
served magnetopause crossings may lie on both sides of the reference magnetopause
and hence the location of the spacecraft needs to be mapped onto the reference sur-
face. The reference magnetopause surface used is obtained for IMF BZ = -0.1 nT
and for a dynamic pressure of 2.5 nPa. The choice of small negative IMF BZ is to
avoid potential uncertainties in the use of either a strongly northward or a strongly
southward component. The radial scaling is carried out such that the spacecraft
position is taken in spherical coordinates r, ! and ', where r is radial distance from
the Earth’s centre, ! is the elevation angle and ' is the azimuthal angle. Then
the spacecraft position is moved towards or away from the Earth along the radial
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vector, r, preserving ! and ' to find an intersection with the reference surface. This
intersection forms the new position of the spacecraft, where the estimated energy
conversion is presented.

4.2 IMF binning
The IMF clock angle distribution of magnetopause energy conversion obtained from
GUMICS-4 [Laitinen et al., 2007] indicated that reconnection in GUMICS-4 simula-
tions is active on the sub-solar and low latitude flank magnetopause for clock angles
60$ < &IMF < 300$ and shifts to high latitude magnetopause and behind the cusps
otherwise. To verify the spatial structure of energy conversion presented in Laiti-
nen et al. [2007], observations of magnetopause crossings throughout the surface are
needed for each clock angle, we bin the magnetopause crossings based on the clock
angle ranges. Since the simulations suggested a similar spatial pattern for clock
angles between 60$ < &IMF < 300$, in Paper IV all the magnetopause crossings
are binned according to whether low latitude reconnection is active. This group
of magnetopause crossings represents ’dayside reconnection’ while the other group
represents ’lobe reconnection’. All crossings for which the spacecraft position falls
within the same grid cell on the reference surface are collected and the mean value
of the energy conversion from all those crossings represents the energy conversion in
that particular spatial location. In Paper IV for each magnetopause crossing, we
average the 1 minute lagged IMF data from OMNIWeb over 10 minutes prior to the
magnetopause encounter and then calculate the clock angle from the average.

4.3 Spatial variation: Cluster observations
In Paper IV, the magnetopause crossings from the dataset presented in Fig. 4.1 are
separated into dayside and lobe reconnection based on the IMF clock angle. Figure
4.3 presents the energy conversion from Cluster observations on a magnetopause
surface where the colour coding indicates a load (blue) and a generator (red). Panel
4.3a presents the energy conversion estimates from all magnetopause crossings for
which IMF clock angle suggests dayside reconnection whereas panel 4.3b presents
energy conversion for lobe reconnection magnetopause crossings. The spatial distri-
bution of the load and the generator on the surface are almost randomly distributed
and does not support the view of clearly separated load and generators presented
by GUMICS-4 simulations [Laitinen et al., 2007].

Paper IV suggested that this mixing might be due to the fact that both the
equatorward and tailward of the cusp crossings are presented on the same magne-
topause surface. In general during dayside reconnection, the low latitude dayside
and flanks act as load (blue) while the high latitudes and the region tailward of
the cusp acts as generator (red).The crossings can be separated into equatorward
and tailward of cusp based on the sign of the magnetospheric BX component of the
Cluster observations through the magnetopause layer. In the northern hemisphere
equatorward of the cusp, the magnetospheric magnetic field is towards the Earth
and should have a negative sign whereas tailward of the cusp it is toward the Sun
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Figure 4.3: Magnetopause energy conversion for the dayside and the lobe reconnec-
tion. The panel on the left hand side shows energy conversion for magnetopause
crossings where the IMF clock angle suggested a dayside reconnection (60$ < &IMF

< 300$) while the right hand side panel shows crossings during lobe reconnection
suggested by IMF clock (300$ % &IMF % 60$). The colour coding indicates a load
(blue) and generator (red). Figure reproduced from Paper IV.

with a positive sign. This scenario is opposite in the southern hemisphere. Paper
IV separated magnetopause crossings into equatorward and tailward of the cusp
categories for both dayside and lobe reconnection cases.

Fig. 4.4 presents energy conversion from equatorward of cusp (panel 4.4a) and
tailward of cusp (panel 4.4b) magnetopause crossings for dayside reconnection. A
better spatial pattern now emerged. In the southern hemisphere equatorward of
the cusp crossings show a load while tailward of the cusps is a generator. The low
latitude flanks show a load for equatorward crossings while the tailward of cusp
is a generator. The northern hemisphere still indicates mixing of the loads and
generators but suggests a load (generator) in the dawn (dusk) for equatorward of
cusp crossing and vice versa for tailward of cusp crossings. The energy conversion
behaviour in the southern hemisphere and in the low latitudes is similar to what is
expected from theory.

Fig. 4.5 shows the energy conversion during lobe reconnection for equatorward
(panel 4.5a) and tailward (panel 4.5b) of cusp magnetopause crossings. The spatial
pattern in the southern hemisphere is similar to the dayside reconnection on both
equatorward and tailward of the cusps whereas the low latitude flanks indicate a
generator in contrast to the low latitudes for dayside reconnection. The limited
number of cases in the northern hemisphere inhibits us from commenting the energy
conversion behaviour there. The southern hemispheric behavior is di!erent from
what we expect from theory, where during northward IMF, the low latitude magne-
topause acts as a generator while the high latitudes and the tailward of the cusps
can be loads. But in Fig. 4.5, the southern hemisphere acts as a load equatorward
of the cusp and as generator tailward of the cusp.
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Figure 4.4: Magnetopause energy conversion during the dayside reconnection based
on the IMF clock angle. Panel on the left shows energy conversion when the mag-
netopause crossings are equatorward of the cusps whereas the right panel shows
crossings tailward of the cusps. Colour coding is similar to Fig. 4.3. Figure repro-
duced from Paper IV.

Figure 4.5: Magnetopause energy conversion for lobe reconnection. The left panel
shows energy conversion for magnetopause crossing equatorward of the cusps while
the right panel presents energy conversion tailward of the cusps. Colour coding is
similar to Fig. 4.3. Figure reproduced from Paper IV.



Chapter 5

Conclusions and Outlook

As a result of the past few decades of researching the near-Earth space, we now
understand the magnetospheric dynamics qualitatively, in some cases also quantita-
tively. Progress in theory, simulations as well as instrumentation have led to a more
coherent picture on the energetics of the magnetospheric system. We now have a
better understanding on how much energy is dissipated in ionospheric Joule heating,
particle precipitation, ring current and in the release of plasmoids. We also accept
that all this energy is supplied by the solar wind and it enters the magnetosphere
through the magnetopause. However, when it comes to where, how and how much
energy is converted at the magnetopause, our e!orts have been hindered by a limited
spacecraft coverage of the region as well as insu"cient instrumentation and a lack
of proper methodology to observationally investigate magnetopause energy transfer.
Hence, we depend on empirical proxies such as epsilon parameter to estimate how
much energy may be entering into the magnetosphere. Development of computer
simulations contributed to our increased knowledge of the problem both qualita-
tively and quantitatively. With recent better time-resolution spacecraft data and
improved analysis methods to calculate the energy conversion, it is now possible to
address some of these issues observationally. In this thesis we investigate the spatial
variation of magnetopause energy conversion by establishing a robust observational
methodology.

Paper I compared the energy conversion estimated during two Cluster mag-
netopause crossings with GUMICS-4 simulations. Based on an order magnitude
di!erence observed between the two events, also observed in simulations, it was con-
cluded that the majority of the energy conversion and hence the transfer occurs in
the plane of the IMF. A suggestion that both the magnitude and the sign change
in observations are due to an inherent spatial variation in the magnetopause energy
conversion was made. Paper II further investigate, in detail, the spatial variation
of energy conversion and its dependence on the IMF Y-component using Cluster ob-
servations. The main point in Paper II is that a robust methodology to calculate
energy conversion from single spacecraft methods was established.

Paper III investigated magnetopause energy conversion calculated using single
spacecraft and multispacecraft methods. It was found that energy conversion from
both methods can be di!erent in magnitude and sometimes in sign. By investigating
those magnetopause crossings where there was a sign di!erence, two sources that
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cause the sign di!erence were identified. First, a large current in the normal direction
derived from curlometer technique, present in those crossings close to the cusps, can
result in a di!erent sign. Second, a time shift in the curlometer current relative
to the single spacecraft current can lead to a sign di!erence. Curlometer current
is estimated at the centre of the Cluster tetrahedron while the single spacecraft
current is based on the local spacecraft magnetic field which in some cases lead
to a time di!erence in the peak current. The presence of either one or both of
these sources can result in a sign di!erence. After correcting these sources, single
spacecraft energy conversion magnitudes were found to be half of multispacecraft
estimates. Paper III concluded that a magnitude di!erence of 50%, 25% and 25%
is due to the normal, current density and velocity, respectively.

Following the results of Paper III which showed that single spacecraft methods
can be used in energy conversion estimates, investigations into spatial variation of
magnetopause energy conversion were conducted in Paper IV using Cluster magne-
topause crossings. A database of about 4000 magnetopause crossings from Cluster
SC-1 data from year 2001 through to 2008 was compiled. The main conclusion in
Paper IV is that the large scale behaviour of the energy conversion for dayside re-
connection is roughly in line with the present theoretical understanding. However,
for lobe reconnection, the large scale pattern was observed to be in contradiction to
the general understanding. The emergence of a clear spatial pattern after binning
the magnetopause crossings based on the IMF, and on whether a crossing occurs
equatorward or tailward of the cusps is a strong indicator of global energy conver-
sion mechanism in action. However, the large scale pattern in observations is not as
smooth as the simulations suggested. Furthermore, Paper IV demonstrated that
using single spacecraft methods it is possible to quantitatively investigate how much
energy enters into the magnetosphere and broadly speaking the previous simulation
results have been reflecting the nature of the observations on magnetopause energy
conversion.

Present understanding of magnetopause reconnection is that it is continuous on
global scale but intermittent on local scales [reviews on reconnection observation
by Hasegawa [2012], Lavraud et al. [2011], Phan et al. [2005] and references there
in]. I speculate that the large scale spatial pattern and the local mixing of load and
generators in observations presented in Paper IV may be a result of this nature
of the magnetopause reconnection. I suggest based on the information presented in
this thesis that the large scale spatial pattern of the magnetopause energy conversion
is controlled by the reconnection process while on the finer scales it is the advection
of open field lines together with the local tangential stress that control the spatial
pattern. Majority of the observations presented in Paper IV are taken from high
latitudes where the transition region between the load and the generator is located
in GUMICS-4 simulation results. At low latitudes and sub-solar magnetopause,
GUMICS-4 results show a clear load during southward IMF. In the immediate future
I plan to investigate this suggestion using THEMIS [Angelopoulos, 2008] mission
which visits the magnetopause at low latitudes. Furthermore, it is also important
to use the magnetosheath clock angle in binning the events.

I believe that the discrepancy between the observations and theoretical predic-
tion may partly be associated with the assumptions of the analysis: stationarity,
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planarity and time independence of the magnetopause. However it is interesting
to calculate the energy conversion in the presence of multiple reconnection X-lines
as well as moving flux rope magnetic structures. Lui et al. [2007] presented the
structure of a flux rope in magnetotail that is 2RE in size. They discovered that
the leading edge of the flux rope acted as dynamo where as the tailing edge was
a load. Such a behaviour at the magnetopause, if present, could explain some of
the discrepancy between observations and theoretical prediction and simulations. A
recent paper by Hwang et al. [2011] on KH waves under strongly southward IMF
suggested that these waves could produce rotational discontinuities locally. I point
that this kind of local behaviour could not be reproduced by global simulations and
hence we expect disagreements between simulations and observations.

The forthcoming Magnetospheric multi-scale (MMS) mission is aimed at enhanc-
ing our understanding of the reconnection electron di!usion region and consequently
the energy conversion processes. With an inter-spacecraft separation of about a few
tens of kilometres, MMS will yield accurate current densities, which are essential
in accurate energy conversion calculations. Paper III and Paper IV have used
recently developed GRA methods quite extensively for the first time, and this expe-
rience suggests that in MMS studies there may be a need to compare multi spacecraft
results to single spacecraft results extensively due to the limitations on applicability
of multi spacecraft methods discussed in this thesis. Often the methods that use
only the plasma moments give very di!erent results to those methods that use both
magnetic field and plasma moments. My experience with these methods suggests
that a higher time resolution plasma moments are required to obtain reliable results
at the magnetopause. Furthermore, it is di"cult to obtain accurate timing informa-
tion necessary for multispacecraft methods from data at inter-spacecraft distances
of about 100 km due to insu"cient accuracy of the field measurements at those
separations. I foresee that the GRA methods may produce more reliable predictions
with the higher temporal resolution plasma moments planned for MMS. After all it
is a necessity to use single spacecraft methods in conjunction with multispacecraft
methods to resolve multi-scale phenomena.
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2Quantifying Energy Transfer
at the Magnetopause

M. Palmroth, H.E.J. Koskinen, T.I. Pulkkinen, C.R. Anekallu,
T.V. Laitinen, E.A. Lucek, and I. Dandouras

Abstract
We review recently developed methods to investigate energy circulation in the near-
Earth space using a global magnetohydrodynamic (MHD) simulation GUMICS-4.
We describe methods to evaluate the magnetopause energy transfer and ways to quan-
tify effects of the reconnection dynamics. We also present evidence, supported by
Cluster spacecraft observations, showing that the interplanetary magnetic field (IMF)
y component controls the spatial variation of the magnetopause energy transfer. The
simulation results also suggests that the energy transfer exhibits a “hysteresis” effect
where the energy transfer does not decrease immediately after the driving conditions
start to become weaker. We investigate the hysteresis effect in the simulation and
conclude that the previous driving conditions as well as the present state of the global
magnetosphere may influence the processes at the magnetopause, and thus regulate
the energy input to the system.

2.1 Introduction

The magnetospheric activity and dynamics require
power that is extracted in the interaction between
the magnetosphere and the solar wind. The dominant
energy transfer depends on reconnection determined
by the interplanetary magnetic field (IMF) (Dungey
1961). The energy circulation from the solar wind,
through the magnetosphere, and into the ionosphere
is one of the most fundamental questions in space
physics, and it has been targeted by international
research frameworks such as ISTP (International Solar
Terrestrial Physics Program), and more recently ILWS

M. Palmroth (!)
Finnish Meteorological Institute, Helsinki, Finland
e-mail: minna.palmroth@fmi.fi

(International Living With a Star). Large computer
simulation programs have been set up to resolve the
chain of events from the Sun to the ionosphere (e.g.,
CISM: Center for Integrated Space Weather Modeling
http://www.bu.edu/cism, or CSEM: Center for Space
Environment Modeling http://csem.engin.umich.edu).
In addition, there are several groups running global
magnetohydrodynamic (MHD) simulations of the ter-
restrial space environment.

Global energy transfer has been assessed by cor-
relation analyses of solar wind parameters and mag-
netic activity indices (Akasofu 1981; Koskinen 2002;
Newell et al. 2007) as well as dimensional analyses
(Vasyliunas et al. 1982). The energy transfer proxies
typically include the solar wind speed, IMF mag-
nitude, IMF clock angle orientation with respect to
the north (! ), and sometimes the solar wind density
(Newell et al. 2007). Perhaps the most widely known

29W. Liu, M. Fujimoto (eds.), The Dynamic Magnetosphere, IAGA Special Sopron Book Series 3,
DOI 10.1007/978-94-007-0501-2_2, © Springer Science+Business Media B.V. 2011
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proxy for energy transfer is the ! parameter (Akasofu
1981), resembling electromagnetic energy flux inci-
dent at an area upstream of the Earth. As the solar wind
kinetic energy flux density exceeds the electromag-
netic energy flux density by an order of magnitude, a
generator mechanism has been presented (Lundin and
Evans 1985) to convert the solar wind flow energy to
empower the magnetospheric dynamics during south-
ward IMF: After a field line has been reconnected near
the subsolar point, it evolves across the magnetopause
and energy is transferred from the magnetic field to
the plasma, or vice versa. Sunward of the cusp, the
energy is transferred to the plasma by magnetic recon-
nection (a load in the system). Tailward of the cusp
energy is extracted from the motion of the magne-
tosheath plasma and converted to magnetic energy. The
tail magnetopause is hence a dynamo.

While the proxies characterizing the energy input
to the magnetosphere depend on solar wind and
IMF without a delay, some magnetospheric mag-
netic field models driven by the solar wind input
take into account the time history of the solar wind
(Tsyganenko 2002a, b). Bargatze et al. (1985) estab-
lished using impulse response functions that the iono-
spheric response exhibits at least a 20-min delay with
respect to the driver. The development of the field-
aligned current system coupling the magnetosphere
and ionosphere takes at least 15 min (Vennerstrøm
et al. 2002). Global MHD simulations have shown
that the ionospheric reconfiguration time after a sud-
den change in the IMF depends on the strength of the
IMF and the solar wind speed (Kabin et al. 2003). The
dense inertial ionosphere can even maintain the mag-
netospheric convection by a “fly-wheel” effect (Lyons
et al. 1985). The plasma sheet and the ring current are
large contributors to delays in the magnetospheric sys-
tem: The plasma sheet mass loading during northward
IMF (leading to cold and dense plasma sheet) and the
ring current build-up and decay can take days.

Global MHD simulations have proved to be a use-
ful tool in investigations of energy circulation in the
near-Earth space. The energy transfer between the
solar wind and the magnetosphere, and the energy
conversion processes within the magnetopause cur-
rent layer and the tail reconnection region have been
quantified from the simulation output (Palmroth et al.
2003; Laitinen et al. 2006, 2009). The energy dissi-
pation to the ionosphere has also been investigated,
and the simulations are in agreement with several

observation-based assessments, especially with regard
to temporal evolution (Slinker et al. 1999; Palmroth
et al. 2005, 2006a). Recently, Cluster observations
were used to evaluate the magnetopause dynamo
power (Rosenqvist et al. 2006, 2008), and the results
were found to agree with a global MHD simulation.
Hence, there is ample evidence that the MHD simu-
lations can be used to quantify energy circulation in
space plasmas.

In this chapter we review the recent techniques
developed to investigate the global energy circulation.
We also present new results utilizing the observation-
based technique presented in (Rosenqvist et al. 2006),
and discuss the results in light of global picture from
the MHD simulations. Finally, we concentrate on a
“hysteresis” effect, where the energy input at the
magnetopause stays enhanced after strong driving,
even though the driving conditions start to decrease.
While the effect is found from an MHD simula-
tion, we discuss its possible reality within the space
physics framework. The chapter is organized as fol-
lows: First, we present our global MHD simulation
after which we review the developed methods and the
new results. Finally, we end the chapter with discussion
and conclusions.

2.2 Methodology

2.2.1 GUMICS-4 Simulation

GUMICS-4 (Grand Unified Magnetosphere Ionos-
phere Coupling Simulation) is the latest revision in
a sequence of global MHD simulations developed at
the Finnish Meteorological Institute (Janhunen 1996;
Palmroth et al. 2001). The code consists of two com-
putational domains: The MHD domain includes the
solar wind and the magnetosphere and the electro-
static domain includes the ionosphere. The conser-
vative MHD equations are solved in a simulation
box extending from 32 RE to –224 RE in the xGSE
direction and ±64 RE in yGSE and zGSE. Near the
Earth the MHD simulation box reaches a spherical
shell with a radius of 3.7 RE, which maps along the
dipole field to approximately 60! in magnetic lati-
tude. The grid in the MHD domain is a Cartesian
cell-by-cell adaptive octogrid. Solar wind density, tem-
perature, velocity and magnetic field are treated as
boundary conditions along the sunward wall of the
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simulation box; outflow conditions are applied on the
other walls of the simulation box. The primary magne-
tospheric output parameters are plasma density, pres-
sure, velocity, temperature, and magnetic field in space
and time. The magnetosphere provides the ionosphere
with field-aligned currents and electron precipitation,
which are used to solve the ionospheric potential,
which then is mapped back to the magnetosphere and
used there as a boundary condition. The ionospheric
output parameters include the electric field, height-
integrated Pedersen and Hall conductivities, iono-
spheric electric potential, particle precipitation power,
Joule heating rate and field-aligned current density in
space and time.

2.2.2 Magnetopause Energy Transfer

Palmroth et al. (2003) evaluated the energy transfer
rate from the solar wind into the magnetosphere using
the GUMICS-4 simulation. First, the magnetopause
boundary was identified from each file generated by
GUMICS-4 by finding the cavity encompassed by the
solar wind streamlines. The streamline surface was
found to coincide with the spatial gradients existing at
the magnetopause; however, it is smoother than a sur-
face based on plasma or current density characteristics.
The total energy perpendicular to the magnetopause
boundary was defined as the portion of energy entering
the magnetopause.

Figure 2.1a shows the total energy transfer across
the magnetopause and scaled sin2(! /2) function in a
simulation run where the IMF magnitude and other
solar wind parameters were kept constant but the clock
angle ! was rotated from 0! to 360! in 6 h. The run is
one of four runs originally presented in (Palmroth et al.
2006b). Figure 2.1b–d present the instantaneous distri-
butions of energy transfer, integrated from the nose of
the magnetopause to –30 RE in the tail. Each sector
shows the sum of transferred energy taking place in
the angular direction shown in the outer circle, view-
ing from the Sun looking tailward. The size of the
sector is normalized to the outer circle (800 GW).
The IMF clock angle direction is indicated by the red
arrow. Blue color indicates net energy flow towards
the magnetopause, while the black circles plotted over
the sectors show the reconnection line, defined with a
method reviewed in Section 2.2.3.

Figure 2.1a indicates that in the global MHD sim-
ulation the temporal variation of the energy transfer
exhibits a sin2(! /2) behavior, rather than the sin4(! /2)
dependence suggested earlier (Akasofu 1981). The
total energy transfer also exhibits a hysteresis effect,
where more energy is transferred after large input.
This effect was originally presented in (Palmroth et al.
2006b, Pulkkinen et al. 2006), and it was found that
the length of the hysteresis time delay can be as
long as 40 min. The spatial variation of the energy
transfer can be understood in terms of open magnetic
field line advection sketched in the top right corner

Fig. 2.1 (a) Total energy transfer (solid) and scaled sin2(! /2)
function (dashed) against the IMF clock angle and time in an
IMF rotation run. (b–d) Spatial distribution of energy transfer

during three instants shown as vertical lines in panel (a). The
schematic drawing in the top right corner explains the spatial
energy transfer variation; see text for details
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of Fig. 2.1: The dayside reconnection opens the field
lines at the reconnection line, and they advect tail-
wards with an angle with respect to the velocity field
in the magnetosheath indicating that electromagnetic
(Poynting) energy flux has a component towards the
magnetopause. The Poynting flux focusses towards the
magnetopause in those locations, where the field lines
are primarily advecting tailwards, marked with dashed
black lines in Figure 2.1b–d.

2.2.3 Dayside Reconnection Line

Any reconnection setting contains four separate seg-
ments of field lines: closed, open, semi-open towards
and semi-open away from the Earth (Lau and Finn
1991, Watanabe et al. 2005). Based on this property,
a method was introduced to locate the separator line
in a three-dimensional grid (Laitinen et al. 2006). This
“four-field junction” (FFJ) method searches for loca-
tions where the four types of field lines meet in a
spatially limited region. The FFJ condition alone is not
sufficient for tracking the reconnection sites, but may
be used as a reconnection characterization if electro-
magnetic energy is converted into kinetic energy at the
FFJ location. In GUMICS-4, this occurs at the dayside
magnetopause approximately for clock angles between
60! < ! < 300!, and behind the cusps otherwise, as will
be shown in Section 2.2.4.

2.2.4 Magnetopause Reconnection
and Dynamo

Laitinen et al. (2007) introduced a method to evaluate
the magnetopause dynamo and reconnection powers

from the GUMICS-4 simulation. They computed the
“energy conversion surface density”, which is the
divergence of the Poynting vector integrated on a line
through the streamline magnetopause. Figure 2.2b–d
shows the instantaneous values of this quantity while
Fig. 2.2a shows the total reconnection power (blue),
and dynamo power (red) computed by integrating all
positive (blue) and negative (red) values in Fig. 2.2b–d,
respectively. Note that the run is not the same as in
Fig. 2.1; a similar rotation was performed in this run
but with different plasma and IMF conditions. Blue
colors indicate that the electromagnetic energy is con-
verted into kinetic energy, while red depicts the lobe
dynamo where electromagnetic energy increases at
the expense of kinetic energy. The thick black line is
the FFJ reconnection line, while the green lines indi-
cate the areas, where the magnetospheric and magne-
tosheath magnetic fields are almost antiparallel. Filled
black dots refer to Fig. 2.3.

The two quantities, the energy transfer
(Section 2.2.2) and the energy conversion discussed
here represent two complementary viewpoints in the
magnetopause energetics. Figures 2.1 and 2.2 illustrate
that both exhibit the same spatial dependence on the
IMF y component. The reconnection power (blue
colors in Fig. 2.2) is shown as weak energy outflow in
the energy transfer process, while the red color (the
dynamo in Fig. 2.2) is shown as strong energy transfer
towards the magnetopause. As the energy transfer
towards the magnetopause occurs on a much larger
portion of the magnetopause and is locally stronger
than the energy outflow in the reconnection region, the
net energy transfer is towards the magnetopause, as
also depicted by negative (inward) values of the total
energy transfer in Fig. 2.1a.

Fig. 2.2 (a) Total reconnection (blue) and dynamo (red) power
in an IMF rotation run. (b–d) Spatial distribution of the recon-
nection and dynamo powers (blue and red, respectively) at three
time instants. Black circles are the reconnection line and the

green contours give the area within which the magnetospheric
and magnetosheath magnetic fields are almost antiparallel. The
filled black dots refer to Fig. 2.3
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Fig. 2.3 Cluster 1 magnetopause crossing on Jan 16, 2001
(left); and on Jan 26, 2001 (right). (a) and (e) Magnetic field
x (red), y (green), and z (blue) components; (b) and (f) plasma
velocity x, y, and z components, and (c) and (g) total current

density computed with the curlometer technique. Panels (d)
and (h) are blow-ups of the actual crossing, and depict energy
conversion Q

Using the Cluster spacecraft, energy conversion Q
in the magnetopause current layer was recently evalu-
ated from

Q = " E · Jdr = "(J # B) · v vmpdt (2.1)

where E is electric field, J the current density, B
the magnetic field, v the plasma velocity, and the
integration over a distance dr has been changed to
integration over time dt using the magnetopause veloc-
ity vmp (Rosenqvist et al. 2006, 2008). Q is given in
units of Watts per square meter. We apply the same
method to two events in Fig. 2.3 showing Cluster s/c
1 observations on two magnetopause crossings during
January 16, 2001 (panels a–d), and January 26, 2001
(panels e–h). Both events occurred during steady solar
wind conditions, with similar magnitudes in solar wind
speed, density, and IMF strength (not shown). During

the Jan 16 event, the IMF clock angle was 143!, while
for Jan 26 it was 210!; but in both cases Cluster crossed
the magnetopause in the northern dayside afternoon
in the same angular direction in the yz plane (45!

and 36!, respectively, following the IMF clock angle
definition). Depicted are the Cluster s/c 1 FGM obser-
vations of magnetic field (Balogh et al. 1997), CIS
measurements of plasma density (Rème et al. 1997)
and total current density computed with the curlome-
ter technique (Dunlop et al. 2002). The Jan 26, 2001,
event is widely studied, and the magnetopause veloc-
ity has been reported to be about 40 km/s (Bosqued
et al. 2001). For the Jan 16 event, we estimate the mag-
netopause velocity to about 20 km/s using the generic
residue techniques (Sonnerup et al. 2006) that all give
a result in agreement with each other (not shown).

The lowest panels of Fig. 2.3 show the energy con-
version rate Q such that for each time instant the
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cumulative sum (integral) of energy conversion until
that time is given. Figure 2.3d and h also show the
simulation result of the energy transfer azimuthal dis-
tribution and the clock angle orientation from two
time instants during the IMF rotation run, where the
upstream parameters are similar to those during the
two events. The diagrams show the reason why we
chose these events: for the Jan 16 event we expect,
based on the clock angle and the previous simulation
results, that Cluster would have crossed the magne-
topause in a region of relatively small energy transfer.
For the Jan 26 case we expect that Cluster would have
observed significant energy transfer, as it crossed the
magnetopause in a sector, where the simulations indi-
cate energy transfer under the upstream conditions of
the event. During the Jan 16 event the energy transfer
rates (Fig. 2.3d) were an order of magnitude smaller
than during the Jan 26 case (Fig. 2.3 h), and they were
first negative and then become positive towards the end
of the period. We interpret that the Cluster spacecraft
crossed the magnetopause in a location marked with
a black dot in Fig. 2.2b, within the edge of the load
and dynamo regions. On the other hand, as the energy

transfer was larger and negative during the Jan 26
event, we interpret that the crossing took place within
the strong load area depicted as a black dot in Fig. 2.2d.

2.3 Hysteresis in Energy Transfer

Figure 2.1 showed a hysteresis effect where the energy
input remains large although the IMF starts to rotate
away from due south. The azimuthal distribution in
Fig. 2.1b and d indicate that the extra energy dur-
ing the return rotation comes from northern morning
and southern evening sectors, where the clock angle
resided before it reached the due south orientation. As
the energy transfer depends on the magnetic field at
the magnetopause, in Fig. 2.4a, b we show the magne-
topause magnetic field y and z components as vectors
in the yz plane at x = 0 RE and x = $5 RE. The blue
vectors show the magnetic field at 03:30, and the red
vectors from 04:50, when the IMF was ±45! from
due south direction. The magnetic field at 04:50 has
been mirrored with respect to xz plane so that the
IMF y component has the same sign in the figure.

Fig. 2.4 Magnetic field at the magnetopause in the yz plane at
(a) x = 0 RE and (b) x = $5 RE during 03:30 (blue) and 04:50
(red). The magnetic field at 04:50 has been mirrored with respect
to the xz plane to cancel the effect of different sign in the IMF y
component. The times are chosen to be symmetric with respect

to due south IMF z. Similar plots of magnetic field in the yz plane
at (c) x = 0 RE and (d) x = $5 RE during 04:00 (blue) and 04:40
(red, mirrored). The times are chosen such that the cusp resides
10! from noon (see text for details)
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IMF y component tilts the cusps away from noon, and
hence without the mirroring the effect from this con-
figurational change would also be visible. Even if the
mirroring is carried out, the magnetic field direction
at the magnetopause is different during these symmet-
ric times with respect to due south field. The magnetic
field after the due south IMF orientation (red arrows)
are more perpendicular to the magnetopause surface,
indicating that also the circumstances for Poynting flux
focussing are different.

Figure 2.5 shows the northern cusp longitude and
latitude as determined from the minimum of the mag-
netic field at the magnetopause. When the positive
(negative) IMF y component increases, the northern
cusp wanders towards the afternoon (morning); this is
due to the penetration of the IMF y component within
the magnetosphere (Cowley et al. 1991). When the
IMF z becomes negative, reconnection eats away the
dayside field faster than the convection feeds closed
magnetic flux from the nightside, which displaces the
cusp towards the equator. Both displacements driven
by the IMF are well-documented and supported by
extensive statistical surveys (Newell et al. 1989).

Figure 2.5 indicates that as the IMF changes, the
cusp moves in the simulation. However, the cusp is
still slightly tilted towards the afternoon when the IMF
is due south. The most equatorward position and the
noon meridian is reached 15! later in clock angle, at
! = 195!. In Figs. 2.4c and d we now choose two time
instants during which the cusp is at ±10! from the
noon and plot the magnetic field vectors at the mag-
netopause similarly as in Figs. 2.4a and b. The times

Fig. 2.5 Northern cusp (a) longitude and (b) latitude as func-
tion of the IMF clock angle

are now 04:00 and 04:40, during which the IMF condi-
tions are not symmetric with respect to due south: the
IMF clock angle is ! = 170! and ! = 210!, respec-
tively. Clearly, the magnetic field morphology at the
magnetopause is now similar, as the mirrored field
is almost identical with the non-mirrored field. The
energy transfer, being dependent on the magnetic field
at the magnetopause, shows also a symmetric distribu-
tion during these times and clock angle directions (not
shown here).

2.4 Discussion and Conclusions

In this chapter we have briefly reviewed the tech-
niques and methods developed in order to investigate
the global energy circulation in the GUMICS-4 global
MHD simulation. Our focus has been in the magne-
topause energy transfer and we have not considered
the subsequent energy circulation after the energy has
entered the magnetosphere. Our results are in qualita-
tive agreement with two representative events observed
by the Cluster spacecraft. As similar results are also
reported in the recent literature (Rosenqvist et al.
2008), we conclude that the simulation characteriza-
tion of the magnetopause energy transfer process is at
least qualitatively correct.

The two presented events are chosen such that
the upstream driving parameters are otherwise sim-
ilar, but the sign of IMF y component is different.
Clearly there is a spatial variation of energy transfer
at the magnetopause as the observations show a mag-
nitude difference in the energy conversion estimate,
even though the location of crossing and the driving
parameters are essentially the same (except for the
IMF y). The magnitude of the energy conversion esti-
mate using the Cluster spacecraft seems lower than
suggested by GUMICS-4 in Fig. 2.2, but the general
picture from GUMICS-4 is in agreement with the inter-
pretation from the observations. In conclusion, IMF y
component controls the spatial energy transfer at the
magnetopause both in the simulations and in the two
events discussed here.

We also investigated a hysteresis effect (Palmroth
et al. 2006b), where energy transfer continues strong
after strong driving even though the driving starts to
become weaker. While the delays observed here are
larger than those in (Kabin et al. 2003), the length of
the hysteresis time delay depends also on the strength
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of the IMF and the solar wind parameters (Palmroth
et al. 2006b). Here we have particularly concentrated
on the properties of the magnetopause magnetic field,
which has a large influence on the energy transfer
as the Poynting flux focussing is dependent on the
(normal component of) the magnetic field at the mag-
netopause. We find that as the IMF rotates, the mag-
netopause magnetic field is not symmetric with respect
to due south IMF, but with respect to the cusp posi-
tion. The cusp position in the simulation has been
studied extensively (Palmroth et al. 2001), and the sim-
ulated position has been found to correspond to large
observational statistical data sets (Newell et al. 1989)
particularly during southward IMF.

The azimuthal energy transfer pattern is related to
the advection of open field lines from the dayside to the
nightside, as in the areas of advection the Poynting flux
focusses through the open magnetopause. The advec-
tion pattern, on the other hand, is related to the IMF
y component: The opening and the advection of the
field line start at the cusp area, and the subsequent
flows are directed towards the dawn or dusk termi-
nators through the polar cap depending on the sign
of the IMF y component (Cowley et al. 1991). These
flows continue towards the tail reconnection region
with the direction determined by the driving condi-
tions during which they were initiated. The cusp is
slow to respond to the driver as it is magnetically tied
to the highly conducting ionosphere, and the recon-
figuration of the flow pattern and the field-aligned
current system takes time (Vennerstrøm et al. 2002).
Furthermore, the different conditions in the dayside
plasma sheet influence the reconnection between the
IMF and the dayside terrestrial magnetic field (Cassak
and Shay 2007). This applies to our results as the
conditions in the dayside are different if the IMF
rotates from the north to the south (after the build-
up of the cold and dense plasma sheet) or from the
south to the north (during hot and tenuous plasma
sheet). Hence, it should not come as a surprise that
also the energy transfer at the magnetopause exhibits
a memory.

We conclude that previous driving conditions as
well as the state of the magnetosphere may influence
the processes at the magnetopause, and regulate the
energy input to the system. While the presented evi-
dence supporting the conclusion come from a global
MHD simulation, we note that the key features in the
simulation (the magnetopause position, the advective

flows, and the cusp position) are consistent with obser-
vations.
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Abstract. We investigate the spatial variation of magne-
topause energy conversion and transfer using Cluster space-
craft observations of two magnetopause crossing events as
well as using a global magnetohydrodynamic (MHD) sim-
ulation GUMICS-4. These two events, (16 January 2001,
and 26 January 2001) are similar in all other aspects ex-
cept for the sign of the interplanetary magnetic field (IMF)
y-component that has earlier been found to control the spa-
tial dependence of energy transfer. In simulations of the
two events using observed solar wind parameters as input,
we find that the GUMICS-4 energy transfer agrees with the
Cluster observations spatially and is about 30% lower in
magnitude. According to the simulation, most of the the en-
ergy transfer takes place in the plane of the IMF (as previ-
ous modelling results have suggested), and the locations of
the load and generator regions on the magnetopause are con-
trolled by the IMF orientation. Assuming that the model re-
sults are as well in accordance with the in situ observations
also on other parts of the magnetopause, we are able to pin
down the total energy transfer during the two Cluster magne-
topause crossings. Here, we estimate that the instantaneous
total power transferring through the magnetopause during the
two events is at least 1500–2000GW, agreeing with ! scaled
using the mean magnetopause area in the simulation. Hence
the combination of the simulation results and the Cluster ob-
servations indicate that the ! parameter is probably underes-
timated by a factor of 2–3.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Solar wind-magnetosphere interac-
tions) – Space plasma physics (Numerical simulation stud-
ies)

Correspondence to: M. Palmroth
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1 Introduction

Dynamical phenomena within the near-Earth space are pow-
ered by the solar wind energy. The central large-scale man-
ifestation of the solar wind energy transfer is related to the
plasma and magnetic field circulation within the magneto-
sphere and ionosphere, which is often referred to as “global
convection”. Dungey (1961) explained global convection
as a consequence of magnetic reconnection, where the day-
side magnetospheric magnetic field is broken and re-joined
with the interplanetary magnetic field (IMF), advected with
the solar wind flow towards the magnetospheric tail, where
again the oppositely directed open magnetic flux from both
hemispheres reconnect and form closed flux tubes. On the
other hand, Axford and Hines (1961) related the global con-
vection to viscous interactions on the magnetopause surface.
Both mechanisms produce circulation of high-latitude mag-
netic field and plasma from dayside to nightside and subse-
quently from nightside to dayside on lower latitudes. The
global convection pattern maps into the ionosphere, where
a global electric potential pattern forms; in Dungey’s model
because the interplanetary electric field maps along equipo-
tential field lines directly to the ionosphere, and in the vis-
cous model because the plasma motion within the magnetic
field yields also an electric field. While both mechanisms are
at work, the fact that the ionospheric potential is very low
during times of small dayside reconnection rate (e.g., Boyle
et al., 1997) suggests that dayside reconnection is the most
important contributor to the solar wind energy transfer.
The current theory for extracting the solar wind power

is associated with a load-generator mechanism (Siscoe and
Cummings, 1969; Lundin and Evans, 1985) allowed by day-
side reconnection. In the dayside reconnection region, mag-
netic energy is converted into kinetic energy of the plasma as
reconnection accelerates plasma away from the reconnection
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Fig. 1. Event selection strategy. The gray areas show the inte-
grated amount of energy transfer on the magnetopause surface in
six azimuthal sectors during IMF clock angle of (a) " = 140! and
(b) " = 210! looking tailwards, and the IMF direction is illustrated
with a black arrow. The yellow areas in the diagram illustrate the
desired areas of Cluster crossings; in panel (a) Cluster would not
observe significant energy transfer while in panel (b) the energy
transfer would be increased and the amount and sign would depend
on the upstream parameters as well as the exact location of crossing.
The energy transfer results are from a previous unpublished run and
are here only to facilitate an a priori hypothesis for the investigation.

site. After a field line has been reconnected, it evolves across
the magnetopause and is added to the tail lobes of open mag-
netic flux in the nightside, where it eventually reconnects and
closed flux is created. Therefore, current theory suggests that
on the dayside equatorward of the cusp, energy is transferred
to the plasma by magnetic reconnection, which represents a
load in the system. On the other hand, tailward of the cusp
energy is extracted from the motion of the magnetosheath
plasma and converted to magnetic energy, making hence the
tail magnetopause a generator. While the qualitative pic-
ture of the cause and effect of the energy transfer is clear,
the quantitative formulation has proven markedly difficult.
Mostly, the global energy transfer estimates rely on correla-
tions of the solar wind parameters to magnetospheric activity
indices (Akasofu, 1981; Newell et al., 2007). However, such
proxies of the energy transfer lack spatial information of the
process and the magnitude of the transferred energy is ap-
proximated from the magnetospheric response.
Using a global MHD simulation GUMICS-4, Palmroth et

al. (2003, 2006) found a general temporal correspondence
to the energy transfer proxies, but also found a distinct spa-
tial variation in the energy transfer, where the energy trans-
fers in a plane of the IMF orientation. That is, if the IMF
clock angle " = tan"1(IMF y/IMF z) is 180! and the IMF is
purely southward, the energy transfers in the north-south di-
rection on the magnetopause, while deviations from the due
south orientation shifts the energy transfer spatial distribu-
tion. This was explained by Poynting flux focussing (Pa-
padopoulos et al., 1999; Palmroth et al., 2003), where the
electromagnetic energy focusses towards the magnetopause
in the plane of the IMF and deviates away from the mag-

netopause in a plane perpendicular to the IMF orientation.
Mathematically, the Poynting flux focussing is complemen-
tary to the load-generator mechanism (Palmroth et al., 2010)
and it is enabled because the Poynting vector at the magne-
topause surface is nonzero in areas where the open field lines
advect tailwards. While the spatial variation of the energy
transfer is a trivial consequence of the Poynting theorem, it
has never been observationally verified on the magnetopause
surface.
An important step towards quantitative energy transfer es-

timates were taken by Rosenqvist et al. (2006, 2008b), who
presented a method to compute energy conversion within
the magnetopause current layer using Cluster observations.
Later, they compared the Cluster results with ones obtained
from a global MHD simulation (Rosenqvist et al., 2008a). In
this paper we carry on with their methodology to investigate
the spatial energy transfer distribution on the magnetopause
but compare the results to another global MHD simulation.
Our strategy is illustrated in Fig. 1: Based on earlier global
MHD simulation results, the energy transfer occurs in the
plane of the IMF such that for example during IMF clock
angle is " = 140! (210!), the energy transfers in the north-
ern dawn and the southern dusk (northern dusk and southern
dawn) portions of the magnetopause, predominantly sunward
of x = "10RE (Palmroth et al., 2003, 2006). We search for
event pairs in which the upstream parameters are otherwise
the same and steady, but for which the IMF y-component is
equal but of different sign. The steady upstream conditions
are desired as the pressure variations affect the local energy
transfer values, while the different sign in IMF y shifts the
energy transfer pattern on the magnetopause as illustrated in
Fig. 1. From the event pairs, we take only events where the
Cluster constellation crosses the magnetopause within the
same area, and for which the separation is preferably such
that it allows the determination of the current density using
the accurate curlometer technique (Dunlop et al., 2002). We
expect that for an event similar to that in Fig. 1a, Cluster
would not observe much energy conversion, while in an event
depicted in Fig. 1b significant energy conversion would be
observed.
With the above search strategy, we identified two events;

16 January 2001, and 26 January 2001, for which we carry
out the simulations and investigate the energy transfer re-
sults. By coincidence, the 26 January 2001 event has been
extensively studied, and it includes several magnetopause
crossings (Dunlop et al., 2002; Bosqued et al., 2001) for
which the energy conversion estimates are obtained (Rosen-
qvist et al., 2008b). Hence we are able to compare our sim-
ulation results to the ones already obtained (Rosenqvist et
al., 2008a). The two selected events are almost perfect mir-
rors of each other as the upstream parameters are steady
and similar in magnitude, while there is a difference is the
IMF y-component; yet the Cluster crossings occur within the
same area of the magnetopause in both events (x = 4.4RE
and "Cluster = 45! for 16 January 2001, and x = 3.5RE and
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"Cluster = 36! for 26 January 2001). The paper is organized
as follows: first, we briefly review the methodology for in-
ferring the energy transfer from the global MHD simulation
as well as from Cluster observations. Second, we investigate
the two Cluster magnetopause crossings in detail and present
the performed simulations. Finally, we compare the simu-
lation results on the energy transfer to those obtained from
Cluster observations, and end the paper with discussion and
conclusions. Overall, GSE coordinates are used in this paper.

2 Methodology

2.1 GUMICS-4

GUMICS-4 (Janhunen, 1996) is a state-of-the-art global
MHD simulation that solves the fully conservative MHD
equations within the the simulation box extending from
+32 RE to "224 RE in x-direction and ±64 RE in the yz-
directions. The magnetospheric domain is coupled with an
electrostatic ionosphere: The magnetosphere determines the
field-aligned currents and electron precipitation, which are
given as boundary conditions to the ionospheric simulation
domain. The field-aligned currents and the conductivity pat-
tern resulting from precipitation and solar irradiation are used
to determine the electric potential, which is given back to the
magnetosphere, where it is used as an ionospheric bound-
ary condition. Solar wind density, velocity, temperature and
magnetic field are introduced as an input to the code at the
sunward wall of the simulation box, while a variety of quan-
tities are given as an output of the computation in space and
time. GUMICS-4 uses a cell-by-cell adaptive grid, where the
cells are divided into two at places with large spatial gradi-
ents.
Palmroth et al. (2003) introduced a method with which

the global energy transfer can be investigated using the
GUMICS-4 simulation. The method first identifies the mag-
netopause boundary, and then computes the simulation to-
tal energy flux perpendicular to the surface and defines this
as the transferred energy. The GUMICS-4 magnetopause
surface coincides with the statistical magnetopause location
(Shue et al., 1997, 1998), and the method has also been found
to work in other simulation runs (Shukhtina et al., 2009) us-
ing the OpenGGCM code (e.g., Raeder, 2003).
The total energy perpendicular to the magnetopause

boundary is defined as the portion of energy through the mag-
netopause as

Pmp=
!

A
K ·ndA, (1)

where K is the total energy flux (kinetic + thermal + elec-
tromagnetic) in the GUMICS-4 simulation determined at the
surface of the magnetopause, n is the unit normal vector of
the surface pointing outwards, and dA is the area of the sur-
face element. In this paper, the general term “energy trans-

fer” refers to Eq. (1). The computation requires that the sur-
face is identified for each time instant, and the integration
proceeds from the nose to "30 RE in the tail. The mag-
netopause can be divided in smaller integration domains to
study the spatial distribution of energy transfer, and one con-
venient way to do this is given by

PAZ(#$) =
!

#$

! "30

x=nose
K ·ndA($,x), (2)

where the integration is carried out from nose to the "30RE
in sectors #$ that are defined similarly as the IMF clock
angle (zero in the north, 180! in the south). For example, the
energy transfer spatial distribution on the magnetopause in
Fig. 1 is illustrated using Eq. (2) in 6 azimuthal bins (#$ =
60!), and shown as polar histograms for the prevailing clock
angle.
Laitinen et al. (2006, 2007) introduced a method to evalu-

ate the magnetopause dynamo and reconnection powers at
the magnetopause from the GUMICS-4 simulation. They
computed the “energy conversion surface density”, given by

Pec= "
! l2

"l1
# ·Sdl, (3)

where the subscript “ec” denotes energy conversion, S is the
Poynting vector, and the integration is carried out along the
magnetopause normal through the magnetopause layer from
"l1 to l2. Essentially, Eq. (3) computes how much magnetic
energy is destroyed in the dayside reconnection region and
how much magnetic energy is generated within the lobe dy-
namo converting the solar wind kinetic energy into magnetic
energy. In this paper, a general term “energy conversion” in
simulation refers to Eq. (3).

2.2 Cluster instruments and methods

In a time-independent case, a straightforward calculation
shows that

"# ·S = E ·J = J $B ·v (4)

where E is the electric field, J is current density, B is mag-
netic field, and v is plasma velocity. Using Eq. (4), it is
possible to compute the energy conversion from spacecraft
observations during a magnetopause crossing (Rosenqvist et
al., 2006). Now, the integration length dl is converted into
dl = |vmp|dt , where the vmp is the magnetopause velocity
with respect to the spacecraft and the dt is the duration of the
current layer crossing. Hence, the energy conversion during
a magnetopause crossing is evaluated as

Q =
!

(J $B) ·v|vmp|dt. (5)

Notice that while vmp is defined in the normal direction and it
can hence be either positive or negative, in Eq. (5) one must
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use the absolute value of the velocity. This is because the sign
of the integrand must choose the sign of the energy conver-
sion and the integration measure dl = |vmp|dt only decides
the size of the subareas to be summed in the final integral.
In this paper, Eq. (5) is evaluated using Cluster space-

craft observations. The magnetic field and plasma veloc-
ity are directly obtained from the Flux-Gate Magnetometer
(FGM, Balogh et al., 2001) and Cluster Ion Spectrometer
(CIS, Rème et al., 2001). The current density is computed
using the curlometer technique (Dunlop et al., 2002), where
the current density is obtained from Ampère’s law and the
curl of the magnetic field is computed using the observed
spatial gradients within the spacecraft constellation (tetrahe-
dron). The curlometer technique gives the most reliable esti-
mates of the current amplitude and direction in cases where
the spacecraft separation is smaller than the scale length at
which the current density varies, and where the tetrahedron
is not elongated but equally separated (Dunlop et al., 2002).
For the velocity of magnetopause, both multi-spacecraft

methods based on timing analysis as well as single space-
craft methods are available. The relative timing of the four
spacecraft observations can be used in determining the ve-
locity and orientation of any discontinuity. Here we use
constant velocity approach (CVA) assuming that the mag-
netopause moves at a constant speed during the constellation
fly-by. The relative timings of the magnetopause crossings
are found by correlating similar structures, and the orien-
tation and velocity of the discontinuity are then computed
from the timings (Dunlop and Woodward, 1998). For the
single-spacecraft methods, Sonnerup et al. (2006) introduced
a generic residue analysis (GRA) method, where classical
conservation laws are used to determine the orientation and
motion of a plasma discontinuity. The method includes con-
servation laws for mass, momentum, total energy, entropy,
magnetic flux, and electric charge, and gives results for each
conservation law. The optimal value for the orientation and
motion of the discontinuity is obtained by weighting.

3 Event descriptions

3.1 Upstream conditions

Figure 2 presents the upstream conditions for the two se-
lected events. Advanced Composition Explorer (ACE) solar
wind Level 2 data are presented for the periods of 16 January
2001 (left panels) and 26 January 2001 (right panels), and a
delay of 71min and 69min from the ACE position to 15RE
is added, respectively. The IMF observations are recorded
by the magnetic field instrument (MAG) (Smith et al., 1998),
while the solar wind density and velocity are determined by
the Solar Wind Electron Proton Alpha Monitor (SWEPAM)
instrument (McComas et al., 1998). The vertical lines denote
the Cluster magnetopause crossings examined in this paper.
Both crossings occur during relatively steady solar wind, and

hence the exact determination of the delays added to the ACE
recordings is not crucially important. The IMF intensity and
solar wind density and velocity in the two events are almost
identical. The significant difference during the events is that
the IMF y-component is almost as much positive during the
Cluster magnetopause crossing on 16 January as it is nega-
tive during the crossing at 26 January, making the clock an-
gle " during the events almost symmetric with respect to due
south (%166! and 224!). Furthermore, during 26 January,
the IMF is steadily southward for several hours prior to the
time of interest, while on 16 January the IMF is northward
for several hours prior to the Cluster magnetopause crossing.
The ! parameter computed from the upstream parameters in
the events is the same, %200GW at the times of the magne-
topause crossings. As will be shown later, the time period
during which the IMF is southward prior to the events is suf-
ficiently long so that the energy transfer distribution has had
time to develop at the magnetopause.

3.2 Magnetopause crossing on 16 January 2001

Figure 3 presents the first Cluster (spacecraft 1) magne-
topause crossing at [4.4, 9.2, 9.3]RE investigated in this
paper. The panels (a)–(c) of Fig. 3 show the overall pic-
ture of the time period around the magnetopause crossing,
representing the CIS omnidirectional proton energy spectro-
gram, the CIS density, and the CIS GSE velocity compo-
nents from 23:00UT until midnight. Just after 23:00UT,
Cluster observed the high energy population of the magne-
tosphere, while at the end of the presented period near mid-
night the dense magnetosheath low energy population was
observed. The data show several crossings of the magne-
topause, of which some are partial showing mixed popu-
lations of magnetosheath-like and magnetospheric plasma
(e.g., at 23:23UT). At 23:19UT a full crossing occurs, dur-
ing which the spacecraft passes from the magnetosphere
proper into the magnetosheath proper. After 23:23UT, the
energy spectrogram shows that the spacecraft encountered
the magnetopause vicinity several times. During each of
these encounters, the plasma velocities increased (especially
in the vz component shown in blue). This indicates a rather
stationary high speed plasma stream near the magnetopause,
indicating that the structure of the magnetopause during the
plotted period is rather stationary, while the magnetopause
does move towards and away from the spacecraft quite a bit.
Figure 3d–i are blow-ups of the period marked with black

lines in Fig. 3a–c, representing 18min worth of data. Quan-
tities needed to determine Q are shown in the plot: the
magnetic field (Fig. 3d) and plasma velocity components
(Fig. 3e), as well as the current density components deter-
mined by the curlometer technique (Fig. 3f–h). During Jan-
uary 2001, the spacecraft separation was sufficiently small to
allow accurate determination of J , and in Fig. 3i we plot the
ratio of magnetic field divergence over the magnitude of curl.
The curlometer gives reliable estimates on the current density
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Fig. 2. Four hours worth of Advanced Composition Explorer (ACE) solar wind observations on 16 January 2001 (left panels), and on 26
January 2001 (right panels). A delay of 1 h 11min and 1 h 9min from ACE position to +15RE has been added, respectively. (a) and (g) IMF
clock angle in the yz-plane, (b) and (h)magnetic field intensity, (c) and (i) solar wind speed, (d) and (j) solar wind density, (e) and (k) dynamic
pressure, and (f) and (l) ! parameter computed using the solar wind parameters. The vertical lines denote the Cluster magnetopause crossings
on each day.

when this ratio is smaller than 0.5 (Dunlop et al., 2002).
The period from 23:12UT until 23:19UT shows positive Bz
component, while Bx is negative, indicating that Cluster was
crossing the dayside magnetopause equatorward of the cusp.
The At 23:19UT, an anti-sunward, duskward and northward
current is observed, and the magnetic field rotates reaching
values of the magnetosheath magnetic field. The curlometer
quality factor in Fig. 3g shows that except for a few points,
the current estimate is reliable.

Next, we estimate the magnetopause normal and velocity
for the 16 January event. The first block of Table 1 shows the
results of the single-spacecraft analysis of the magnetopause
normal, de Hoffman-Teller velocity, and magnetopause ve-
locity in the normal direction. The largest ratio of the in-
termediate and normal eigenvalues is given by the MVAB
method. The velocity of the magnetopause in the normal
direction is around "20 km s"1 for the methods using mag-
netic field records. Since the spacecraft velocity is negligible
compared to the magnetopause velocity, the magnetopause

moves inward over the spacecraft during this outbound cross-
ing; i.e., the velocity direction is opposite to the outward
pointing normal vector, explaining the negative sign in the
magnetopause velocity. We also performed the CVA analy-
sis for the magnetopause crossing using the magnetic field
L component in the boundary layer frame (using the MVAB
normal from spacecraft 1) from all four spacecraft around the
23:19UT. The results for the multi-spacecraft analysis are
given in the second block of Table 1. The multi-spacecraft
analysis is consistent with the MVAB analysis, suggesting
that the magnetopause velocity during the event is around
"30 km s"1. We use both these values in the rest of the pa-
per.

3.3 Magnetopause crossing on 26 January 2001

The second interval of interest occurred in the morning of 26
January 2001. This interval is extensively studied previously
as it includes several consecutive magnetopause crossings
over a period of almost three hours (Bosqued et al., 2001).
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Fig. 3. Cluster spacecraft 1 observations on 16 January 2001. (a) Omnidirectional proton energy spectrogram, (b) density and (c) velocity
GSE components (x-, y- and z-components on red, green and blue, respectively) from CIS/HIA. The black vertical lines indicate a time
period for which the panels (d)–(i) are presented: (d) Magnetic field GSE components from FGM, (e) velocity of plasma (CIS), (f)–(h) x-,
y- and z-components of current density (curlometer), and (i) the curlometer quality factor. The gray rectangle shows the exact time period of
the crossing in question.

Even though in January 2001 the Cluster tetrahedron is quite
elongated, (Dunlop et al., 2002) used the event as an example
of a case where the current density can still be accurately de-
termined using the curlometer technique. Figure 4 presents
the curlometer current density components, the curlometer
quality factor and the magnitude of the magnetic field from
09:00UT until 12:00UT. During the plotted period the di-
rection of the current is northward, duskward, and tailward at
most of the magnetopause crossings, indicating that the mag-

netopause current is stable and consistent with the expected
Chapman-Ferraro current direction. While (Rosenqvist et al.,
2008a,b) chose the event at 10:30UT, we choose the crossing
taking place at 09:15UT. This is because during that crossing
the magnetopause current vector shows the typical northward
signature also observed during most other crossings, while
during 10:30UT the current is atypically southward.

Ann. Geophys., 29, 823–838, 2011 www.ann-geophys.net/29/823/2011/



M. Palmroth et al.: Spatial energy transfer at the magnetopause 829

Table 1. Magnetopause normal and velocity analysis for 16 January 2001; time interval 23:18:48UT to 23:20:28UT. Ratio is the ratio of
intermediate and normal eigenvalue given by the analysis, vHT is the de Hoffman Teller velocity, and vHT ·n gives the magnetopause velocity
in the normal direction.

Method Ratio vHT Normal vHT ·n (km s"1)
Minimum variance (MVAB) 11.4 ("186.5, "1.6, 116.3) (0.57 0.31 0.76) "17.9
Minimum Faraday residue (MFR) 10.2 ("145.1, 84.4, 40.7) (0.55 0.33 0.77) "20.5
Minimum mass flux residue (MMR) 4.8 ("228.6, 103.0, 84.3) (0.93 0.09 0.36) "171.8
Minimum entropy residue (MER) 4.6 ("229.5, 103.4, 84.3) (0.93 0.09 0.37) "171.6
Combined (MVAB, MFR, MMR, MER) 3.4 ("193.4, 59.0, 86.3) (0.74 0.27 0.62) "72.6
Constant velocity analysis (CVA) (0.66 0.32 0.67) "24.1

Fig. 4. The current density inferred using the curlometer technique, from 09:00UT until 12:00UT at 26 January 2001. Highlighted in grey
are two magnetopause crossing, at 09:15UT and 10:30UT.

Figure 5a–c present one hour of data on 26 January 2001,
from Cluster spacecraft 1 at approximately [3.5 6.7 9.1]RE,
in the same format as in Fig. 3. According to Bosqued et
al. (2001), the core magnetosheath population is observed
at 09:17UT (after the second gray vertical line in Fig. 5a–
c). The transition from the magnetosphere into the core
magnetosheath population occurs through a boundary layer,

where mixed populations of magnetosheath-like and mag-
netospheric populations are observed. After 09:14UT, the
spacecraft traverses through the boundary layer into the
sheath. The presented period includes many partial crossings
or skimmings of the Earthward edge of the boundary layer,
during which high-velocity plasma jets oriented roughly par-
allel to the magnetopause are observed Bosqued et al. (2001).
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These observations indicate that the jets are associated with
the structure of the boundary layer during the event.
Figure 5d–i shows 18min worth of data around the mag-

netopause crossing in the same format as in Fig. 3d–i. The
period from 09:06UT until 09:11UT is associated with al-
most zero Bx, and negative Bz, indicating a dayside crossing
equatorward of the cusp. At about 09:15UT, the magnetic
field rotates, the velocity components show a distinct change,
and the current density shows an anti-sunward, duskward
and northward increase consistent with the Chapman-Ferraro
current direction circulating the cusps in the post-noon sec-
tor. Notice that during most of the skimmings of the bound-
ary layer, such as at 09:23UT, the current direction is anti-
sunward, dawnward, and northward. This current direction
is parallel to the B $ v electric field, and hence we argue
that the current signature observed during these periods is
not the Chapman-Ferraro system, but is associated with the
high-velocity jets.
We performed a similar single spacecraft and multi space-

craft boundary orientation and velocity analysis as for the 16
January case. The results are presented in Table 2. As the
crossing does not occur from the magnetosphere proper into
the sheath proper, the quality of the results are not as good as
in the 16 January case. The MVAB method yields again the
largest eigenvalue ratio. The CVA timing analysis is difficult
as all four spacecraft do not cross the entire magnetopause
layer. However, we performed the timing analysis using the
first clear magnetosphere-to-boundary layer magnetic struc-
ture, and obtained a value of "58 km s"1 for the magne-
topause velocity. The value is similar to the one found in
Bosqued et al. (2001), who obtained "40 km s"1 using both
single- and multi-spacecraft methods later during the same
day, at 10:30UT. As the duration of the 09:15UT crossing is
also similar to the 10:30UT crossing, we use in the rest of
the analysis the value "40 km s"1, agreeing sufficiently well
with the CVA and MVAB.

4 GUMICS runs

GUMICS-4 was executed with the solar wind input from the
periods given in Fig. 2. The smallest grid spacing in the
simulation runs is 0.25RE, ensuring a sharp boundary at the
magnetopause. Due to the code setup where the solar wind
magnetic field needs to be divergenceless, solar wind Bx was
set to zero. The dipole tilt angle in both runs is set to zero,
otherwise the code setup is typical that has been used in sev-
eral event simulations (e.g., Palmroth et al., 2003). There are
indications that the IMF Bx and the tilt angle affect the re-
connection line location (e.g., Trenchi et al., 2008) and hence
the approximations for the tilt angle and the IMF Bx might
be invalid in investigations of the load and generator areas.
However, as the negative tilt in January and the negative
IMF Bx shift the reconnection line into opposite directions,
and the negative tilt has only a slight effect in the North-

ern Hemisphere where the Cluster crossings occur (Palmroth
et al., 2011), the assumptions concerning the tilt and IMF
Bx are valid. Figure 6 illustrates the Cluster orbits on 16
January (left panels) and 26 January (right panels) overlaid
with GUMICS-4 reproduction of the plasma density for both
events.

5 Results: energy transfer and conversion on
magnetopause

Figure 7 shows the total energy computations and azimuthal
energy distributions for the 16 January event. The temporal
variation of the total energy transfer through the GUMICS-
4 magnetopause resembles that of the ! parameter, while
the magnitudes are different. This is due to the fact that !

is scaled to the magnetospheric energy consumption, while
the GUMICS-4 energy transfer (Eq. 1) includes all energy
transferred through the surface until x = "30RE, which is
not necessarily deposited within the ionosphere or the inner
magnetosphere. Therefore, Fig. 7b also shows the ! parame-
ter scaled with the simulation magnetopause mean area (red)
during the run instead of the traditional 4% l20 scaling param-
eter, where l0= 7RE. The vertical lines in Fig. 7b denote the
time instants at which we present azimuthal energy transfer
distributions shown in Fig. 7c computed using Eq. (2). The $

axis at the outer circle shows the magnetopause in yz-plane
looking tailward, and the energy transfer through each sector
#$ is given by a bar, whose size is proportional to the energy
input in that sector, normalized to the outer circle (100GW).
The black line and dot in each energy distribution shows the
IMF orientation and clock angle.
The azimuthal energy transfer distributions in Fig. 7c

clearly show that during southward IMF, the energy trans-
fers through the magnetopause surface in sectors aligned
with the plane of the IMF due to the Poynting flux focussing
(Palmroth et al., 2003): the electromagnetic energy vector
points towards the magnetopause in those locations, where
the newly opened field lines are advecting tailwards, because
only at those locations the magnetic field lines are at an an-
gle with the magnetosheath velocity field allowing a nonzero
Poynting flux. The field line advection in sectors aligned
with the plane of the IMF is also predicted by the Cooling
model (Cooling et al., 2001) used to track the flux transfer
events on the magnetopause. In Fig. 7c, it is important to
notice that while the rightmost distribution resembles the en-
ergy transfer distribution during the actual Cluster magne-
topause crossing, the distributions are all qualitatively sim-
ilar: they are all tilted in the plane of the IMF that stays
between 116! and 166!. Based on Fig. 7c, we expect a pri-
ori that the energy conversion on the Cluster magnetopause
crossing will be small, as Cluster is not sampling the mag-
netopause in the sector of large energy transfer (see Cluster
position in Fig. 6b).
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Fig. 5. Cluster spacecraft 1 observations on 26 January 2001, from spacecraft 1. (a) Omnidirectional proton energy spectrogram, (b) density
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Figure 8 shows the ! parameter, total energy transfer in
GUMICS-4 as well as the azimuthal energy transfer distri-
butions for 26 January, in the same format as in Fig. 7. The
vertical lines are now showing the time instants separated
by 10min, and centered by the Cluster magnetopause cross-
ing that took place about 09:15UT. Again, the energy trans-
fers in the plane of the IMF, and the distributions in Fig. 8c
stay qualitatively similar at an after 09:15UT, although the

amount of the transferred energy varies slightly. The scaled !

is again in good accordance with the simulation energy input
through the magnetopause. Figure 6d shows the Cluster or-
bit for the denoted time instants, and now the spacecraft cross
the magnetopause in a sector, where also a large amount of
energy is transferring. Hence, we again expect that Clus-
ter observes a large amount of energy conversion during the
magnetopause crossing.
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Table 2. Magnetopause normal and velocity analysis for 26 January 2001; time interval 09:14:30UT to 09:15:20UT. The format is the same
as in Table 1.

Method Ratio vHT Normal vHT ·n (km s"1)
Minimum variance (MVAB) 3.3 ("321.6 68.9 145.7) (0.45 "0.20 0.87) "33.3
Minimum Faraday residue (MFR) 2.4 ("73.9 161.4 41.3) (0.42 "0.01 0.91) 5.2
Minimum mass flux residue (MMR) 1.0 ("36.1 82.7 25.4) (0.54 "0.83 0.16) "83.9
Minimum entropy residue (MER) 1.1 ("21.0 87.8 16.1) (0.54 "0.82 0.15) "81.4
Combined (MVAB, MFR, MMR, MER) 2.5 ("253.4 90.9 116.9) (0.44 "0.12 0.89) "19.0
Constant velocity analysis (CVA) (0.60 0.33 0.73) "58.2

Fig. 6. Cluster spacecraft positions (magenta circles) on 16 January
(panels a and b), and 26 January (panels c and d) during the period
presented in Fig. 2. The colorcoding is the GUMICS-4 reproduction
of logarithm of plasma density during the two events. Panels (a) and
(c) are depicted in xy-plane at z = 0, whereas panels (b) and (d) are
those for yz-plane at x = 0.

Figure 9 shows the results of the detailed comparison be-
tween the GUMICS-4 simulation against the Cluster esti-
mate of the energy conversion, calculated using the data from
times highlighted with gray in Figs. 3 and 5. The left (right)
panels are again for 16 January (26 January) events. The top
row shows the GUMICS-4 energy conversion computed us-
ing Eq. (3), while the second row gives the energy transfer
using Eq. (1). The magnetopause is viewed from the front
looking tailwards. The magenta dots give the Cluster posi-
tion in each event at the given time. The GUMICS-4 results
on the energy conversion and transfer at the Cluster posi-
tion are given in the respective legends of Fig. 9a–b and 9d–
e. The GUMICS-4 results for 16 January are evaluated at
23:15UT, and 09:15UT on 26 January. The energy transfer
distributions depicted in Fig. 9b and 9e are almost as much
tilted with respect of due south and show almost similar mag-
nitudes of energy transfer as the other solar wind conditions
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Fig. 7. (a) The ! parameter for 16 January event, delayed to +15RE
using a delay 1 h 11min. (b) Total energy transfer through the
magnetopause in the GUMICS-4 simulation against time in the 16
January event (black) and ! parameter scaled with the simulation
magnetopause area (red). Vertical lines denote the times at which
the instantaneous energy transfer distributions in (c) are given. The
size of the bar in panels (c) gives the portion of energy transfer in
the yz-plane integrated from the nose to "30RE. The bar size is
normalized to the outer circe (100GW), and the IMF orientation
is given by the black line, with the filled dot referring to the clock
angle given in the bottom left legend of each distribution.

are similar. The bottom row gives the Cluster estimate of the
energy conversion Q using Eq. (5) in the two events. The
integral of the energy conversion through the magnetopause
is computed as a cumulative sum, and hence the final value
of the plotted curve given in the legend of Fig. 9c, f is to be
compared with the simulation results. The Cluster estimate
for 16 January is computed using two values for the mag-
netopause velocity: 20 km s"1 (black) and 30 km s"1 (red),
while the value for 26 January uses 40 km s"1 found here
and in Bosqued et al. (2001).
Figure 9 illustrates that on 16 January, the spatial distri-

bution of energy conversion and transfer is tilted away from
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Table 3. Cluster estimations of the energy conversion using different time intervals and including all current density values in the calculation
(Q1) and omitting those current density values where the curlometer quality factor is larger than 0.5 (Q2). The difference (%) tells how
muchQ1 differs fromQ2.

Time Q1 (µWm"2) Q2 (µWm"2) vmp (km s"1) Difference

16 January 2001

23:18:36–23:20:27UT "8.6 "5.3 20 38%
23:18:36–23:20:27UT "12.8 "8.0 30 38%

26 January 2001

A: 09:14:27–09:16:23 "106.4 "95.9 40 10%
B: 09:13:30–09:16:23 "102.1 "89.1 40 13%
C: 09:11:31–09:16:23 "130.0 "114.3 40 12%
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Fig. 8. (a) The ! parameter for 26 January event, delayed to +15RE
using a delay 1 h 9min. (b) Total energy transfer through the mag-
netopause in the GUMICS-4 simulation against time in the 26 Jan-
uary event (black) and ! parameter scaled with the simulation mag-
netopause area (red). Vertical lines denote the times at which the
instantaneous energy transfer distributions in (c) are given. The for-
mat of the figure is the same as Fig. 7.

the north-south direction, and occurs in the northern dawn
and southern dusk sectors at the magnetopause. The Cluster
crossing of the magnetopause occurs in between the load and
generator regions away from the strongest energy conversion
and transfer, and indeed in Fig. 9c the Cluster estimate of
the energy conversion within the magnetopause current layer
is small, only from "8 to "13 µWm"2. The Cluster esti-
mate is larger than in GUMICS, but still in quantitative ac-
cordance with the simulation results: The simulation shows
little energy conversion and transfer, as the conversion esti-
mate is about "3 µWm"2 and transfer about "4 µWm"2.
The pixels neighboring the Cluster crossing location give
similar magnitudes, but can be of different sign. On 26 Jan-

uary, however, Cluster crosses the magnetopause in a region
where the simulation results indicate large energy conversion
and transfer. Based on the simulation, the location of the
crossing occurs well within the generator region as now the
neighboring pixels show similar magnitudes and sign for en-
ergy conversion, indicating also that our initial assumptions
of the tilt angle and IMF Bx are valid. The simulation esti-
mates for the conversion and transfer are "28 µWm"2 and
"50 µWm"2, respectively, lower than the Cluster estimate,
which is "106 µWm"2. In both events, the Cluster estimate
of the energy conversion exceeds that of the GUMICS-4 lo-
cal energy conversion by the same factor %4.
Table 3 gives Cluster estimations of the energy conversion

from the two events using different crossing parameters. The
16 January crossing is “clean”, such that there is no ambigu-
ity on the timing of the crossing, and as indicated by Fig. 3,
the spacecraft traverses from the magnetospheric-like into
sheath-like population rapidly without observing a boundary
layer. The ambiguity within the crossing comes from the ex-
act value of the magnetopause velocity, and the few points
of possibly erroneous curlometer current density measure-
ments. Hence, we present the Q calculation using the two
magnetopause velocity values as well as omitting the data
points having a larger curlometer quality factor than 0.5. The
value Q1 is hence computed using all points from the time
period, but in computing the value Q2 the points where the
curlometer quality factor exceeds the 0.5 limit are set to zero.
As the GUMICS-4 result was "2.9 µWm"2, the Cluster es-
timate is larger by a factor of 2–3.
The 26 January event is more ambiguous in timing, as

the spacecraft flies through the boundary layer and the high-
velocity jets and their associated currents disturb the timing
based on the current density increase. Table 3 shows the dif-
ferences in estimates for Q in three crossing durations (let-
ters A, B, and C in Fig. 5). Taking into account the ambiguity
associated with the timing, the curlometer, and the velocity
of the magnetopause, our best estimate of the energy con-
version within the magnetopause in the 26 January event is
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Fig. 9. Left (right) panels: results for 16 January at 23:15UT (26 January at 09:15UT). (a) and (d) divergence of the Poynting vector at the
magnetopause surface in the GUMICS-4, looking tailwards from the front of the magnetopause. (b) and (e) total energy transfer through the
magnetopause surface in the GUMICS-4. (c) and (f) Cumulative sum (representing the time evolution of theQ integral) of energy conversion
at Cluster orbit through the magnetopause; red (black) curve using vmp= 20 (30) km s"1 for 16 January. The magenta dots in panels (a), (b),
(d) and (e) show the Cluster position on the given time, and the values in the respective legends show the simulation result on Cluster position
at the given time. The Cluster estimate of the integral of the energy conversion (the final value of the cumulative sum) in the magnetopause
current layer is given in the legends of panels (c) and (f). All values in legends are given in µWm"2

about "100 µWm"2, again larger by a factor of 3 compared
to the GUMICS-4 local values. Hence in both events, am-
biguity of the measurements explained a factor of 1 discrep-
ancy between the measurements and the simulation results,
but the same scaling factor of 2–3 was found between the
Cluster observations and the simulation results.

6 Discussion

In this paper, our main goal is to use the simulation to verify
the IMF By dependence of the spatial energy transfer sug-
gested by earlier simulations (Palmroth et al., 2003). We can
also take the opportunity to estimate the global energy trans-
fer using the two local measurements to scale the simulation
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results. We find the same scaling parameter (a factor of 2–3)
from both local estimates. We have also briefly reviewed the
methodology developed earlier to infer the simulation energy
transfer and conversion from GUMICS-4 global MHD simu-
lation (Palmroth et al., 2003; Laitinen et al., 2006, 2007). The
two methods represent two complementary viewpoints in the
magnetopause energetics and they are both consequences of
the dayside magnetopause reconnection. The energy trans-
fer method tells us how much total energy (kinetic, electro-
magnetic and thermal) transfers across the magnetopause,
while the energy conversion method yields an estimate of
how much of the transferring energy is converted from one
form to another, and directly evaluates the power consumed
by reconnection. Hence in principle, the magnitude of en-
ergy conversion cannot exceed that of the energy transfer.
The spatial variation of the transfer and conversion is not
necessarily exactly the same as the integrals are different,
although using primarily the same quantities. The energy
conversion occurs primarily within or adjacent to the recon-
nection region, but energy can transfer (via Poynting flux fo-
cussing) anywhere on the surface, where open field lines ex-
ist. The energy conversion method should be comparable to
the Cluster methodology (Rosenqvist et al., 2006) in a time-
independent case, as shown by Eq. (4). Time-independency
is a good assumption if the magnetopause structure remains
steady during the event. This is the case in both of the events
discussed here.
In computing the Cluster estimate of the magnetopause en-

ergy conversion, obvious sources of errors include the deter-
mination of the current density and the magnetopause veloc-
ity. Especially the latter is a constant multiplier in Eq. (5) and
order-of-magnitude errors would introduce an order of mag-
nitude discrepancy in the final estimation. Here, we have
carefully measured the velocity of the magnetopause. We
have also used the best available method (curlometer) to in-
fer the current density, and we note that the single space-
craft methods yield similar values (not shown). Hence, our
current density estimate is generally reliable, while instan-
taneous observations include uncertainties that lead to dis-
crepancies within the final estimate (Table 3). As witnessed
during the 26 January 2001 event, the magnetopause can in-
clude local effects that are associated with boundary layer
dynamics. Hence, we argue that the timing should be done as
carefully as possible, so that only the large scale Chapman-
Ferraro current contributes toQ. Special care should be paid
on the timing of the event if it includes spiky current density
features that are not consistent with the large-scale current
direction. However, one of the most important finding of this
paper is that even with the best possible means to infer energy
conversion (multi-spacecraft techniques, carefully selected
events and stable upstream conditions) an uncertainty factor
exists within the observations. Here, the final estimates in-
clude 10%–40% differences, which were due to timing, ve-
locity of the magnetopause as well as momentary bad values
of the curlometer. We envisage that in more dynamic events

having unstable upstream conditions, the discrepancies can
be larger.
The 26 January case was also one of many crossings anal-

ysed by Rosenqvist et al. (2008b,a). They +67 µWm"2 for
Q at 10:30UT and interpreted the event as being a cross-
ing of the load region. Using the BATS-R-US global MHD
simulation, Rosenqvist et al. (2008a) computed both Q and
"# ·S from the simulation results along the Cluster orbit.
The comparison yielded favorable results only after they ar-
tificially lowered the spacecraft trajectory in the simulation
towards the subsolar magnetopause. We note that in Rosen-
qvist et al. (2008a,b) the a priori assumption on the load na-
ture of the crossing was made based on the current theoreti-
cal understanding that the load exists equatorward of the cusp
(Lundin and Evans, 1985). However, most importantly, the
current density during the 10:30UT event shows southward
signatures, while typically the magnetopause crossings on 26
January show northward current densities (Fig. 4). Flipping
the sign of the Jz to positive at 10:30UT flips the sign of Q

into negative, consistent with our findings of the 09:15UT
crossing. Since the current shows northward signatures dur-
ing several of the crossings, we note that the current density
direction at 09:15UT is consistent with the global Chapman-
Ferraro direction, while the 10:30UT crossing possibly in-
cludes local signatures that influence the current direction.
The global simulations cannot easily reproduce local signa-
tures, while the global pattern is reproduced on average. In-
deed, Fig. 9 shows a large positive region equatorward of
the generator region, and hence the artificial lowering of the
spacecraft orbit in a simulation would yield a good agree-
ment.
The current theoretical understanding states that the load

region resides equatorward of the cusp, while the genera-
tor region is found poleward of the cusp. The Cluster re-
sults shown in this paper suggest that generator region can
be found from the dayside magnetosphere on field lines that
are equatorward of the cusp. The use of the spatially limited
cusp to distinguish the load and generator regions is mislead-
ing especially for nonzero IMF y when the magnetospheric
axis of symmetry is not in the noon-midnight meridian. For
instance in the presented 26 January 2001 case, the IMF y
is negative and hence the cusps are found from the north-
ern pre-noon and the southern post-noon regions (Newell et
al., 1989), while the Cluster crossing occurs in the northern
post-noon, a large longitudinal distance away from the cusp.
Instead, we argue that theoretically the accurate separator for
the load and generator regions, at least for low-latitude recon-
nection, is the location at which the solar wind thrust force
exceeds the J $B stress caused by the curvature of the open
field line. In other words, the separator for load and gen-
erator should appear where the Alfvén velocity equals the
magnetosheath velocity, and the field line is being dragged
by the magnetosheath flow instead of being accelerated by
reconnection. As such, this occurs tailward of the last closed
field line that indeed is the cusp field line somewhere on the
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surface, and hence the cusp is a special case of this general
condition. While it would be interesting to find this separator,
we leave it for further study with a notion that the separator
search should start by finding a location where the accelera-
tion fields caused by the magnetosheath flow and the J $B
force are in balance. This also introduces interesting avenues
for further studies of the magnetopause energy transfer as it
suggests that the load and generator regions (their sizes and
possibly also their intensities) can be dependent on the mag-
netosheath velocity field, which in turn is related not only to
the velocity of the solar wind but also to the shock structure.
In a global simulation using a quantitative methodology

the a priori assumptions are more easily formed as the out-
come of the calculation is plainly visible as in Fig. 1, em-
phasizing the power of the approach combining the simu-
lations with observations. When looking at the simulation
data giving a full three-dimensional global picture of the two
events, the Cluster estimates fall naturally in place and are
almost in quantitative agreement with the simulation results.
We believe that here the Cluster estimate and the simula-
tion results validate each other: the simulations show that
the large differences in the Cluster estimates is natural and
due to the spatial variation of energy transfer and conversion.
On the other hand, the carefully measured Cluster estimate
pins down the magnitudes of the simulation results. Assum-
ing that the comparison between in situ observations and the
simulation is as good also in other parts of the magnetopause,
we are able to pin down the total energy transfer during the
two time instants. We estimate that the total energy transfer-
ring through the magnetopause during the two events is about
1500–2000GW, three times the value of !. The ! represents
Poynting flux through a circular area of radius l0, where the
radius is used to scale the energy input to equal the magneto-
spheric output. To make the simulation results more directly
comparable with !, we have scaled the ! again with the mag-
netopause mean area during the events, as measured from the
simulation. Our results show that the local values in the sim-
ulation are underestimated by a factor of probably 2–3, while
the scaled ! is in quantitative agreement with the simulation
energy input. This indicates that ! is underestimated based
on the evidence of this paper. In accordance, Koskinen and
Tanskanen (2001) also suggested in a broad review of the !

parameter that ! should be scaled up by a factor of 1.5–2.

7 Summary and conclusions

We conclude that the GUMICS-4 simulation results are in
good agreement with the Cluster observations in these two
cases. The magnitude of energy conversion in the simula-
tion, obtained by means that are directly comparable to the
methodology using the Cluster observations, is around 30%
of the Cluster estimate during both events, without any as-
sumptions made on the magnetopause velocity or the rela-
tive location of the Cluster magnetopause crossing within the

code. The simulation energy transfer values are around 50%
of the Cluster estimate. However, as the observations also in-
clude uncertainties, we conclude that using the present grid
resolution and within the global framework the comparison
is as perfect as it can be.
Our main findings in this paper are the following:

1. Cluster observations verify the simulation results on the
IMF By dependence of the energy transfer on the mag-
netopause.

2. To estimate global energy transfer, one should only take
current layers being part of the Chapman-Ferraro sys-
tem.

3. The separator for load and generator should appear
where the Alfvén velocity equals the magnetosheath ve-
locity, and the field line is being dragged by the magne-
tosheath flow instead of being accelerated by reconnec-
tion.

4. The amount of energy conversion and transfer in
GUMICS-4 agrees well with Cluster observations dur-
ing the presented events, even though shows probably
a factor of 2–3 lower values, however, also the Cluster
estimate ofQ includes ambiguities.

5. The combined results from the simulation and Cluster
observations suggest that the ! parameter is underesti-
mated by a factor of 2–3.
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[1] We present a small statistical data set, where we investigate energy conversion
at the magnetopause using Cluster measurements of magnetopause crossings.
The Cluster observations of magnetic field, plasma velocity, current density and
magnetopause orientation are needed to infer the energy conversion at the magnetopause.
These parameters can be inferred either from accurate multispacecraft methods, or by
using single!spacecraft methods. Our final aim is a large statistical study, for which only
single!spacecraft methods can be applied. The Cluster mission provides an opportunity to
examine and validate single!spacecraft methods against the multispacecraft methods.
For single!spacecraft methods, we use the Generic Residue Analysis (GRA) and a standard
one!dimensional current density method using magnetic field measurements. For
multispacecraft methods, we use triangulation (Constant Velocity Approach ! CVA)
and the curlometer technique. We find that in some cases the single!spacecraft methods
yield a different sign for the energy conversion than compared to the multispacecraft
methods. These sign ambiguities arise from the orientation of the magnetopause, choosing
the interval to be analyzed, large normal current and time offset of the current density
inferred from the two methods. By using the Finnish Meteorological Institute global MHD
simulation GUMICS!4, we are able to determine which sign is likely to be correct,
introducing an opportunity to correct the ambiguous energy conversion values.
After correcting the few ambiguous cases, we find that the energy conversion
estimated from single!spacecraft methods is generally lower by 70% compared to the
multispacecraft methods.

Citation: Anekallu, C. R., M. Palmroth, T. I. Pulkkinen, S. E. Haaland, E. Lucek, and I. Dandouras (2011), Energy conversion
at the Earth’s magnetopause using single and multispacecraft methods, J. Geophys. Res., 116, A11204,
doi:10.1029/2011JA016783.

1. Introduction

[2] The energy input to the magnetosphere is primarily
controlled by the solar wind and the interplanetary magnetic
field (IMF). The energy transfer and conversion occurs
mainly by reconnection between the IMF and the terrestrial
field lines [e.g., Dungey, 1961], while also viscous interac-
tions at the magnetopause surface transfer energy [Axford and
Hines, 1961]. The question of how much energy is converted
at the magnetopause and how it is distributed within the

magnetosphere and ionosphere is one of the most important
questions in space physics. Due to a limited satellite coverage
of the magnetosphere this question is difficult to answer
observationally on global scales. However, empirical esti-
mates like the ! parameter [Akasofu, 1981] are widely used as
proxies for the global energy input. According to the current
theoretical understanding [e.g., Lundin and Evans, 1985],
magnetic energy is converted into a kinetic form in the day-
side load region during low!latitude reconnection, while in
the tail the energy is converted from the kinetic into magnetic
form in a generator. In the tail lobe generator, the energy
conversion occurs at the expense of solar wind kinetic energy
sweeping the open field lines tailward.
[3] Palmroth et al. [2003, 2006] used the three!dimensional

MHD simulation, Grand Unified Magnetosphere Ionosphere
Coupling Simulation (GUMICS), to investigate the total
energy transfer at the magnetopause as a function of IMF and
the dynamic pressure. They found that the ! parameter largely
agrees with the simulation energy transfer, but there are also
differences in the time history as well as due to solar wind
density, which is not represented in !. Laitinen et al. [2006]
developed a method to estimate the local energy conversion
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through the magnetopause in the GUMICS simulation, again
as a function of IMF and dynamic pressure. Their method
essentially computes the divergence of the Poynting flux
integrated across the magnetopause. Laitinen et al. [2006,
2007] found that the GUMICS simulation is in good accor-
dance with the theoretical understanding of the load and gen-
erator regions, as the magnetic energy was destroyed in the
dayside reconnection region, while at the tail lobes the energy
is converted from the kinetic to magnetic form. They also
estimated the total amount of converted energy as well as
compared the results to those obtained earlier in the energy
transfer estimations [Palmroth et al., 2006].
[4] While the energy conversion is difficult to address

globally using observations, local methods using in situ
observations exist. Cluster mission provides an opportunity
to estimate local energy conversion taking the advantage of
the multispacecraft techniques. Recently, Rosenqvist et al.
[2006] used Cluster data to calculate energy conversion at
the magnetopause with

Q !
Z

J" B# $ % Vf g Vmp

!! !!dt Wm&2" #
#1$

where J is current density, B is magnetic field, V is the
plasma velocity and Vmp is the magnetopause velocity in the
normal direction. In a time!independent case, it is straight-
forward to show that J ! B · V equals E · J, which then
equals to the (negative of) the Poynting vector divergence
that can be used to estimate local energy conversion
[Palmroth et al., 2011]. Notice that jVmpjdt = dl, represents
integration over the width of the magnetopause. The mag-
netopause velocity Vmp can be positive or negative but in the
energy conversion computation only the absolute value
matters. This is because physically the sign of the energy
conversion should be determined by J ! B · V and not the
magnetopause velocity, which is only used to convert the
spatial integrationmeasure into temporal form and hence only
concerns the size of the subintegrations in the final outcome.
Rosenqvist et al. [2006] found that the energy conversion can
be milliwatts locally during a major magnetic storm, and
using this value they also obtained a crude estimate for the
total energy transfer by making assumptions on the energy
transfer spatial distribution at the magnetopause.
[5] Rosenqvist et al. [2008b] used Cluster observations and

compared the local energy conversion rate at themagnetopause
with the results of the BATSRUS MHD simulation. They
found that the Cluster estimate of the energy conversion was in
good accordance with the simulation results after they artifi-
cially lowered the spacecraft trajectory in the simulation
toward the subsolar position. Palmroth et al. [2011] argued
that this discrepancy with the simulation results at the original
spacecraft trajectory is possibly produced by a selection of a
locally disturbed current system that does not represent the
global Chapman!Ferraro pattern, while at another time at the
same day the crossing of the global Chapman!Ferraro current
system yields a good accordancewith the GUMICS simulation
without changing the spacecraft position in the simulation.
[6] The vast amount of data from more than 10 years of

Cluster operation gives the opportunity to verify the simulation
results of global energy conversion. However, the accurate
multispacecraft methods depend on the inter!spacecraft dis-
tance, as for instance the curlometer technique [Robert et al.,

1998; Dunlop et al., 2002] gives the best estimate of the cur-
rent density when the spacecraft separation is small. This in
turn reduces the number of crossings that can be used to
accurately verify the simulation results, because the spacecraft
separation is suitably small only during Feb ! Jun, 2002 and
from July 2003 till Apr 2004. Hence, a large statistical study
requires utilization of single!spacecraft methods, which need
to be validated first against multispacecraft methods.
[7] In this study we prepare for the future large statistical

study and validate the single!spacecraft methods against
multispacecraft methods in light of the energy conversion
methodology first presented by Rosenqvist et al. [2006]. The
paper is organized as follows: Section 2 describes the data and
methods used, while Section 3 presents the results on the
orientation and speed of the magnetopause from both single
and multispacecraft methods. In section 4, we present energy
conversion estimates from a few cases, and in particular we
illustrate the caveats associated in estimating the energy
conversion from spacecraft measurements. In section 5, we
present results of energy conversion in a subset data base
[Panov et al., 2008], for which the spacecraft separation
is suitable for validating the single!spacecraft methods.
Section 6 presents discussion of the results and section 7
ends the paper with a summary of the results.

2. Data and Methods

[8] We use data from the Cluster Ion Spectrometry (CIS)
[Réme et al., 2001] experiment, Fluxgate Magnetometer
(FGM) [Balogh et al., 2001] onboard the ClusterII spacecraft
[Escoubet et al., 2001]. The CIS experiment produces the full
three dimensional ion distributions with temporal resolution
of 4 s, at the spin rate of the satellite. CIS comprises of two
instruments, Hot Ion Analyzer (HIA) and time!of!flight
Composition Distribution Function (CODIF) analyzer. Here
we analyze plasma velocity, density and temperature from
HIA and also CODIF, when there are data gaps in HIA
recordings. From FGM, we use 5 Hz resolution magnetic
field data to obtain accurate timing information for multi-
spacecraft analysis techniques, while otherwise we use
0.25 Hz data to compute the energy conversion estimates.
[9] Using classical conservation laws and measurements

from a single!spacecraft, Sonnerup et al. [2006] presented an
analytical solution to the minimum!residue problem to find
general formulae for the speed and the orientation of a plasma
discontinuity. This approach, Generic Residue Analysis
(GRA), generalizes earlier single!spacecraft methods, such as
theminimumFaraday residue,MFR [Khrabrov and Sonnerup,
1998a] and the minimum mass flux residue, MMR [Sonnerup
et al., 2004] and yields a velocity vector for magnetopause
motion and a covariance matrix. The covariance matrix is used
to obtain three eigenvalues and their eigenvectors, which form
the coordinate axes moving with the discontinuity. The
eigenvector corresponding to the minimum eigenvalue repre-
sents the normal of the discontinuity. In the generalized
approach Sonnerup et al. [2006] usedMHD conservation laws
for mass (MMR), linear momentum (minimum linear
momentum residue, MLMR), total energy (minimum total
energy residue, MTER), entropy (minimum entropy residue,
MER) and other conservation laws, such as the absence of
magnetic monopoles (minimum variance analysis onmagnetic
field, MVAB) and conservation of magnetic flux (MFR). In
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case of MVAB, magnetopause velocity is velocity in the
deHoffmann!Teller frame [de Hoffmann and Teller, 1950]. A
combination of all these methods (COM) is obtained by a
weighting procedure, where a large ratio between the inter-
mediate and the minimum eigenvalues gives a large weight for
a particular method. Some of the conservation laws mentioned
above use onlymagnetic field data, some use only plasma data,
and some use both the magnetic field and plasma data. Hence,
the idea behind GRA is to make use of all the data available
from a single spacecraft and to combine different conservation
laws to obtain a composite (COM) prediction for orientation
and motion of the magnetopause.
[10] Sonnerup et al. [2006] tested the GRAmethods using a

benchmark magnetopause crossing. They applied the MVAB
method on the magnetic field data from all four Cluster
spacecraft, and chose the average of the four normals as the
reference normal. They reported that all of the above residue
methods yielded normals that are within 9 degrees of the
reference normal, while the COMmethod is within 3 degrees
from the reference. The magnetopause velocities from all the
methods agree in sign, and the magnitudes are within the
standard uncertainty estimates given by Sonnerup and
Scheible [1998]. GRA can also be constrained with a priori
knowledge of the type of discontinuity, For example, in case
of a tangential discontinuity the net magnetic field across the
discontinuity is assumed zero. In this paper we employ GRA
by using four conservation laws, namely MVAB, MFR,
MMR and MER and deduce a combined frame using the
weighting function used by Sonnerup et al. [2006]. We use
both magnetic field data and plasma data from Cluster!1
spacecraft and the composite method (COM) is a combina-
tion of the four methods mentioned. We performed the
analysis on a single nest with a window size (i.e., number of
data points) that varies from crossing to crossing. For each
crossing sufficient care was taken so that the window size
includes the full magnetopause crossing as well as data from
either side of the magnetopause.
[11] Multispacecraft missions provide a special opportunity

to determine the orientation and the speed of plasma dis-
continuities using the positions and the times at which dif-
ferent spacecraft encounter the discontinuity. Russell et al.
[1983] presented the first method based on timing and
applied it to interplanetary shocks. This method, called the
constant velocity approach (CVA) assumes that the discon-
tinuity is moving with constant velocity and requires the
spacecraft positions and crossing times from all four space-
craft. Recently, Haaland et al. [2004] developed a similar
method called the constant thickness approach (CTA), where
the discontinuity is assumed to have a constant thickness. In
addition to the spacecraft positions and crossing times, CTA
requires the durations of the discontinuity. Noting that neither
CVA nor CTA will generally be strictly true, Paschmann
et al. [2005] derived a combination of CVA and CTA,
where the magnetopause thickness variation is minimized.
This method, sometimes referred to as MTV (for Minimized
Thickness Variation) yields a single orientation of the mag-
netopause, but with different thicknesses and velocities for
each individual spacecraft. For both CVA and CTAmethods,
accurate timing is essential in order to estimate orientation
and speed of the discontinuity reliably. The timing can be
obtained from any measured quantity showing a well!defined
profile during the crossing. In this paper, we obtain the timing

information from FGM data, which are first converted into
boundary normal frame using MVAB, because the magne-
topause crossing is best visible in the magnetic field com-
ponent along the maximum variance direction. The crossing
times are obtained by performing a cross!correlation analysis,
where the maximum variance component from the satellite
that first sees the magnetopause is used as a reference. In this
study we use CVA to obtain the normal (N!direction) and
speed of the magnetopause from multiple spacecraft. The
projection of Earth’s dipole on to the plane perpendicular to
the normal forms the L!direction and the M!direction com-
pletes the right handed orthogonal system L!M!N [Russell
and Elphic, 1978, 1979].
[12] The current density has traditionally been estimated

from magnetic field measurements of a single!spacecraft
making use of Ampére’s law. The single!spacecraft methods
assume that the current layer is planar and one!dimensional,
and that no current flows along the layer normal. The spatial
gradients needed in Ampére’s law are derived from the
temporal gradients of the magnetic field, making use of
the normal component of the spacecraft velocity relative to
the current layer (VN). With these assumptions, the current
density in boundary normal coordinates is given by
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where m0 is the permeability of free space. In this paper we
use equation (2) to obtain the magnetopause current density
using single!spacecraft measurements.
[13] Robert et al. [1998] presented amethod to infer current

density using magnetic field measurements of multiple
spacecraft. This method, named as curlometer, evaluates
Ampére’s law by constructing the curl of the magnetic field
from the position vectors and the magnetic field observations
from at least four spacecraft. Curlometer is reliable when the
spacecraft separation is smaller than the size of the current
layer. Dunlop et al. [2002] applied the curlometer technique
to estimate the magnetopause current density from the Cluster
four point measurements. They assessed the quality of the
current based on the ratio between the divergence and the
magnitude of the curl of the magnetic field; if this ratio is
below 0.5 (!50%), the current density from the curlometer is
reliable. In this paper, we use also the curlometer technique to
obtain the magnetopause current density.
[14] In this study we use a subset of magnetopause cross-

ings database presented by Panov et al. [2008]. These
crossings are chosen when the interspacecraft distance
between Cluster spacecraft is small such that magnetopause
current density can reliably be estimated from curlometer
while the normal and velocity of the magnetopause are esti-
mated using the constant velocity approach (CVA). Figure 1
presents an overview of Cluster!1 locations during the subset
of crossings. Figure 1a shows the distribution of the events in
x!direction, and Figure 1b shows the position of the space-
craft in y!z plane. Among the events used in this study, almost
all crossings are in the northern hemisphere (inbound cross-
ings), and most of the crossings are on the dayside.
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[15] Figure 2 illustrates the types of magnetopause cross-
ings evaluated in this study. Cluster spacecraft 1 was on an
outbound crossing on 14 December, 2003, during which it
was traversing the dayside magnetopause in the northern
hemisphere. Shown in Figures 2a–2e are omnidirectional ion
energy spectrogram, magnetic field, ion bulk velocity, ion
density and current density deduced from the curlometer
technique, respectively. At the start of the interval, Bx is
negative and By is positive and energetic particles are
observed in the ion spectrogram. This along with low ion
density and low current density indicates that Cluster is
sampling the magnetosphere. Around 06:42:30, there is a
gradual change in all components of the magnetic field. Bx
turned positive and Bz to negative, coinciding with the
appearance of low energy ions, increased plasma velocity,
sudden increase in the ion density as well as increased current
density, indicating the first magnetopause crossing of the
presented interval. Around 06:44:50, Cluster exits from the
magnetosheath back into the magnetosphere. Again around

06:46:20 and 06:48:00, Cluster enters and exits the magne-
tosheath. Since from the two presented crossings into the
magnetosheath, the latter includes a sharper and unstructured
magnetic field signature and the current density incorporates
an intense duskward component consistent with the large!
scale Chapman!Ferraro current within the crossing area, we
choose this crossing for further analysis in this paper in
section 4.

3. Magnetopause Orientation and Speed

[16] The polar plots presented in Figure 3 show a com-
parison of the magnetopause normals obtained from CVA
and COM methods. In both panels the bull’s eye is the
magnetopause orientation deduced from CVA method and
each triangle corresponds to the COM normal of each mag-
netopause crossing, projected onto the plane defined by the
bull’s eye normal. The radial circles represent cones with
equal inclination from the bull’s eye. For each crossing, the
directions of horizontal and vertical axes are independently
defined by the bull’s eye normal. For example, at subsolar
point the normal would be in the sunward direction, then the
axes would roughly be the GSE y and z. The radial distance
between the triangle and bull’s eye shows the angle between
the normals from CVA and COM methods.
[17] Figure 3a shows results when no constraint is applied

on the single!spacecraft analysis in deducing the COM
method. For all the crossings, the COM normals are within
30 degrees from the CVA normals but for most of the
crossings, the COM normals are within 10 degrees from the
CVA normal, indicating that the COM is a good representa-
tion of the normals obtained by applying the GRA on the four
conservation laws used to deduce the COM results. Normals
from both CVA and COM that are very close to each other are
generally required, while definition of a good separation
depends on the application. In the two crossings that fall
outside the 20 degree circle in Figure 3, the time period of the
crossing is disturbed by near simultaneous other crossings
affecting the quality of the CVA normal in the bull’s eye.
Furthermore, in both cases theMVAB applied to data from all
Cluster spacecraft yields similar results for the magnetopause
orientation, and hence the CVA normal in the two cases is
possibly not reliable. For one third of the crossings, MVAB
and MFR methods yielded similar orientations which are
different to MMR and MER results. Due to the large eigen-
value ratios from MVAB and MFR, the COM is dominated
by these two methods. This is commonly observed for
crossings in which magnetopause signatures in the magnetic
field and plasma data do not coincide temporally. Since the
data interval is centered on magnetic field signature, the
methods that use only plasma data yield different results to
others.
[18] Figure 3b shows the results when a tangential dis-

continuity constraint is applied on the single!spacecraft
methods. The different constraints that can be applied with
the generic residue method are given by Sonnerup et al.
[2006]. In this study we used the constraint hBi · n = 0, i.e.
the average magnetic field along the normal is assumed zero.
Except for six crossings, COM normals are within 20 degrees
from the bull’s eye. The normals are more widely separated as
compared to the unconstrained analysis shown in Figure 3a.

Figure 1. Overview of the locations of Cluster spacecraft,
in GSE coordinates, during the magnetopause crossings
used in this study. (a) The distribution of the crossings in
x direction; (b) the position of the spacecraft in y!z plane.
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We suspect this is due to the presence of small but significant
average normal component in the magnetic field during the
crossings. The event with the largest separation between the
COMand CVA (56 degrees, which falls outside the plot axes)
occurs on 2002!05!10 (not shown in the plot), during which
the average normal component in the magnetic field is large,
violating the tangential discontinuity assumption.
[19] Figure 4 shows a comparison of the magnetopause

velocities in the normal direction, deduced from COM and
CVA methods. A positive (negative) velocity means that the
spacecraft observes an outward (inward) moving magneto-
pause. Velocities from the CVAmethod (Vmp,CVA) are plotted
along the x!axis, while the COMmethod velocities (Vmp,GRA)

are plotted along the y!axis. Squares present a comparison of
CVA velocities against COM velocities with no constraints
applied on the COM method, and the dotted line is the linear
fit. A correlation coefficient of 0.78 indicates a good corre-
lation between magnetopause velocities estimated using
CVA and COM. The inverted triangles show the comparison
between the velocities deduced using the CVA method and
constrained COMmethod, while the solid line is the linear fit.
A correlation coefficient of 0.71 indicates that the quality of
the constrained normals also affects the quality of the mag-
netopause velocity. A slope of 0.71 and 0.78 indicate a sys-
tematic difference of CVA and the COM methods. We note
that CVA will only give reliable results if the discontinuity is

Figure 2. Cluster spacecraft 1 measurements on 14 December, 2003 on an outbound crossing. Shown here
are (a) omnidirectional ion energy spectrogram, (b) magnetic field, (c) ion bulk velocity, (d) ion density, and
(e) current density estimated using the curlometer technique. The two vertical dashed lines indicate the time
period of the magnetopause crossing examined in this paper.
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planar and has no acceleration. However, during some of the
magnetopause crossings presented in this paper we suspect
the presence of an acceleration of the magnetopause sup-
ported by the observation of multiple crossing and this pos-

sibly explains the discrepancy. However, most importantly,
both methods yield velocities with similar signs; if one of the
two methods results in opposite sign for the velocity, it will

Figure 3. Polar plots showing a comparison of the orientation of the magnetopause obtained from COM
and CVAmethods. The position along the radial direction gives the angular separation between the normals
being compared and azimuthal direction is the plane perpendicular to the reference normal given by the
bull’s eye. For example, at subsolar point the normal would be in the sunward direction, then the axes would
roughly be the GSE y and z. In both panels, the bull’s eye is the orientation provided by the CVAmethod and
the triangles are individual magnetopause crossings. (a) Results without the use of constraints on COM and
(b) results when tangential discontinuity constraint, i.e., hBi · n = 0 is applied on COM.

Figure 4. Comparison of the magnetopause velocity along the normal from CVA and COM. Positive/
negative sign indicates an outward/inward moving magnetopause from the Earth. Squares represent a com-
parison of CVA results against unconstrained COM and the dashed line is a linear fit. Triangles shows a
comparison between CVA against COM with the tangential discontinuity constraint, i.e., hBi · n = 0 and
the bold line is the corresponding linear fit.
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influence the single!spacecraft current density and conse-
quently the sign of the energy conversion estimate.

4. Energy Conversion at the Magnetopause

[20] Here we compute the energy conversion estimated
during a magnetopause crossing on Dec 14, 2003, shown in
Figure 2, using both single andmultispacecraft techniques. For
this crossing, the magnetopause normal given by CVA is
[0.81, 0.51, 0.31] and COM is [0.80, 0.27, 0.53] inGSE. These
two normals are separated by 17 degrees, while the velocity of
the magnetopause deduced from CVA is "135.8 km/s and
"91.5 km/s from COM. The results from COM are dominated
by MVAB method having a weight of 0.87, while other
methods have smaller weights. However, MVAB and MFR
frames include an average normal magnetic field of 0.28 nT
and 2.66 nT, respectively, whereas MMR and MER frames
include a large normal magnetic field component of !6 nT.
Hence, for this crossing, we estimated the COM normal using
only MVAB and MFR methods, which decreased the angular
difference with respect to CVA to 8 degrees and brought the
magnetopause velocity to "110.8 km/s. Hence, we use only
deHoffmann!Teller frame velocity [de Hoffmann and Teller,

1950] along the normal from MVAB and MFR to deduce
COM in further analysis of this event.
[21] Figure 5 demonstrates the effect of the magnetopause

orientation, speed along the normal and current density on the
energy conversion estimation using equation (1). Figures 5a–5c
show the current density components estimated using curl-
ometer (solid lines) as well as the single!spacecraft method
(dashed lines). The black (gray) lines are in the CVA (COM)
boundary normal frame. The normal component of the current
density from the single!spacecraft method is zero, while from
curlometer the average normal component over the plotted
period is "0.17 nAm"2 and "0.84 nAm"2, in COM and CVA
frames, respectively. The M and L components of current
density from single!spacecraft and curlometer in CVA and
COM frames (Figures 5b and 5c) are in quantitative agreement.
[22] Figures 5d and 5e show energy conversion estimates

using the current densities shown in Figures 5a–5c, where
again the black lines are in CVA frame and gray are in COM
frame. The solid lines are the energy conversion estimates
using current density from curlometer using the CVA and
COM frames, whereas the dashed lines are those for which
single!spacecraft current estimates are used, from the two
frames. To demonstrate the effect of the current density and
the normal orientation, in Figure 5d we compute the energy
conversion using magnetopause velocity predicted by CVA
method in the integration. The two solid lines having different
frames but the same values for current and magnetopause
velocity are overlaid on one another. This is due to the fact
that the scalar triple product is invariant of the coordinate
system, and any difference in energy conversion calculated in
two different boundary normal frames will be due to the
difference in the magnetopause velocities given in those
frames. The dashed lines represent energy conversion esti-
mates using the single!spacecraft current density in both
CVA (black) and COM (gray) frames, again having the same
velocity of the magnetopause. Hence, the small magnitude
difference among the dashed lines is due to the 7 degree
angular difference between the two normals. Figure 5d
indicates that the single!spacecraft estimates of the Q are
slightly larger than those computed with curlometer current
density. This difference is due to the difference in normal
orientation and in the lack of normal current component in the
single!spacecraft energy conversion estimates.
[23] Figure 5e is similar to Figure 5d except that here we

used the Vmp deduced from CVA (black lines) and COM
(gray lines) methods in energy conversion estimates instead
of using the same value for the magnetopause velocity. Now
the magnitude difference between the energy conversion
using curlometer current in CVA and COM frames (solid
lines) is only due to the difference between the Vmp in the two
frames, while the magnitude differences among the energy
conversion estimates using single!spacecraft current in CVA
and COM frames also include the effect of the differences
between curlometer current density and single!spacecraft
current density. We conclude that in a clear and unstructured
crossing such as the one presented here(cf. Figure 2), uncer-
tainties related to orientation and current density are relatively
small, around 25% from each other.
[24] In Figure 6, we demonstrate the importance of choosing

the time interval to estimate the energy conversion across the
magnetopause. Shown in Figures 6a–6d are themagnetic field,
plasma velocity, current density from curlometer and from

Figure 5. Estimated current density and energy conversion
during a magnetopause crossing on Dec 14, 2003 using multi
and single!spacecraft methods. The black (gray) curves are in
boundary normal frame determined by CVA (COM) method,
whereas the solid (dashed) lines are currents estimated using
curlometer (single!spacecraft) method. (a–c) The N, M and
L components of the current density, respectively. (d and e)
The estimated energy conversion using curlometer (solid
lines) and single!spacecraft currents (dashed lines) in CVA
(black lines) and COM frames (gray lines). All the curves
represented in Figure 5d use same magnetopause velocity
(from CVA, 135.8 km/s) in energy conversion estimation
whereas the black (gray) lines in Figure 5e use the magneto-
pause velocity given by CVA (COM) methods.

ANEKALLU ET AL.: ENERGY CONVERSION AT THE MAGNETOPAUSE A11204A11204

7 of 16



single!spacecraft, respectively, during a dayside magneto-
pause crossing on Jan 18, 2004. All the quantities are LMN
components computed in the CVA frame. Figure 6e shows
the estimated energy conversion using curlometer current
(solid line) and the single!spacecraft current (dashed line).
The magnetopause crossing is shown by a clear change in the
L!component of themagnetic field and plasma velocity around
19:11:20 UT during which current densities from both the
curlometer and single!spacecraft show a strong enhancement.
The negative M!component of the current density indicates a
duskward large!scale Chapman!Ferraro current direction on
the dayside equatorward of the cusp.
[25] Figures 6c and 6d indicate that the current density is

highly fluctuating after the actual magnetopause crossing at
19:11:20 UT. These fluctuations include both positive and
negative values in the M!component, and a large normal
component in the curlometer estimate. Clearly these fluc-
tuations are not associated with a magnetopause current
layer crossing, because the plasma density does not show a
marked change and the magnetic field proxies are not as
clear as at 19:11:20 IT. As shown by Palmroth et al. [2011],
the current density can show fluctuations that are associated
with boundary layer dynamics. Figure 6e shows that these
fluctuations can deteriorate the energy conversion estimate,
which is negative during the actual magnetopause crossing
but becomes positive toward the end of the plotted period.
Hence, the energy conversion can reflect local properties of
the magnetopause, which calls for caution when interpreting
the results.
[26] Next, we present an outbound magnetopause crossing

within the dayside cusp region on Apr 06, 2004. Cluster
exited the magnetosphere and entered the magnetosheath

around 04:34:15 UT, when the CIS/HIA ion spectrogram
(not shown) indicates a clear transition from a region popu-
lated by high energy ions to the cold and dense magne-
tosheath. For this crossing, the magnetopause normals
provided by COM and CVA are [0.77, 0.38, 0.50] and [0.77,
0.44, 0.47], respectively, which fall within 2 degrees of each
other. The magnetopause velocity is "62.9 km/s from COM
and "47.6 km/s from CVA. The COM for this crossing is
dominated by the MVAB, for which the ratio between the
intermediate and minimum eigenvalues is largest (8), and
consequently it also has the highest weight (87%). Further-
more, the average normal magnetic field components from
COM and CVA are small ("1.47 nT and "0.68 nT, respec-
tively), indicating that the results from COM and CVA are
reliable.
[27] In Figure 7, we investigate the effect of the normal

current density component on the energy conversion. Shown
are the estimated current density and energy conversion
during the Apr 06, 2004 crossing, again using multi and
single!spacecraft methods. Figures 7a–7c show the N, M and
L components of the magnetopause current density, respec-
tively. The line types are similar to Figures 5a–5c. As seen in
Figure 7a, the normal component of the current from curl-
ometer is significant (+/"45 nAm"2) and comparable in
magnitude with the L!component. Hence, there is a signifi-
cant difference between the curlometer current and the single!
spacecraft estimate of the normal component, which is
assumed zero. The M!component from curlometer and
single!spacecraft techniques are in quantitative agreement.
The M!components from both methods are strongest in the
negative M!direction, consistent with the Chapman!Ferraro
current equatorward of the cusp in the dayside magneto-
pause. The L!component from curlometer is larger compared
to the L!component from the single!spacecraft method,
especially within the strongest current sheet.
[28] Similar to Figure 5d, the solid (dashed) curves in

Figures 7d–7f use curlometer (single!spacecraft) current, and
the black (gray) curves are in CVA (COM) frame. Figure 7d,
which is similar to Figure 5e, indicates that the energy con-
version estimates using single and multispacecraft estimates
are of different sign, regardless of the frame in which the
computations are carried out. In Figures 7d–7f we investigate
whether this is due to the large normal component produced
by the curlometer technique. In Figure 7e, the dashed curve
represents a case where the single!spacecraft normal current
component, which is assumed zero in the technique, is
replaced by the normal current component from the curl-
ometer technique. In contrast in Figure 7f, the normal com-
ponent from the curlometer technique is assumed zero. These
replacements demonstrate the significance of the normal
current component during the crossing. Figure 7e shows that
when the curlometer normal component is used to estimate
energy conversion using single!spacecraft methods, the final
Q becomes negative. Instead, Figure 7f shows that if the nor-
mal current is assumed zero as is done in the single!spacecraft
method, all the energy conversion estimates become positive.
For a clock angle of 240 degrees, the simulation results from
Laitinen et al. [2007] suggests a positive energy conversion at
the position of Cluster crossing (XGSE = +6.9RE, YGSE =
"1.3RE and ZGSE = +6.4RE). Hence, here the large normal
component in the curlometer current leads to sign ambiguity in
the energy conversion.

Figure 6. A magnetopause crossing on Jan 18, 2004: (a–d)
magnetic field, plasma velocity, curlometer current density
and the single!spacecraft current density, respectively. All
the quantities are in LMN frame given by the CVA method.
(e) The energy conversion estimates with curlometer current
(solid line) and with single!spacecraft current (dashed line).
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[29] The curlometer gives an estimation of the current
density at a virtual spacecraft in the center of the tetrahedron,
whereas the SSC gives the current profile in the corner of the
tetrahedron as detected by the selected spacecraft. This may
lead to a time offset of a few seconds among the current

estimated at the center and corners of the tetrahedron. For
all the events used in this study we have checked this time
offset and corrected wherever needed. Figure 7b shows that
the minimum curlometer current does not appear simulta-
neously with the minimum of the single!spacecraft current.

Figure 7. Current density and energy conversion during a magnetopause crossing on Apr 6, 2004, using
multi and single!spacecraft methods. (a–c) The N, M and L components of magnetopause current density,
respectively. The description and color coding are similar to Figures 5a–5c. (d–f) The energy conversion
estimates using different values for the normal current. Figure 7d is similar to Figure 5e. In Figure 7e the
solid lines use curlometer current in CVA (black) and COM (gray) frames and the dashed lines use single!
spacecraft current after the normal current being replaced by the normal current from curlometer. In
Figure 7f the dashed lines use the single!spacecraft current whereas the solid lines use the current from
curlometer with zero normal current. (g) The energy conversion similar to Figure 7f but the curlometer
current is moved backwards in time to match the peak of the major component of current (M) from the
single!spacecraft method.
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In Figure 7g, we investigate the effect of this offset at the
time of minimum in the major current component. Figure 7g
shows the energy conversion similar to Figure 7f, but now the
curlometer current is moved 4 s backward in time and the
normal current is kept zero. This correction brings the final
energy conversion estimates using different methods closer to
each other. The offset in minimum times of the major com-
ponent in the current from the two methods can hence lead to
a difference in the estimated energy conversion magnitude.
However, our database includes cases where this offset alone
can result in ambiguity in the sign of the energy conversion.

5. Statistical Analysis

[30] Table 1 shows a summary of the estimated energy
conversion for all the magnetopause crossings analyzed in
this study. A total of four different estimates of energy
conversion are introduced: Energy conversion calculated
using curlometer (Curlo) current in COM and CVA frames
(QCurlo–COM, QCurlo–CVA) and the energy conversion calcu-
lated using single!spacecraft current (SSC) in COMand CVA
frames (QSSC–COM, QSSC–CVA). The four estimates agreed in
sign during most of the crossings, while the magnitude
differences is due to the ambiguities introduced by different
parameters used to calculate equation (1). The third column
of Table 1 specifies whether there was a sign difference,
while the fourth column indicates the cause for the difference.
IMF clock angle and the energy conversion estimate from
single!spacecraft techniques i.e., using single!spacecraft
current in COM frame, is shown in fifth and sixth columns,

respectively. The seventh column shows the energy con-
version estimated using multispacecraft techniques i.e.,
using curlometer current in CVA frame and the last columns
shows the percentage of ratio between the divergence of
magnetic field to the curl of magnetic field. This is a mea-
sure of the quality of the curlometer current. Since some
events included ambiguity in the sign of the energy con-
version estimate, we applied in those events corrections to
arrive in a consistent sign for all four estimates. The cor-
rections are outlined in Section 4, and they include the shift
of the curlometer current density to match the temporal
evolution of the single!spacecraft current, taking into
account only the Chapman!Ferraro current system (time
interval of the crossing), and considering the unrealistically
large current normal component in curlometer. The cor-
rected value is verified against the GUMICS!4 simulation
result within the area of the Cluster crossing.
[31] Figure 8 presents histograms of differences between

the four estimates both in the uncorrected database (gray) as
well as after corrections in the few events where the four
estimates yielded inconsistent sign for the energy conversion
(black). The y!axis in all panels show the number of crossings
in each bin. The x!axis in Figures 8a and 8b shows the dif-
ference between Q using SSC in COM and CVA frame
normalized to QCurlo–COM and QCurlo–CVA, respectively.
Figures 8a and 8b illustrate the uncertainty caused by the use
of single!spacecraft current in COM and CVA frames,
respectively. Before applying the corrections, one fourth of
the events have more than 100% uncertainty, whereas after
the corrections most of the events fall within 100% uncer-

Table 1. Summary of All the Magnetopause Crossings Used in This Studya

Date Time Interval Sign Difference Cause #IMF Qssc (mWm"2) Qmulti (mWm"2) r%B
r"Bj j (%)

20020203 09:14:24 ! 09:15:28 No None 290 22.30 84.50 32.26
20020206 08:16:03 ! 08:18:11 No None 76 20.60 19.80 28.67
20020218 04:59:11 ! 05:00:11 No None 280 "4.55 "116.00 36.52
20020302 03:30:43 ! 03:31:32 Yes Time offset 57 "9.47 "14.30 38.45
20020330 13:27:38 ! 13:29:38 No None 125 "150.00 "135.00 49.24
20020410 23:10:32 ! 23:11:12 No None 60 39.60 26.30 36.76
20020423 08:15:01 ! 08:19:30 Yes Both 90 "150 "325.00 41.59
20020510 04:26:00 ! 04:27:21 Yes JN 250 "0.35 "22.00 32.54
20020521 22:07:00 ! 22:07:56 Yes JN 50 18.00 147.00 34.53
20020605 08:31:56 ! 08:34:28 No None 350 23.60 123.00 20.70
20020607 17:42:02 ! 17:44:07 No None 250 "11.50 "16.10 41.22
20020613 19:00:33 ! 19:01:46 No None 205 "5.87 "47.10 32.09
20020616 00:55:03 ! 00:55:47 No None No data "16.60 "9.23 40.82
20031125 11:42:47 ! 11:43:27 No None 175 25.50 21.40 38.56
20031201b 13:08:19 ! 13:09:27 No None 100 ! ! 54.78
20031214 06:46:00 ! 06:46:40 No None 240 "56.40 "76.50 41.07
20040104 14:10:16 ! 14:13:42 No None 350 "72.40 "230.00 32.24
20040118 19:10:16 ! 19:12:17 Yes Both 0 "38.50 "14.90 36.60
20040128 06:36:03 ! 06:37:52 No None 110 12.70 16.60 26.67
20040130 16:56:02 ! 16:57:55 Yes Both 90 "14.00 "17.20 20.97
20040221 01:20:50 ! 01:22:51 No None 300 6.43 3.38 17.35
20040228 04:01:00 ! 04:04:02 No None 140 88.20 279.00 42.17
20040229b 23:00:28 ! 23:01:16 No None No data ! ! 156.8
20040306 08:33:30 ! 08:37:00 Yes JN 135 43.00 58.20 36.91
20040406 04:33:48 ! 04:34:48 Yes Both 250 74.40 15.90 40.55
20040410 22:43:00 ! 22:44:29 Yes Both 250 "35.70 "19.90 26.56
20040415 16:32:19 ! 16:32:59 No Time offset 250 18.20 36.50 43.05

aTime interval is the interval used to calculate the energy conversion from multispacecraft method (Qmulti) and single!spacecraft method (Qssc). Sign
difference column tells whether there was a sign difference between the two estimates before the sources of error in section 4.1 were taken into
account. The cause for ambiguous signs in estimated energy conversion is presented in the fourth column. The last column shows the quality of
curlometer as percentage.

bDuring these events, the curlometer current is not reliable as the measure of quality of curlometer is more than 50% and we have not considered them in
energy conversion calculations and do not form part of energy conversion statistics.
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tainty. In Figure 8c, the x!axis shows the difference between
QSSC in COM and CVA frames and normalized to QSSC!CVA,
highlighting the ambiguity introduced due to the separation
between the normals from COM and CVA methods. Most of
the events are within +/"50% uncertainty level. In Figure 8d,
the x!axis shows the difference between multispacecraft
estimate (QCurlo–CVA) and the single!spacecraft estimate
(QSSC–COM) and is normalized to QCurlo–CVA, and demon-
strates the ambiguities due to the separation between normals,
SSC and magnetopause velocity (Vmp). Again after correc-
tions, the uncertainty is within +/"100%.
[32] In Figure 9, we demonstrate the ambiguities intro-

duced by different quantities in estimating Q. The grey
(black) squares are estimates before (after) the corrections
are applied to remove the sign ambiguities. In Figure 9a we
examine the effect of the use of SSC to estimate Q in COM
frame compared with QCurlo–COM. Before the corrections,
there are a few events with sign ambiguities which lead to
poor correlation while the slope and correlation coefficient
improve after the corrections removing the sign ambiguity.

From the linear fit to the corrected values it is clear that the
Q using the SSC is lower than using Curlometer current by
about 50%. Figure 9b examines the effect of SSC on Q
estimated in the CVA frame. Again the corrections lead to a
better correlation coefficient and the Q using SSC is lower
than using Curlometer current by !35%. In Figure 9c we
examine the effect of the separation of the different frames
on Q. Plotted are the Q using SSC in CVA (along horizontal
axis) and COM (along vertical axis). The linear fit to the
data indicates again that Q in COM using SSC is lower by
50% compared to Q using SSC in CVA frame, while the
same sign is retained. Figure 9d shows multispacecraft
estimate (QCurlo–CVA) against the single!spacecraft estimate
(QSSC–COM). Figure 9d shows that when all the ambiguity
sources are present, the single!spacecraft estimate is lower
by two thirds compared to the multispacecraft estimate.
[33] In Figure 10, we present the statistical uncertainties

of QSSC–COM and compare to QSSC–CVA and QCurlo–CVA.
Appendix A shows the details of the uncertainty calculation
in COM frame. In both panels, horizontal axis shows the

Figure 8. Statistical nature of the errors introduced by the use of single!spacecraft methods. Black (gray)
lines represent energy conversion results using the corrected (uncorrected) curlometer current. (a and b)
The statistics of the ambiguities introduced by the use of single!spacecraft current approximation in COM
and CVA frames, respectively. (c) Statistical representation of the ambiguities introduced due to the sep-
aration between normals from the two methods; (d) the combined effect of all the ambiguities introduced
by the normal, single!spacecraft current and the magnetopause velocity.
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number of the event and the vertical axis shows the energy
conversion magnitude. The gray squares are QSSC–COM
along with the uncertainty estimates depicted with error bars.
Figure 10a shows a comparison of QSSC–COM against QSSC–CVA
(black squares). Clearly for most of the cases QSSC–CVA is
within the uncertainty limits of QSSC–COM. The comparison is
similar to Figure 9c, where the differences are due to the
angular difference in the normals from COM and CVA. In
Figure 10b we present QSSC–COM and the uncertainties (grey)
compared to QCurlo–CVA (black squares). Again, for most of
the crossings, QSSC–COM is comparable to QCurlo–CVA if the
uncertainty estimates are taken into account.

6. Discussion

[34] In this paper we have presented a small statistical study
of energy conversion at the magnetopause following the
methodology of Rosenqvist et al. [2006, 2008a, 2008b]. To
limit the number of possible sources of errors in the analysis,

we use a previously published data set [Panov et al., 2008],
where the quality of the magnetopause crossings is controlled
and the multispacecraft methods can be used and validated
against the published values. While the multispacecraft
methods are generally believed to yield best results [Dunlop
et al., 2006; Haaland et al., 2006], a large statistical study
cannot be planned to depend on the multispacecraft methods.
This is mainly because the multispacecraft method for the
current density, the curlometer technique, gives best results
with a small spacecraft separation, limiting the number of
events that can be used in the analysis due to the Cluster
separation strategy. Hence any statistical study aimed at
estimating energy conversion at the magnetopause in the
large scale requires the use of single!spacecraft data and
methods. In this paper, our main goal is to compare the energy
conversion estimated using the single!spacecraft techniques
against the multispacecraft techniques. For multispacecraft
methods, we use the Constant Velocity Approach (CVA) and
the curlometer technique, while the Generic ResidueAnalysis

Figure 9. Demonstration of differences in energy conversion using the currents from curlometer and
single!spacecraft and in multispacecraft (CVA) and single!spacecraft (COM) frames. (a) The Q using
single!spacecraft and curlometer current in COM frame. (b) Q in CVA frame. (c) Q using single!spacecraft
current in CVA and COM frames. (d) Q using single!spacecraft and multispacecraft methods.
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(GRA) and a standard one!dimensional current estimation is
used for single!spacecraft methods.
[35] The first finding in this paper is that the evaluation of

Q using equation (1) yields ambiguous results during some
events when using different methods to estimate the required
variables. The determination of the magnetopause speed,
which is a constant multiplier in equation (1) depends on the
orientation of the magnetopause, and hence it can have a large
effect on the results. Figure 4 suggests that single!spacecraft
Vmp determination is lower by 20%, bringing the same mul-
tiplier in the final Q. The comparison of magnetopause nor-
mals in Figure 3 suggests that for most of the crossings, both
unconstrained and constrained COM normals are within
20 degrees of the CVA normals, but the constrained normals
are more spread around the CVA normal. The previous work
by Haaland et al. [2004] showed that using constraints on
single!spacecraft methods results in a better normal during
the analyzed event. This inconsistency is possibly due to the
nature of the events here, where a normal magnetic field
component is present, indicating reconnection and an open
magnetopause or possibly the magnetopause acceleration.
Furthermore, the results and the differences between the
COM and CVA methods are explained by a number of fac-
tors: model assumptions (planarity, 1D, no acceleration etc.),
data (quality of higher order plasma moments in GRA, pos-
sible offsets in the magnetic field) application (selecting time
intervals, center times, determining crossing times, window
sizes). Haaland et al. [2004] and Sonnerup et al. [2006]
compared the multispacecraft normals and single!spacecraft
normals against a normal obtained by averaging the normals
obtained from four Cluster spacecraft using constrained

MVAB. In this paper we are comparing COM normals
against CVA normal instead, which may also explain some of
the variability in the results. Most importantly, in light of the
energy conversion at the magnetopause, we find that the
separation between the magnetopause normals from the two
methods affect the magnetopause velocity and the single!
spacecraft current estimation, introducing ambiguities in the
energy conversion calculation from COM method compared
with CVAmethod. These ambiguities are of the order of 50%.
[36] Four different estimations of the energy conversion

gives an opportunity to investigate how the final result
depends on the different methods. The second important
finding in this paper is that the different methods used to infer
the energy conversion may yield a different sign for the final
result. Hence, in a large statistics, a positive value indicating a
“load” in the energy conversion system could appear in the
tail lobes that should show a negative value indicating a
“generator”. As also suggested by Palmroth et al. [2011], the
selection of the time interval of the magnetopause crossing is
important, because local current systems not associated with
the large scale Chapman!Ferraro system may also introduce
sign differences. In Table 1 the “Sign difference” column
indicates whether there is a sign difference between the multi
and single!spacecraft estimates. If there is a sign difference
(“Yes”), the “Cause” column shows the potential cause of the
sign difference. We have identified two causes for the sign
flip, both associated with the determination of the current
density. First, an offset in the time of the curlometer current
maximum or minimum compared to the single!spacecraft
current may cause the sign flip in the final result. The reason
for the time offset is that the curlometer gives an estimation of

Figure 10. Demonstration of the uncertainties in the energy conversion estimates from single!spacecraft
methods. (a and b) Gray squares with error bars represent the energy conversion and their associated uncer-
tainties from single!spacecraft current in the COM frame. The black squares in Figure 10a (Figure 10b) are
energy conversion estimates using single!spacecraft (curlometer) current in CVA frame.
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the current density at a virtual spacecraft in the center of the
tetrahedron, whereas the SSC gives the current profile in
the corner of the tetrahedron as detected by the selected SC.
The time offset will be a difficult question in the final large
statistics because it requires a manual correction. Secondly, in
some cases marked as having JN in Table 1, the normal cur-
rent from curlometer is large. This may introduce a sign flip as
well, because the normal current is set to zero in the single!
spacecraft methods. Furthermore, one does not expect a large
normal component in current density at the magnetopause
unless it is a crossing in the vicinity of the cusps. One more
possibility is the presence of surface waves on the magneto-
pause, which may distort the magnetopause orientation and
result in erroneous normal current. Both the large normal
current or the time offset of the current maximum/minimum
can cause the sign flip alone, but if the two effects appear
together, also the magnitude of the energy conversion may
have ambiguities.
[37] In this paper we have assumed that when all four

methods to infer the energy conversion yield the same sign,
which is also consistent with our global MHD simulation
GUMICS!4 at the location of the Cluster crossing during
similar upstream condition, we have arrived to the right sign
of the energy conversion. This introduces the opportunity to
correct the sign by taking into account only the Chapman!
Ferraro current layer, by moving the curlometer current by
one spin period, or by neglecting the normal current. These
corrections are demonstrated in Figure 9. For the corrected
results in Figures 9a and 9b, the only difference in the
quantities is the estimation method of the current density. In
the COM frame the single!spacecraft current introduces an
ambiguity of 50% where as in CVA frame it is only 35%.
This indicates that for most of the crossings the CVA esti-
mation yields more accurate orientations compared to the
COM normals. However, Figure 9 indicates that the COM
normals are still usable in determining the energy conver-
sion, giving hope for the final large statistics. Furthermore,
even using CVA, there is still an ambiguity of 35% arising
from the current densities, indicating that the method for
inferring the energy conversion using single!spacecraft cur-
rent will always have an uncertainty compared to that using
curlometer current.
[38] To summarize the ambiguities introduced by all the

contributing quantities, we note that on average the single!
spacecraft methods introduce ambiguities of around 50%,
25% and 20% due to the current estimation, normal direction
and velocity of the magnetopause, respectively, compared to
the multispacecraft estimate. A contribution of 50% to the
ambiguity from single!spacecraft current also contains the
influence of normal direction indirectly. Hence we estimate
an average ambiguity of around 70% in the energy conversion
estimate from single!spacecraft methods. Also Figure 9d
suggests that the single!spacecraft results are 70% smaller
than the multispacecraft results.
[39] It is generally believed that the multispacecraft

methods yield better results, given the suitable conditions
for the applicability of those methods. In this study we have
applied Curlometer and CVA methods to magnetopause
crossings with inter!spacecraft separation of 100–200 km,
which is suitable for the application of these methods. Here
the QCurlo!CVA is considered a priori as the reference estimate

of energy conversion. Figure 10 shows that the uncertainties
are small for most of the cases and the reference estimate is
within the uncertainty of the single spacecraft estimate, and
hence the choice of reference is a matter of opinion in many
cases. We conclude that the choice of the reference here is
supported by the single spacecraft method as well, and that the
energy conversion is accurately estimated in this paper. How-
ever, we do not rule out the possible breakdown of the planar
magnetopause assumption, in which case the single!spacecraft
methods, although correct, pick up smaller scales than the inter
spacecraft separation scale. This leads to differences between
the single!spacecraft and multispacecraft energy conversion
results. This may be a reason for large magnitude differences
seen in Figure 10b during few crossings.

7. Summary

[40] We have investigated the magnetopause energy
conversion using the Cluster observations, both with single
and multispacecraft methods. The main results of this paper
are the following.
[41] 1. Single!spacecraft results are generally consistent

with multispacecraft methods, although they give lower
values compared to the multispacecraft methods.
[42] 2. The uncertainties in single!spacecraft methods are

generally small and the energy conversion estimates from
single!spacecraft are consistent with multispacecraft esti-
mates when the uncertainties are considered.
[43] 3. For majority of the crossings, the obtained energy

conversion rates are in the range (1–100 mWm"2), consistent
with previous observations [Rosenqvist et al., 2006] and with
simulations [Palmroth et al., 2011].
[44] 4. Single!spacecraft estimate yielded ambiguities of

around 50%, 25% and 20% due to the current estimation,
normal direction and velocity of the magnetopause,
respectively, compared to the multispacecraft estimate.
[45] 5. In some cases, the single!spacecraft methods yield

a different sign for the energy conversion compared to the
multispacecraft methods. These sign ambiguities arise from
the orientation of the magnetopause, choosing the interval to
be analyzed, large normal current and time offset between
the single spacecraft and multispacecraft methods.

Appendix A

[46] In this study we have calculated the statistical errors
in the single!spacecraft method (COM) using the equations
presented by Sonnerup and Scheible [1998]. The angular
uncertainty in the estimation of eigenvectors, expressed in
radians, is given as

D’ij

!! !! !

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
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M & 1# $
$i ' $j & $3
" #

$i & $j
" #2

vuut ; i 6! j i; j ! 1; 2; 3# $; #A1$

where l1, l2 and l3 are maximum, intermediate and mini-
mum eigenvalues, respectively, of the covariance matrix for
COM method, and M is number of data points used in the
analysis [Khrabrov and Sonnerup, 1998b; Sonnerup and
Scheible, 1998, equation 8.23]. The above equation repre-
sents the rotation of eigenvector xi toward or away from
eigenvector xj.
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[47] The statistical uncertainty in a given vector A along
the normal direction is given by

D A % x3h ij j !

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$3
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' D’13x1 % Ah i# $2 ' D’23x2 % Ah i# $2

s

#A2$

where x1, x2 and x3 are the eigenvectors corresponding to
eigenvalues l1, l2 and l3, respectively [Sonnerup and
Scheible, 1998, equation 8.24] and the angular brackets
represent the average of the quantity enclosed. The above
formula accounts only for the statistical uncertainties in the
direction of the normal vector. Similar expressions are used
to calculate the statistical uncertainty in the other two
components. We have applied these expressions to averaged
values of magnetic field, plasma velocity, magnetopause
velocity and the current density from curlometer and single!
spacecraft method to obtain the statistical uncertainty in all
quantities.
[48] When calculating the energy conversion (equation (1)),

the uncertainties in different variables, computed using
equation (A2), must be propagated to obtain the uncertainty
in the energy conversion estimated. In this study we estimate
the uncertainty using the variance propagation method
[Bevington, 1969; Bevington and Robinson, 2003]. For a
function x = f (u, v, ..), the variance of x, can be expressed in
terms of variances of u and v using
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where sx2, su2 and sv2 are variances of x, u and v, respectively
and suv2 is the covariance between variables u and v. The
higher order terms and the covariance term in equation (A3)
can be neglected as they either vanish or their contribution
is very small and are not used in the error propagation.
[49] Let us write K = J ! B and the three components are

given by
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where we used l, m, and n instead of x1, x2, and x3,
respectively. The statistical uncertainties in J and B esti-
mated using equation (A2) should be propagated according
to equation (A3) to obtain uncertainties in K. The uncer-
tainty in each component of K is obtained by adding the
uncertainties from the two terms on the right hand side of
equation (A4). For example, the uncertainty for Kl is
obtained by adding the uncertainties from JmBn and JnBm.
These uncertainties are calculated following equation (A3).
For Kl, the uncertainty is given by
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where we have replaced the variances given in equation (A3)
with the statistical uncertainties for the respective variables,
i.e DJi

2 and DBi
2. Similarly, we obtain DKm

2 and DKn
2, the

uncertainties in other directions.

[50] Now let us say q = K · V and the uncertainty in q is
obtained by adding the uncertainties in KlVl, KmVm and
KnVn. This is given by,
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where DVi (i = l, m, n) is the statistical uncertainty in the
plasma velocity. So far we have calculated the uncertainty
Dq in the vector triple product q = J ! B · V. Now, we
follow equation (A3) to calculate the uncertainty in the
integrand of equation (1), i.e. multiplication of q with jVmpj.
[51] Now the Final uncertainty in equation (1) is given by

DQ !
Z $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

Dq2V 2
mp 'DV 2
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q

dt Wm&2" #
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where DVmp is the uncertainty in magnetopause speed along
the normal direction. The uncertainties deduced here contain
the statistical uncertainties in the eigenvectors while sys-
tematic errors caused by deviations from planarity assump-
tion are not included.
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[1] We investigate magnetopause energy conversion in a large statistical data set
utilizing Cluster spacecraft observations. We have compiled a database of about 4000
magnetopause crossings from Cluster spacecraft 1 measurements during years 2001–2008.
We have estimated the local energy conversion across the magnetopause for these
crossings using Generic Residue Analysis and analyzed the spatial distribution of load and
generator regions during dayside and lobe reconnection as a function of the interplanetary
magnetic field (IMF) magnitude and solar wind dynamic pressure. We found scatter in the
load and the generator regions on the magnetopause surface. Categorizing the crossings
into equatorward or tailward of the cusp improves the organization of the load and
generator regions on the surface. During dayside reconnection, equatorward (tailward) of
the cusp indicates more load (generator) than generator (load) and is in agreement with
theory. During lobe reconnection, we find that a faint load region dominates both
equatorward and tailward of the cusp. We compare these statistics with Grand Unified
Magnetosphere Ionosphere Coupling Simulation version 4 (GUMICS 4) global
magnetohydrodynamic simulation results and find that there is a reasonable agreement,
although disagreements are also found especially during lobe reconnection. We also
investigate the influence of IMF magnitude on the load and generator locations and
suggest that the spatial mixing of load and generators is due to rapid movement of the
magnetopause surface which in turn moves the locations where load and generator
processes appear. The solar wind dynamic pressure controls the magnitude of energy
conversion across the magnetopause such that higher dynamic pressures lead to more
energy conversion. A similar dependence is observed for IMF magnitude as well.
Citation: Anekallu, C. R., M. Palmroth, H. E. J. Koskinen, E. Lucek, and I. Dandouras (2013), Spatial variation of energy
conversion at the Earth’s magnetopause: Statistics from Cluster observations, J. Geophys. Res. Space Physics, 118, 1948–1959,
doi:10.1002/jgra.50233.

1. Introduction
[2] Energy circulation in the near-Earth space is one of

the main research focus areas within space physics, and it
has hence been one of the main drivers for many interna-
tional programs such as the International Solar Terrestrial
Physics program. The energy circulation problems include
energy transfer from the solar wind, its distribution within
the magnetosphere, and finally dissipation to the ionosphere.
This paper discusses energy transfer from the solar wind into
the magnetosphere through the magnetopause.
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[3] The main driver for magnetospheric dynamics is the
southward oriented interplanetary magnetic field (IMF),
which reconnects with the northward terrestrial field on the
dayside magnetopause and drives the large-scale circula-
tion of magnetic field and plasma within the magnetosphere
and ionosphere [Dungey, 1961]. Textbooks and early liter-
ature references [e.g., Siscoe and Cummings, 1969; Lundin
and Evans, 1985] explain the resulting energy transfer by a
load-generator mechanism roughly sketched in Figure 1. For
southward IMF (Figure 1a), reconnection breaks the field
lines at the dayside reconnection line, and the plasma is
accelerated by the tension of the kinked field lines toward
the Northern and Southern Hemispheres. This process is a
load in the system, where the electromagnetic energy is con-
verted into kinetic energy. In the tail, field lines pile up in
the lobes, and now electromagnetic energy is increased at
the expense of kinetic energy, which is extracted from the
solar wind flow. This is a generator. Most textbook examples
of energy conversion discuss southward IMF, while north-
ward IMF has received less attention. During northward
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Figure 1. Schematic figure of magnetopause energy conversion and its manifestation in the GUMICS-4
global MHD simulation for (a and b) southward and (c and d) northward IMF conditions. The simulation
shows the negative of the Poynting flux divergence at the magnetopause viewed from the Sun looking
tailward. Black areas show the reconnection line, and green isosurfaces show the areas within which the
magnetic fields in the magnetosphere and magnetosheath are almost antiparallel. Figures are reproduced
from Palmroth et al. [2010] and Laitinen et al. [2007].

IMF (Figure 1c), reconnection moves behind the cusps [e.g.,
Luhmann et al., 1984], and on the sunward side of the recon-
nection line plasma is accelerated sunward. Hence, in theory,
load should appear behind cusps while the dayside would be
a generator.

[4] Using the Integrated Space Weather Prediction Model
(ISM) [White et al., 2001], Siebert and Siscoe [2002]
demonstrated the load and dynamo behavior of magne-
topause. Their results showed that the magnetopause dayside
of the cusps acts as a load for southward IMF and as a
generator during northward IMF. Tailward of the cusps, the
magnetopause is a load for northward IMF while it is a gen-
erator for southward IMF. In their simulation, Siebert and
Siscoe [2002] also identified a low-latitude reconnection cur-
rent system driving the load for southward IMF. Further,
they also found a polar reconnection current system [Wu,
1983] driving the magnetopause load tailward of the cusps
for northward IMF. According to their modeling results, both
these current systems are closed on the bow shock through
the magnetopause. Recent work by Lopez et al. [2011]
showed similar results for the generator and load behavior
of the magnetopause using the Lyon-Fedder-Mobarry global
magnetohydrodynamic (MHD) code [Lyon et al., 2004]. For
southward IMF, they found a load on the magnetopause day-

side of the cusps and a generator on the tailward of the cusps.
However, as the IMF magnitude becomes large and the solar
wind flows reach the low Mach number regime, their mod-
eling results indicated a load on the magnetopause both on
the dayside and tailward of the cusps.

[5] Apart from the textbook sketches and few global
MHD simulations, surprisingly little theoretical and exper-
imental work has been done to investigate the magne-
topause energy conversion, which is thought to supply
the energy consumed in magnetospheric and ionospheric
processes. Using a three-dimensional global MHD simu-
lation, the Grand Unified Magnetosphere Ionosphere Cou-
pling Simulation version 4 (GUMICS-4) [Janhunen et al.,
2012], Palmroth et al. [2003] were the first to quantify
solar wind energy transfer through the magnetopause, while
Laitinen et al. [2006; 2007] quantified energy conver-
sion within the magnetopause current layer using the same
model. Figure 1b shows the energy conversion for south-
ward IMF in the GUMICS-4 simulation as presented by
Laitinen et al. [2007]. Color coding indicates energy con-
version estimated as the divergence of Poynting flux. Load
(generator) is seen as positive and blue (negative and
red) areas, the black horizontal structure is the reconnec-
tion line, and the green isocontours show areas where the

1949



ANEKALLU ET AL.: SPATIAL M’PAUSE ENERGY CONVERSION

magnetic fields in the magnetosphere and magnetosheath
are almost antiparallel. For northward IMF, tailward of
the cusps, simultaneous reconnection occurs in both hemi-
spheres resulting in a sunward convecting plasma. These
sunward accelerating field lines reconnect on the dayside to
form newly closed flux that moves the magnetopause fur-
ther toward the Sun [e.g., Palmroth et al., 2001]. Figure 1d
shows how this process is manifested as energy conversion
in Laitinen et al. [2007], where a faint load is seen behind the
cusps. The black patches are not the reconnection line here
but consequences of the method to identify the reconnection
line (for more details, see Laitinen et al. [2006]).

[6] Rosenqvist et al. [2006] were the first to investigate
energy conversion using Cluster spacecraft observations.
They took a magnetopause crossing and evaluated

Q (W m–2) =
Z

{(J ! B) " V} |Vmp|dt, (1)

where J, B, and V are the magnetopause current density,
magnetic field, and plasma velocity in the boundary nor-
mal coordinates, respectively, and Vmp is the magnetopause
velocity in the magnetopause normal direction. Equation (1)
is equivalent to the negative of the divergence of Poynt-
ing vector integrated across the magnetopause, which is the
negative of J " E in a time-independent case with constant
magnetopause thickness [e.g., Palmroth et al., 2010]. Hence,
equation (1) is directly comparable with the work of Laitinen
et al. [2006, 2007]. Estimating J " E is also a common prac-
tice to quantify the dissipation of the electromagnetic energy
as joule heating in the ionosphere and in the plasma sheet
[Marghitu et al., 2006; Hamrin et al., 2009]. However, esti-
mation of J " E has practical limitations at the magnetopause
due to the boundary normal coordinates used, and hence, we
evaluate equation (1) to obtain energy conversion across the
magnetopause.

[7] Evaluating equation (1), Rosenqvist et al. [2006]
used the curlometer technique to deduce the magnetopause
current, while magnetopause normal and velocity were
deduced from multi-spacecraft discontinuity analysis meth-
ods. Furthermore, Rosenqvist et al. [2008a, 2008b] estimated
equation 1 after determining magnetopause current density
from single-spacecraft temporal magnetic field gradients and
the magnetopause velocity and showed that energy conver-
sion can be estimated from single-spacecraft methods as
well. Anekallu et al. [2011] utilized the above methodology
and carried out a small statistical survey of energy con-
version using 28 magnetopause crossings. They compared
energy conversion results from multi-spacecraft and single-
spacecraft analysis techniques systematically and found that
although there can be a magnitude mismatch between the
two estimates, single-spacecraft and multi-spacecraft meth-
ods reproduce the same sign for energy conversion. The
magnitude mismatch between the two methods arises mainly
from the differences in the magnetopause normal direc-
tion resulting from the single- and multi-spacecraft methods
[Anekallu et al., 2011].

[8] In this paper, we address the spatial dependence of
the load and generator regions on the magnetopause sur-
face as a response to solar wind variations. We carry out
the first systematic study of magnetopause energy conver-
sion from the identification of more than 4000 magnetopause
crossings from Cluster data and we calculate the energy

conversion from equation (1). Our main purpose is to com-
pare the Cluster statistical results with earlier results from
the GUMICS-4 simulations. Since the simulation results are
published in the geocentric solar ecliptic (GSE) coordinates,
also in this paper, we choose to use this coordinate system.
In section 2, we present an overview of the magnetopause
crossing data set and explain the energy conversion calcu-
lations and a method to present the data set on a reference
magnetopause. In section 3, we show the observational mag-
netopause energy conversion results. Section 4 follows with
a discussion of the observations and their comparison with
simulation results. Section 5 closes the paper by presenting
our conclusions and directions for future work.

2. Data Set
2.1. Data

[9] In this study, we use data from the Fluxgate mag-
netometer (FGM) [Balogh et al., 2001] and Cluster Ion
Spectrometry (CIS) [Réme et al., 2001] experiments onboard
Cluster spacecraft 1 (SC1) [Escoubet et al., 2001]. Large
shear magnetopause crossings can be identified using mag-
netic field alone while plasma data are needed to identify
the magnetopause during most other types of crossings.
Hence, we use both vector magnetic field data from FGM
and plasma moments from CIS-Hot Ion Analyzer (HIA) to
identify the magnetopause and to calculate the energy con-
version across the magnetopause. Ion energy spectrograms
from CIS-HIA are used to aid the magnetopause identifi-
cation process. Temporal resolution of both magnetic field
and plasma moments is at the spacecraft spin rate. We also
use the interplanetary magnetic field (IMF) and solar wind
data from OMNIWeb database to analyze the magnetopause
energy conversion as a function of upstream conditions.
Solar wind and IMF data are time lagged to the bow shock
nose and are averaged over 10 min prior to the magnetopause
crossing.

2.2. Magnetopause Identification
[10] Equation (1) is evaluated in boundary normal coordi-

nates represented with a magnetopause normal. In this study
we use the Generic Residue Analysis (GRA) [Sonnerup
et al., 2006] to determine boundary normal coordinates.
The method utilizes all available in situ data and applies
the residue minimization process on different conservation
laws to compute the orientation and speed of the mag-
netopause. By weighting the different conservation laws,
GRA yields a composite (COM) method. Anekallu et al.
[2011] applied the GRA to a small subset of magnetopause
crossings from Cluster SC1 data and found that the GRA-
COM method compares well with multi-spacecraft constant
velocity approach (CVA). We apply the GRA methodology
utilized by Anekallu et al. [2011] to all magnetopause cross-
ings in our data set and estimate both the direction and the
speed of the boundary. The single-spacecraft current density
method assumes that the current density component along
the magnetopause normal is zero.

[11] Figure 2 shows examples of magnetopause crossings
observed by SC1 on two outbound orbits. Figures 2a–2e
present a magnetopause crossing on 5 July 2001 observed by
Cluster SC1 during a traversal of the near-tail dawn flank in
the Northern Hemisphere (–6.3, –14.8, 6.8 RE) while Figures
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Figure 2. Two examples of magnetopause crossings observed by Cluster SC1. (a–e) A Cluster SC1
magnetopause encounter on 05 July 2001 and (f–j) magnetopause crossing recorded by Cluster SC1 on
16 January 2002. Figures 2a and 2f show the magnetic field components for the magnetopause traversals
while Figures 2b and 2g present the plasma velocity observed by CIS-HIA. Both magnetic field and
velocity are in the GSE coordinate system. Figures 2c and 2h present the magnetopause current estimated
in boundary normal coordinates. Figures 2d and 2i show the energy conversion across the magnetopause
calculated using equation (1). Figure 2e presents the CIS-HIA ion energy spectrogram for 05 July 2001
while Figure 2j shows the ion energy spectrogram (energy flux units: cm–2 s–1 sr–1) for 16 January 2002
crossing.

2f–2j show a dayside crossing in the Northern Hemisphere
(3.8, 8.6, 8.6 RE) that took place on 16 January 2002. Figure
2a shows the magnetic field in the GSE coordinates. A clear
rotation of the magnetic field from magnetospheric orienta-
tion to magnetosheath orientation is seen between 05:44:40
UT and 05:45:00 UT indicating a magnetopause crossing.
Figure 2b shows plasma velocity in the GSE coordinates.
A clear increase in the plasma velocity in the X direction
is seen as the spacecraft traversed from the magnetosphere
into the magnetosheath. Shown in Figures 2c and 2d are
the magnetopause current density estimated with single-
spacecraft magnetic field gradients and the energy converted
across the magnetopause using equation (1), respectively,
using a magnetopause normal of (0.52, –0.65, –0.55). The
energy conversion shown in Figure 2d is the integrated value
across the magnetopause, and the value at the last point
in the panel is the energy converted for this magnetopause
encounter.

[12] A large current in the negative L direction indicates
the Chapman-Ferraro current for this crossing while Figure
2d shows a positive increase in energy conversion across
the magnetopause indicating a load. Figure 2e presents
the omnidirectional ion energy spectrogram showing low
density and semi-high energy plasma prior to 05:44:30 indi-
cating that the spacecraft was in the tail plasma sheet. The
high density and low energy ions seen after 05:44:30 mark
the entry into the magnetosheath.

[13] Figures 2f–2j show another magnetopause crossing
on 16 January 2002 from 01:08:20 UT to 01:10:00 UT in the
same format as Figures 2a–2e. Also here the magnetic field
shows a clear rotation as the spacecraft moved from the mag-
netosheath into the magnetosphere while the plasma velocity
X component shows a less significant change. Figure 2h
shows the current density across the magnetopause with a
clear increase in the M direction, again consistent with the
expected Chapman-Ferraro current direction at the cross-
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Figure 3. Overview of the magnetopause crossings database used in this work, covering the crossings
from Cluster SC1 during 2001–2008. The locations of Cluster SC1 in (a) XY and (b) YZ planes in GSE
coordinates. In Figure 3a, the red (blue) colored squares belong to the crossings from Northern (Southern)
Hemisphere, while in Figure 3b, red (blue) squares represent magnetopause on the dayside (tailward) of
the terminator. (c) The number of magnetopause crossings as a function of interplanetary magnetic field
clock angle, i.e., !IMF. (d) The number of magnetopause crossings as a function of solar wind dynamic
pressure, i.e., pd (black bars) and IMF magnitude (red bars).

ing location. Energy conversion across the magnetopause
also increases, indicating a load in operation at the mag-
netopause. Both the current density and the energy conver-
sion are estimated in the boundary normal frame given by
the magnetopause normal (0.32, 0.65, 0.69) for this cross-
ing. Figure 2j shows the ion energy spectrogram, which
clearly shows a transition from cold and high-density mag-
netosheath plasma into hot and low-density magnetospheric
plasma.

[14] We have compiled a data set of about 4000 magne-
topause crossings by manual identification from Cluster SC1
during the years 2001–2008. First, we identify the magne-
topause by visual inspection of magnetic field, plasma veloc-
ity, density, and ion energy spectrogram. We look for the
magnetic field rotation across the magnetopause as shown
in Figures 2a and 2b along with the density enhancements,
plasma flow velocity, and transition between the magneto-
spheric and magnetosheath type of plasmas in the ion energy
spectrogram. Next, we take an interval of data on both
sides of each magnetopause crossing for further calculations.
Then, we categorize magnetopause crossings into (1) cross-
ings with clear magnetosphere and magnetosheath plasma
on either side of the magnetopause, (2) crossings with mixed
plasma population on at least one side of the magnetopause,

and (3) crossings with complex plasma signature or cross-
ings where it is difficult to discern the exact position of
the magnetopause, for example, close to the cusps. For this
study, we compiled a data set of magnetopause crossings
only from categories 1 and 2 because the single-spacecraft
data analysis techniques require roughly a one-dimensional
discontinuity and the magnetopause crossings in category
3 are not suitable for these methods. The data set used in
this study contains 661 and 3350 magnetopause crossings of
categories 1 and 2, respectively.

[15] Figure 3 presents the data set compiled from Cluster
SC1 data. Figures 3a and 3b show the projection of mag-
netopause crossings in the XY and YZ planes, respectively,
in the GSE frame. In Figure 3a, the red (blue) squares are
crossings from Northern (Southern) Hemisphere, whereas in
Figure 3b, red (blue) squares are crossings on the dayside
(nightside) of the terminator. In case of successive crossings
due to magnetopause motion, we limited the time interval
between two consecutive crossings to be at least 5 min to
avoid partial crossings. Figure 3c shows the histograms of
the IMF clock angle and majority of crossings have nearly
equatorial IMF. Figure 3d shows the histograms of the solar
wind dynamic pressure and IMF magnitude distributions for
the crossings in the data set. Majority of the crossings have
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a) b)

Figure 4. Effect of the dipole tilt on the magnetospheric magnetic field seen in XZ GSE plane, obtained
using T01 magnetic field model. (a) The shape of magnetosphere for zero geodipole tilt and (b) the
magnetospheric configuration for a 30ı dipole tilt. In Figures 4a and 4b, the red and blue solid lines are
sample Cluster SC1 magnetopause crossings in the Northern and Southern Hemispheres, respectively.

dynamic pressures of about 2 nPa, while the IMF magnitude
is between 2 nT and 6 nT. These magnetopause crossings
are used to estimate the magnetopause normal and speed in
the normal direction, after which we calculate the energy
conversion using equation (1). We provide time intervals of
these magnetopause crossings as the auxiliary material to
this paper.

2.3. Data Preparation
[16] Presentation of these magnetopause crossings on a

single magnetopause surface is problematic because the
wide range of IMF and solar wind conditions indicate dif-
ferent sizes of the magnetopause surface. Furthermore, the
Earth’s dipole tilt angle has an effect on the location of the
load and generator [Palmroth et al., 2012]. Hence, energy
conversion during a crossing may indicate a load, but the
location of a crossing may fall within a generator region if
the dipole tilt angle is not taken into account. Hence we need
to remove the dipole tilt bias by determining the crossing
location in an untilted magnetospheric configuration. Below,
we first explain the dipole tilt deformation, after which we
explain the corrections due to the dynamic pressure effect.

[17] Figure 4 presents the Earth’s magnetic field config-
uration projected on the XZ plane in the GSE coordinates
calculated using the T01 [Tsyganenko, 2002] model for the
magnetosphere. Figure 4a shows the magnetospheric con-
figuration when the dipole tilt angle is zero and Figure 4b
presents the magnetospheric configuration when the dipole
tilt is 30ı. In both panels, the red and blue solid lines are
Cluster SC1 magnetopause crossings in the Northern and
Southern Hemispheres, respectively. When the dipole tilt is
zero (Figure 4a), Cluster SC1 crosses the magnetopause on
the equatorward of the cusp in the Northern Hemisphere (red
line) and tailward of the cusp in the Southern Hemisphere
(blue line). However, when the dipole tilt is 30ı (Figure
4b), these crossings occur tailward of the cusp in the North-
ern Hemisphere (red line) and equatorward of the cusp in
the Southern Hemisphere (blue line). This shows that the
location of load and generator processes depends on the
dipole tilt angle, and any attempt to view all magnetopause
crossings on a single surface must take this dependence
into account. We have used the configuration in Figure 4b

to untilt the configuration using the method presented in
Tsyganenko [1998].

[18] Tsyganenko [1998] presented a general deformation
method to model twisted/warped magnetospheric magnetic
field configurations. This method considers the IMF-related
twisting of magnetic field in the tail and the effect of the
geodipole on the shape of the magnetopause. To remove the
effect of the dipole tilt on the magnetosphere, Tsyganenko
used a coordinate transformation involving a rotation about
the Y axis. Earth’s dipole lies in the XZ plane in the GSM
coordinates. Hence, to map a tilted magnetic configuration
into an untilted one, a coordinate transformation involving a
rotation about the Y axis by an angle is required. Using the
Tsyganenko [1998] methodology, it is possible to deform or
reform Cartesian coordinates (X, Y, Z) into (X*, Y*, Z*) using

X* = X cos(‰*(r)) – Z sin(‰*(r)), (2)

Y* = Y, (3)

Z* = X sin(‰*(r)) + Z cos(‰*(r)). (4)

[19] This transformation means that as r ! 0, the angle
‰* should be equal to ‰, the dipole tilt angle. In the mag-
netotail, Tsyganenko [1998] represents the tilt-induced oscil-
lation of the tail current sheet with r sin(‰*) = RH sin(‰)
for r # RH, where RH is the “hinging distance.” The hing-
ing distance is the tilt-induced oscillation of the tail current
sheet about its average position. These requirements result
in a relation between ‰* and ‰ given by

sin ‰* =
RH sin ‰!

RH
3 + r3

"1/3 . (5)

[20] For each magnetopause crossing, we use the actual
dipole tilt angle (‰) and X, Y, Z, the position of the space-
craft, after which we find ‰* and then X*, Y*, Z*. In our
study, we use the spacecraft position in the GSM frame to
perform Tsyganenko [1998] procedure and then move the
resulting spacecraft location into the GSE frame. Follow-
ing this procedure, we remove the dipole tilt-induced bias
in the statistical binning of the events. Then, we perform a
radial scaling of the spacecraft position as explained in the
next paragraph.
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Figure 5. Local energy conversion at the magnetopause estimated from Cluster SC1 crossings presented
on a reference magnetopause surface. The regions with red (blue) color indicates generator (load) where
the electromagnetic (kinetic) energy is being created at the expense of kinetic (electromagnetic) energy.
(a) The energy conversion at the magnetopause during dayside reconnection, where 60ı < !IMF < 300ı,
and (b) the energy conversion during lobe reconnection, i.e., 300ı $ !IMF $ 60ı.

[21] The size of the magnetopause cavity depends on the
dynamic pressure of the solar wind. Larger dynamic pres-
sure leads to a smaller cavity size and vice versa. Mapping
of the magnetopause crossings during a range of dynamic
pressures onto a reference magnetopause should be done
carefully, in order to avoid errors in the presentation of the
results and their interpretation. In this work, we use the Shue
et al. [1998] model magnetopause surface as our reference
to present the statistical energy conversion at the magne-
topause. We use IMF BZ of –0.1 nT and dynamic pressure
(Pd) of 2.5 nPa to obtain the Shue et al. [1998] model magne-
topause surface. The choice of small southward IMF BZ is to
avoid possible large uncertainties in the magnetopause shape
due to strongly northward or strongly southward IMF BZ.
For each magnetopause crossing, the Cluster SC1 location is
transformed into spherical coordinates r, ‚, and ", where r
is the radial distance from the center of the Earth, ‚ is the
angle of elevation/declination, and " is the azimuthal angle.
The spacecraft location is scaled radially inward or outward
to find the intersection point, r*, with the reference magne-
topause surface for ‚ and " calculated from the observed
spacecraft position.

3. Statistics of Energy Conversion
[22] It is widely accepted that reconnection between the

magnetosheath and magnetospheric field lines takes place
on the dayside (tailward) of the cusps for roughly 60ı <
!IMF < 300ı (300ı $ !IMF $ 60ı) IMF clock angles.
For instance, Palmroth et al. [2006] investigated the energy
input to the magnetosphere using the GUMICS-4 global 3-
D MHD simulation code for different IMF clock angles and
concluded that the dayside reconnection is active for IMF
clock angles around 60ı < !IMF < 300ı while the tailward
of cusp (lobe) reconnection plays a major role in energy
transfer for IMF clock angles 300ı $ !IMF $ 60ı. The
statistical analysis in this study uses the same IMF clock
angle criterion to bin the magnetopause energy conversion.

For each magnetopause crossing, we average the 1 min
lagged IMF data from OMNIWeb over 10 min prior to the
magnetopause encounter and then calculate the clock angle
from the average. We then bin all the magnetopause cross-
ings into lobe and dayside reconnection categories based
on the clock angle. We identify all magnetopause crossings
for which Cluster SC1 location, after dipole tilt deformation
and radial scaling, falls into a spatial cell on the reference
magnetopause grid and takes the mean value of energy con-
version from all magnetopause crossings inside the grid.
This value corresponds to the spatial cell on the grid for
the given IMF clock angle condition, i.e., either dayside
or lobe reconnection case. We have tried different sizes
for spatial cells in averaging energy conversion. Ideally,
we want to have as small spatial bins as possible. How-
ever, smaller bins resulted in low number of crossings in
each bin while larger bins smear out distinct features of the
load and generator. This is especially true near the bound-
ary of the load and generator as seen in MHD simulations.
Hence, we have chosen a compromise between smaller and
larger bins.

[23] Figure 5a presents the energy conversion at the mag-
netopause estimated using Cluster SC1 data for dayside
reconnection case where 60ı < !IMF < 300ı, while Figure
5b shows the energy conversion for lobe reconnection case
where 300ı $ !IMF $ 60ı. In Figures 5a and 5b, the color
code represents either load (blue) or generator (red) regions
on the reference magnetopause surface. For each spatial grid,
the sign (color) of energy conversion is the result of the mean
of all magnetopause crossings that fall in that bin. The mag-
nitude of the color scale is #W m–2. At a first glance, the
energy conversion distribution looks rather a mix-up of both
load and generator regions on the surface. A careful exam-
ination reveals gross features of energy conversion in the
Southern Hemisphere and on the dawn and dusk flanks. In
Figure 5a, the Southern Hemisphere is dominated by gen-
erator (red) regions, while in Figure 5b, a load (blue) is
generally observed. In both panels, the dawn and dusk flanks
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a) Dayside reconnection: Equatorward of cusp crossings    b) Dayside reconnection: Tailward of cusp crossings      
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Figure 6. Load and generators shown on the magnetopause surface for dayside reconnection, i.e., 60ı <
!IMF < 300ı. The local energy conversion for magnetopause (a) crossings equatorward and (b) crossings
tailward of the cusps. Color coding of the load and generator regions is the same as in Figure 5.

have larger number of generator regions than load regions
while the amount of energy conversion in the flanks is lower
than at dayside higher latitudes. The Northern Hemisphere
is not clearly either a load or a generator during dayside or
lobe reconnection.

[24] Next, we investigate whether the mix-up between the
load and generator locations can be reduced by categorizing
the crossings. While Figure 5 presents the crossings from
dayside and tailward of the cusp on the same surface, for
dayside reconnection, we expect the gross features represent
load-like features dayside of the cusp and generator-like fea-
tures tailward of the cusp as visible in Figure 1b. On the
other hand, for lobe reconnection, we expect generator to
be found on the dayside and a load tailward of the cusps
(Figure 1d). Hence, in Figures 6 and 7, we present results
binned according to whether a crossing occurred on dayside
or tailward of the cusp. The distinction between dayside or
tailward of the cusp crossing by Cluster SC1 is based on the
direction of the X component of magnetospheric magnetic

field, Bx. At the magnetopause, the expected sign of Bx is
positive (negative) on the tailward (dayside) of the cusp in
the Northern Hemisphere, whereas it is negative (positive)
on the tailward (dayside) of the cusp in the Southern Hemi-
sphere. While deviations from this behavior are possible, we
assume this is true on most of the magnetopause surface.
In practice, we first identify the magnetospheric side of the
magnetopause from the duration of data used in the analy-
sis and average Bx on magnetospheric side. The sign of this
averaged Bx determines whether a crossing is on the dayside
or tailward of the cusp. For example, the two magnetopause
crossings presented in Figure 2 were observed when Cluster
SC1 is in the Northern Hemisphere. The sign of the average
Bx on magnetospheric side in Figure 2a is positive indicat-
ing this crossing occurred tailward of the cusp, whereas the
negative sign of the average Bx, on magnetospheric side in
Figure 2f indicates the crossing is on dayside of the cusp.

[25] Figure 6a shows the dayside of the cusp crossings
for dayside reconnection. In the Southern Hemisphere and
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Figure 7. Magnetopause energy conversion during lobe reconnection, i.e., 300ı $ !IMF $ 60ı. Similar
to Figure 6; magnetopause energy conversion for (a) crossings equatorward and (b) crossings tailward of
the cusp. On magnetopause surface, red (blue) colored regions are generators (loads).
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Figure 8. The IMF magnitude dependence of energy conversion at the magnetopause is shown in the
above figure. (a and c) The magnetopause crossings during IMF magnitude less than or equal to 4 nT, for
dayside (lobe) reconnection. (b and d) The magnetopause crossings when IMF magnitude is greater than
4 nT during dayside (lobe) reconnection.

on the dawn and dusk flanks, a clear load region exists, as
expected for dayside reconnection on dayside of the cusp.
However, there is a distribution of generator regions in the
low latitudes on the Northern Hemisphere which is not
expected for dayside reconnection on dayside of the cusp.
Figure 6b shows the tailward of the cusp crossings for day-
side reconnection. Generator regions are seen for most of
the magnetopause surface as expected for tailward of the
cusp crossings for dayside reconnection, especially in the
Southern Hemisphere. However, there is a presence of load
regions on the dawn and dusk flanks.

[26] Figure 7a presents energy conversion for magne-
topause crossings on the dayside of cusps during lobe recon-
nection, i.e., 300ı $ !IMF $ 60ı. The observations indicate
a load region on both Northern and Southern Hemispheres,
while on the dawn and dusk flanks, generator regions exist.
Figure 7b shows energy conversion for tailward of the
cusps crossings for lobe reconnection. Most of the magne-
topause acts as a generator region but we also see some load
regions on the southern dawn and southern dusk side. In the
Northern Hemisphere, there are no magnetopause crossings.

[27] Through Figure 8 we look at the energy conver-
sion as a function of the IMF magnitude. In this figure, we
categorize magnetopause crossings that occurred when the
IMF magnitude was smaller or larger than 4 nT. Smaller
IMF ($4 nT) crossings are presented in Figures 8a and 8c;
Figure 8a shows magnetopause crossings for dayside recon-
nection, whereas Figure 8c displays magnetopause crossings
for lobe reconnection. Figures 8b and 8d show magne-

topause crossings during larger IMF (>4 nT), and Figures 8b
and 8d are similar to 8a and 8c, respectively. Average IMF
magnitude in Figures 8a–8d is 2.92 nT, 6.42 nT, 2.81 nT, and
6.46 nT, respectively. The number of crossings where IMF
|BZ| > 5 nT is 188 and IMF |BZ| > 10 nT is 35, which is 5%
of the total number of crossings. Therefore, we cannot inves-
tigate how the extreme IMF conditions affect our statistics.
During dayside reconnection, generator process is dominant
on the magnetopause when the IMF magnitude is smaller
(Figure 8a), while load is dominant for larger IMF magni-
tudes (Figure 8b). Furthermore, the flanks during smaller
IMF (Figure 8a) are generator dominant, while a load is
dominant when the IMF is larger (Figure 8b). Figure 8a
shows load as the principal process in the Southern Hemi-
sphere while this region is a generator in Figure 8b. In Figure
8a, the Northern Hemisphere has mixed signatures but the
generator process is dominant. On the other hand, this region
is dominated by the load process for larger IMF (Figure 8c).
For the lobe reconnection (Figures 8c and 8d), it is difficult
to draw conclusions due to the smaller number of crossings.
However, a clear generator dominance is seen on the dusk
flank for smaller IMF (Figure 8c), whereas this region is load
dominated for larger IMF (Figure 8d).

[28] In Figure 9, we demonstrate the role of solar wind
dynamic pressure on the energy conversion process at the
magnetopause. Top (bottom) panels show the magnetopause
crossings that occurred during solar wind dynamic pressures
$ (>) 1.5 nPa. Average dynamic pressure for the crossing
in Figures 9a–9d is 1.1 nPa, 2.66 nPa, 1.12 nPa, and 3.0 nPa,
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Figure 9. The Solar wind pressure dependence of converted energy at the magnetopause is presented in
the figure above. (a and c) The magnetopause crossings during solar wind dynamic pressure less than or
equal to 1.5 nPa, for dayside (lobe) reconnection. (b and d) The magnetopause crossings when dynamic
pressure is greater than 1.5 nPa during dayside (lobe) reconnection.

respectively, and 7% of the crossings have dynamic pres-
sure >4 nPa. Figures 9a and 9b show the energy conversion
during dayside reconnection, whereas Figures 9c and 9d
present energy conversion for lobe reconnection. In all four
panels, most of the crossings on the Southern Hemisphere
and on the flanks indicate a dominant load while there is
a mixing of load and generator regions as described in
Figure 5 for the same reasons. However, there is a notice-
able magnitude difference in energy conversion between the
top and bottom panels. There is a marked difference of about
100 #W m–2 in magnitude between the magnetopause cross-
ings during low and high dynamic pressures. Clearly, larger
dynamic pressure drives more energy conversion across the
magnetopause and vice versa.

4. Discussion
[29] In this paper, we have examined spatial distribution

of energy conversion on the magnetopause surface using
Cluster SC1 observations. Using Cluster SC1 magnetic field
and plasma data, we have compiled a database consist-
ing of about 4000 magnetopause crossings, covering years
2001–2008. These crossings occur largely in the high lat-
itudes and flanks as well as low latitudes in the Northern
Hemisphere. Following the Rosenqvist et al. [2006, 2008a,
2008b] methodology, we have evaluated local energy con-
version at the magnetopause during each crossing. In order

to examine the observations on a single magnetopause sur-
face, we have mapped the crossings onto Shue et al. [1998]
model magnetopause surface. The location of the load and
the generator depends on the dipole tilt angle Palmroth
et al.[2012], and due to this dependence, a load region may
have moved to a region that might otherwise indicate a gen-
erator. In the large statistics, this would generate a large
mixing of load and generator within the same area, and
hence, we have corrected the crossing location to an untilted
magnetospheric configuration using the Tsyganenko [1998]
deformation method. Even so, our main finding is that gen-
erators and loads do not exist on the magnetopause in a
coherent way.

[30] In preparation to this study, Anekallu et al. [2011] car-
ried out a feasibility study to quantify the effects of normal
direction, magnetopause velocity, and magnetopause current
density on energy conversion, by comparing the results from
single-spacecraft and multi-spacecraft analysis techniques.
In that study, the magnetopause normals from both methods
differ as much as 20ı for some crossings. In spite of this
difference in the normal directions, both methods produced
the same sign and magnitude for the energy conversion
when single-spacecraft current was used [Anekallu et al.,
2011, Figure 9c]. Hence, Anekallu et al. [2011] concluded
that the GRA method can produce magnetopause normal
directions suitable to estimate energy conversion across the
magnetopause. Also, equation (1) combined with the defini-
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tion of single-spacecraft current density shows that the sign
of energy conversion is independent of the magnetopause
speed. This combined with Anekallu et al. [2011] conclu-
sion means that the GRA method produces a reliable sign for
energy conversion.

[31] Earlier event studies [Rosenqvist et al., 2006, 2008a,
2008b] indicated energy conversion in the range of 0.5–
500 #W m–2. The strongest energy conversion was reported
for a magnetopause crossing during the Halloween storm
of October to November 2003 [Rosenqvist et al., 2006].
Also, Anekallu et al. [2011] presented a small statistical
study where the energy conversion was between 10 and
300 #W m–2. This study used both single-spacecraft and
multi-spacecraft analysis techniques which generally exhibit
magnitude differences [Anekallu et al., 2011]. GUMICS-4
simulations carried out by Laitinen et al. [2006] show energy
conversion of up to 200 #W m–2. Our results on energy con-
version (Figures 5–7 and 9) indicate similar values with
400 #W m–2 being the maximum observed in a few cases.
Energy conversion strength of about 50 #W m–2 during two
Cluster magnetopause crossings presented in Palmroth et
al. [2011] is also in line with our results. We conclude that
the magnitudes of energy conversion at the magnetopause
using Cluster methodology are similar to those obtained
from earlier global MHD simulations.

[32] Figure 9 presents a comparison of energy conver-
sion between crossings that occurred during low and high
dynamic pressures. The most notable feature is that the
magnitude of energy conversion almost doubles for larger
dynamic pressures. Observational investigations indicate
that the solar wind dynamic pressure may have a role in the
system energetics [e.g., Palmroth et al., 2004]. Also, using
GUMICS-4 simulation code, Laitinen et al. [2007] showed
that solar wind dynamic pressure controls the magnitude
of converted energy. They found small magnitudes for low
dynamic pressures throughout the magnetopause surface and
vice versa. Our results, along with other simulation results
[Laitinen et al., 2006; Lopez et al., 2004], show a strong con-
trol of the solar wind dynamic pressure on the magnitude of
magnetopause energy conversion.

[33] The IMF magnitude plays an important role in the
dynamics of the magnetosphere through its role in the
reconnection rate. Figure 8 shows the results for smaller
and larger IMF. One of the most notable features is that
the regions that are dominated by generator process when
the IMF is smaller are dominated by load process when the
IMF is larger. When the IMF is smaller, the reconnection
rate is also smaller and the magnetopause surface is larger
because there is not much erosion of dayside magnetic flux
and the returning flux from the nightside keeps the size of
the dayside magnetopause larger. For larger IMF, magnetic
flux erodes fast from the dayside and there is not enough
returning flux from the nightside, resulting in a smaller size
for the dayside magnetopause. As a result of this magne-
topause motion, the load and the generator processes also
appear to move. For smaller IMF, the Cluster crosses the
magnetopause in a load, but because the magnetopause is
scaled smaller for larger IMF, the Cluster orbit crosses the
magnetopause in a generator region.

[34] Another notable feature from Figure 8 is the magni-
tude of energy conversion. Smaller IMF results in smaller
energy conversion rates and vice versa. This is due to the

smaller (larger) reconnection rates for smaller (larger) IMF.
Hence, we suggest that the IMF magnitude controls the
motion of magnetopause and hence the motion of the load
and the generator processes on the surface. Without cat-
egorizing the events according to criteria controlling the
magnetopause size (IMF, solar wind dynamic pressure) and
the location of energy conversion processes (dipole tilt), a
large statistical survey will show a mixture of loads and
generators as shown here in Figure 5.

[35] A recent study by Lopez et al. [2011] showed that
under normal solar wind and IMF conditions, the magne-
topause dayside and tailward of cusps acts as a load and
generator, respectively, for southward IMF. However, they
noticed that for a large IMF, the entire magnetopause acts
as a load both dayside and tailward of the cusps. Due to
the small number of extreme events in our study, we cannot
entirely compare our findings to Lopez et al. [2011]. How-
ever, it is possible that some of the load-dominated crossings
in Figure 8b are due to the effect described by Lopez et
al. [2011]. Certainly, a larger number of crossings in Figure
8b seem to indicate a load, possibly verifying the results of
Lopez et al. [2011].

[36] During northward IMF, as shown in Figure 1b, recon-
nection takes place in tailward of the cusps in the lobes,
and the magnetic field lines convect to the dayside. Here the
region tailward of the cusps acts as a load and the region
equatorward of the cusps acts as a generator. Simulation
results shown in Figures 1c and 1d agree with this inter-
pretation. A comparison of the observations from Figure 5
with simulation results in Figure 1 does not readily support
the schoolbook interpretation of the loads and generators
at the magnetopause. We suggest that the spatial mixing of
load and generator regions is due to temporal variability of
load and generator processes on the magnetopause. When
the crossings are separated into equatorward and tailward
of the cusps during both dayside and lobe reconnection, a
much better agreement with the expected behavior is found,
and for instance during dayside reconnection, especially
the Southern Hemisphere region equatorward of the cusp
indicates a clear load.

[37] In Figures 7a and 7b, we showed equatorward and
tailward of the cusp crossings, respectively, for lobe recon-
nection (300ı $ !IMF $ 60ı). From theory, we expect a
generator region on equatorward of cusps and a load tailward
of the cusps. However, since the magnetosphere is weakly
driven by northward IMF, a weaker energy conversion is
expected during lobe reconnection. This view is supported
by simulations in Figure 1. From simulations (e.g., Figure
1d), it is clear that subsolar region acts as a weak gener-
ator along with southern dawn and northern dusk at high
latitudes while the rest of the regions equatorward of cusps
act as load. Observations from tailward of the cusp, Figure
7b, show weak load signatures in the dawn flank and the
Southern Hemisphere while the southern dusk flanks and
northern dawn flanks show a weak generator. This result is
also not expected from theory. Hence, for lobe reconnection,
magnetopause energy conversion is weaker in observations.
On the whole, during dayside reconnection, the categoriza-
tion to equatorward and tailward of the cusps resulted in a
better agreement with expectations from theory, while dur-
ing lobe reconnection, a good agreement was not found.
We interpret this as evidence that during lobe reconnection,
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the magnetopause behavior is not as clear as during dayside
reconnection, when larger areas of the magnetopause may
take part in energy conversion. We suggest that the magne-
topause energy conversion during lobe reconnection should
be investigated further to improve our understanding of the
energy conversion at the magnetopause.

5. Conclusions
[38] We have carried out an extensive and thorough statis-

tics on the magnetopause energy conversion using Cluster
SC1 measurements. Our main findings are

[39] 1. When viewed on a single magnetopause surface,
the load and generator regions are scattered during both day-
side and lobe reconnection. However, after categorizing the
crossings into equatorward and tailward of the cusps, the
results are comparable to the simulation results and can be
understood with existing theoretical understanding.

[40] 2. IMF magnitude and solar wind dynamic pressure
control the size of the magnetopause and its motion. Hence,
IMF magnitude and the dynamic pressure govern the loca-
tions where the load and generator processes appear on the
magnetopause surface.

[41] 3. The observed magnitudes of energy conversion
agree with previous observations as well as simulation
results.
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