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Abstract. Dawn—dusk asymmetries are ubiquitous featuresl Introduction

of the coupled solar-wind—magnetosphere—ionosphere sys-

tem. During the last decades, increasing availability of satel-

lite and ground-based measurements has made it possible 18 recent years, increasing availability of remotely sensed
study these phenomena in more detail. Numerous publica@nd in situ measurements of the ionosphere, magnetosphere
tions have documented the existence of persistent asymménd magnetosheath have allowed ever-larger statistical stud-
tries in processes, properties and topology of plasma struceS to be carried out. Equally, advances in technology and
tures in various regions of geospace. In this paper, we prese,methodology have allowed increasingly detailed and realistic
a review of our present knowledge of some of the mostSimulations. These studies and simulations have revealed sig-
pronounced dawn—dusk asymmetries. We focus on four ke}nificant, persistent dawn—dusk asymmetries throughout the
aspects: (1) the role of external influences such as the sc3olar-wind—magnetosphere—ionosphere system. Dawn—dusk
lar wind and its interaction with the Earth's magnetosphere;asymmetries have been observed in the Earth’s magnetotail
(2) properties of the magnetosphere itself; (3) the role of thecurrent systems and particle fluxes; in the ring current; and
ionosphere and (4) feedback and coupling between regiondn Polar cap patches and the global convection pattern in the
We have also identified potential inconsistencies and gaps itPnosphere. Various authors have related these asymmetries

our understanding of dawn—dusk asymmetries in the Earth’40 differences in solar illumination, ionospheric conductiv-
magnetosphere and ionosphere. ity and processes internal to the magnetosphere. Significant

) ) dawn—dusk asymmetries have also been observed in the ter-
Keywords. Magnetospheric  physics ~ (magnetospheré—oqyia| magnetosheath, and there is evidence that plasma en-

ionosphere interactions; magnetospheric configuration angy, mechanisms to the magnetotail, for example, operate dif-
dynamics; solar-wind—magnetosphere interactions) ferently in the pre- and post-midnight sectors.

The purpose of this review is to identify and collect current
knowledge about dawn—dusk asymmetries, examining the
solar-wind—magnetosphere—ionosphere system as a whole.
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We consider the roles that coupling between the solar wind'boundary condition” for magnetosheath processes that vary

and magnetosphere, between the magnetosphere and ionleetween the dawn and dusk sides.

sphere, and between different plasma regimes within the The foreshock differs from the pristine unperturbed so-

magnetosphere itself play in creating and supporting theséar wind by the presence of particles (electrons and ions)

asymmetries. We provide a schematic summary of currenback-streaming away from the shock. These particles are re-

understanding of dawn—dusk asymmetries (E&), and also  sponsible for the generation of various waves in the fore-

highlight inconsistencies and gaps in this knowledge, identi-shock plasma. Both the particles and plasma oscillations can

fying possible directions for future work in this area. be convected back to the shock and drive shock or magne-
tosheath oscillation. A detailed review of foreshock proper-
ties can be found ikastwood et a2005h; here we review

2 Observed asymmetries only aspects relevant to asymmetries induced farther down-
stream.

In this section we review the various dawn—dusk asym- The foreshock region is conventionally divided into two
metries that have been observed in the solar-wind-Parts — electron and ion. The electron foreshock, the

magnetosphere—ionosphere system. upstream-most part adjacent to the IMF line tangent to the
shock, populated by back-streaming electrons only and as-
2.1 Solar wind and interplanetary magnetic field sociated electron plasma wavéslifert and Kellogg1979.

The processes in the electron foreshock have very little in-

The outer layers of geospace, from the foreshock inwardluence on the shock and the magnetosheath. On the other
through the magnetosheath to the magnetopause, are forméend, the processes in the ion foreshock, where reflected and
from the incident solar wind perturbed by the terrestrial mag-back-streaming ions are also preseéviegiane et al.2004),
netic field. A number of dawn—dusk asymmetries arise ininfluence the bow shock and the magnetosheath significantly.
these regions. The first asymmetry comes from the orbital Figure2 shows the geometry and magnetic field config-
motion of the Earth around the Sun. This motion causes theuration of the ion foreshock, bow shock and magnetosheath.
direction of the solar wind flow in a geocentric reference The distribution function plots show the diffuse hot ions leak-
frame to be aberrated from the Earth—Sun line by roughlying from the quasi-parallel shock back into the solar wind
four degrees for a typical solar wind velocity. This provides (Gosling et al. 1989. The ultra-low frequency (ULF) waves
a natural axis of symmetry for studies of dawn—dusk asym-in the ion foreshock were identified as fast-mode magne-
metries in the magnetospheric system and is often called atpsonic waves, generated by the ion beadifer et al,
“aberrated” coordinate system. 2005 Eastwood et a]20053. Note that the region populated

The second upstream asymmetry comes from the averaggy waves is a sub-section of the ion foreshock, separated by
orientation of the interplanetary magnetic field (IMF) perme- a clear boundary, called the foreshock compressional bound-
ating the solar wind. The IMF vector is variable, but the aver-ary (e.g.0Omidi et al, 2009.
age orientation follows the Parker spiral. Since the direction The foreshock ULF waves are typically propagating up-
is typically not aligned with the solar wind flow, an asym- stream in the plasma rest frame, but are convected down-
metry is introduced to the magnetospheric system due to &tream by the solar wind and enter the quasi-parallel shock
different orientation of IMF with respect to the bow shock region, modulating the shockipeck and Goslingl996 and
normal in the dawn and dusk sectors. Figlishows the av-  possibly being transmitted in the magnetoshe&igebret-
erage properties of the IMF; the two maxima in thg and  son et al. 1991), as discussed in Se@.1.2 Since the fore-
By histogram correspond to the inward and outward Parkeishock only occupies the area upstream of the quasi-parallel

spiral orientation. shock, this transmission of foreshock oscillations in the mag-
netosheath only occurs on the quasi-parallel side of the mag-
2.1.1 Foreshock netosheath (dawn side for Parker spiral IMF orientation), in-

troducing a dawn—dusk asymmetry into the magnetosheath.
The foreshock is the region of the solar wind magnetically
connected to the bow shock. Its geometry, properties and 102.1.2 Magnetosheath asymmetries
cation are mediated by the IMF. Under the typical Parker spi-
ral IMF, the foreshock is formed on the dawn side, where Standing fast-mode waves known as bow shocks decelerate
the angle between IMF and the shock norn@g() is small  and deflect the supersonic and super Alfvénic solar wind, en-
and the particles can more easily cross the shock front. Sincabling it to pass around planetary and cometary obstacles
the IMF and bow shock normal vector are close to parallelthroughout the heliosphere. The transition region between
this region is called the quasi-parallel shock, as opposed t@ bow shock and its obstacle is called the magnetosheath.
the quasi-perpendicular shock, where IMF is nearly tangen€Early theoretical considerations proposed dawn—dusk asym-
to the shock surface and the foreshock is not formed. Thanetries of density, temperature, pressure and bulk flow
generation of the foreshock therefore provides an upstrearwithin the magnetosheathMalters 1964). These predictions
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Figure 1. Histograms of interplanetary magnetic field built from 1 min OMNI data over one solar cycle (January 2002 to August 2013).
Each panel shows a histogram of one IMF component in the GSE coordinate system. The two maxinByimatiteBy plots correspond
to inward and outward Parker spiral direction, the most probable IMF orientation.
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been studied by a number of authors is the ion plasma den-
sity. Although higher ion density was observed in the dawn
magnetosheath through a number of studies, the magnitude
of this asymmetry varied from 1 to 33 %. Several studies pro-
posed an IMF source of the asymmetry, but were unable to
confirm this through binning the measurements by upstream
IMF (Paularena et gl2001 Longmore et al.2005. One
possible reason for this result is the limited statistics avail-
able for ortho-Parker spiral IMF, or an IMF when the quasi-
parallel bow shock is on the duskside.

Walsh et al.(2012 proposed that the density asymmetry
Downstream resulted from an asymmetric bow shock shape in response
Turbulence to the direction of the IMF. The bow shock is a fast-mode
wave, which travels faster perpendicular to a magnetic field
than parallel to it YWu, 1992 Chapman et al.2004. This
results in a bow shock that is radially farther from the Earth
on the duskside than the dawn when the IMF is in a Parker
spiral orientation. Figur& shows the impact of the IMF an-

Electron Foreshock

Bow Shock

Perpendicular

Shock gle on the bow shock position and Alfvénic Mach number
through magnetohydrodynamics (MHD). An additional fea-
Tangential ture shown in the figure is that the asymmetry is a function

Field Line of the Alfvénic. Mach numb(_er. Sinc_:e tht_a average Alfvénic
Mach number in the solar wind varies with the phase of the
Figure 2. Schematic view of the foreshock, bow shock and solar cycle Luhmann et al.1993, the magnitude of the den-
magnetosheath of the Earth. The ripples in the magnetic fieldsity asymmetry in the average magnetosheath should also
represent foreshock ULF waves and turbulence downstream ofary with phase of the solar cycle (larger asymmetry during
quasi-parallel shock. Distribution function plots show the field- solar minimum).Walsh et al.(2012 looked at the average
a!igned ion beams (close t(_) the ion foreshoc_k boundary) and thea|fyénic Mach number during each of the past studies and
diffuse (close to the quasi-parallel shock) ions. Adapted fromfound good agreement with the expected trend in the den-
Balogh and Treuman(2013. sity asymmetry. An asymmetric bow shock position resulting
from the Parker spiral IMF also explains the asymmetries ob-

served in ion temperature and magnetic field (see le
were based on differing Rankine—Hugoniot shock jump con- P g ( TBp

ditions with a magnetic field parallel or perpendicular to the 2.1.3 Waves and kinetic effects in the magnetosheath

bow shock. A Parker spiral magnetic configuration incident

upon the bow shock would introduce the necessary geometrin addition to asymmetries in plasma moments and mag-

for dawn—dusk asymmetries. netic field magnitude in the magnetosheath, there are also
Since these early theoretical predictions, a number of staebserved asymmetries in the waves and kinetic effects. Since

tistical studies have been conducted with a variety of spacethe first spacecraft observations, it has been known that the

craft and have found a range of asymmetries in the magnetomagnetosheath is populated by turbulent field and plasma os-

sheath (see summary in Tahlg One parameter that has cillations covering the frequency range from the timescale of

www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 7084 2014
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Figure 3. Adapted fromChapman et al2004). The bow shock position and plasma density is shown from MHD simulations with varying
Alfvénic Mach number and magnetic field orientation. From left to right the Alfvénic Mach number decreases. From top to bottom the
orientation of the magnetic field changes from close to parallel to the flow directior? w1 it.

minutes to well above the ion plasma frequency. Early worksturbulence at the shoclkGfeenstadt et 32001 Luhmann
suggested that magnetic field fluctuations can originate bottet al, 1986 and transmission of upstream foreshock fluctu-
from the upstream solar wind and foreshock, as well as fromations Engebretson et al1991; Sibeck and Goslingl996
the magnetopause, while some are generated by plasma ilNémeek et al, 2002 were proposedsutynska et al(2012
stabilities within the magnetosheath itself (for a review, seeinvestigated multi-spacecraft correlations between the mag-
Fairfield 1976. netosheath and solar wind and concluded that fluctuations
Fairfield and Nes¢1970 noted a dawn—dusk asymme- with wave periods larger than 100 s can often be traced back
try in the amplitude of magnetic field oscillations. Later to solar wind fluctuations, while smaller-scale fluctuations
systematic studies with the aid of an upstream solar windare not correlated with upstream waves.
monitor have established that the IMFy component and Consistent with this result, field and plasma oscillations in
consequently th®g, parameter of the upstream shock are the quasi-perpendicular magnetosheath are typically smaller
important factors in determining the properties of magne-in amplitude and more compressive in nature (8hievyrev
tosheath fluctuationd.uhmann et al(1986 demonstrated et al, 2007). This can be explained by the dominance of lo-
an increased level of magnetosheath field fluctuations (useally generated kinetic waves and, most importantly, mir-
ing 4 s resolution data) behind the quasi-parallel shock. Twaror modes. Magnetosheath ions are characterised by rela-
decades lateShevyrev et al(2007) showed that the direc- tively high 8 (> 1) and significant temperature anisotropy
tion of the field varied much more in the quasi-parallel mag-7, /T > 1, giving rise to two kinetic instabilities — ion
netosheath than in the quasi-perpendicular. This effect is vicyclotron instability and mirror instability. In the magne-
sualised in Fig4 adapted fromPetrinec(2013, who pre-  tosheath plasma, these two instabilities often compete and
sented a global view of magnetosheath field fluctuations usboth modes are frequently observed (for a review, see
ing median magnetic field measurements from Geotail obserSchwartz et a).1996 Lucek et al, 2005. These waves typi-
vations, restricted to Parker spiral IMF direction. cally appear at shorter timescales, below one minute, and can
The above studies confirmed that the quasi-parallel shoclgrow to significant amplitudes.
is a more efficient source of magnetosheath oscillations at Anderson and Fuseligf1993 compared the occurrence
longer timescales (wave periodsl min) and that the os- rates of mirror and EMIC waves for quasi-perpendicular and
cillations resemble solar wind turbulence. Controversy re-quasi-parallel shock conditions. Wave character was identi-
mains concerning the precise generating mechanism of théed by spectral analysis and the nature of the shock was iden-
turbulence at the quasi-parallel shock. Locally generatedified by the content of energetic Fi& ions. Their results
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T T T T 2.2 Magnetopause asymmetries
Parker-Spiral angle S
or (and|al|<(a,’+a,’)"’fz)\_& ] The magnetopause is a thin current sheet separating the
2 = shocked magnetosheath plasma and its embedded interplan-
etary magnetic field on one side and the geomagnetic field
on the other side. The current in the magnetopause is pri-
marily caused by the differential motion of ions and elec-
trons as they encounter the sharp magnetic gradient of the
geomagnetic field. For a comprehensive overview of the
magnetopause and its properties, we refer to, for example,
Hasegawa2012), so below we only focus on dawn—dusk
asymmetries in the magnetopause.

Simultaneous measurements from both flanks of the mag-
netopause are rare. Also, the large variability in the thickness,
orientation and motion of the magnetopause makes any direct
comparison between the dawn and dusk flank magnetopause
of little use. To our knowledge, the only study focusing ex-
plicitly on dawn—dusk asymmetries in macroscopic features
of the magnetopause is the paperHigaland and Gjerloev
(2013. They used measurements from more than 5000 mag-
netopause traversals near the ecliptic plane by the Cluster
constellation of satellites and reported significant and per-
sistent dawn—dusk asymmetries in current density and mag-
netopause thickness.

Figure5 shows the distribution of observed current den-
sities for the dawn (red bars) and dusk (blue bars) magne-
topause crossings during disturbed geomagnetic conditions.
Figure 4. Median magnetic field vector orientation i1 Rg bins Most of the dawn magnetopause crossings have a current
in the equatorial plane when IMF is within 1@f Parker spiral an-  density around 10-15nAn%, whereas the typical current
gle (adapted from Fig. 6 iRetrinec2013. density at dusk is around 25-30 nA® Mean current den-

sities are 18 and 27 nAnd for dawn and dusk, respectively.
clearly indicate an increased wave (and in particular mir-Haaland and Gjerloe{2013 noted that the dawn magne-
ror mode) occurrence under quasi-perpendicular conditionstopause was thicker, suggesting that the total current intensity
Génot et al(2009 performed a statistical study of the oc- on the two flanks were roughly equal. Two possible explana-
currence of mirror structures over 5 years of Cluster obseriions for these dawn—dusk asymmetries are conceivable, both
vations using the GIPM (geocentric interplanetary medium)related to the boundary conditions. First, asymmetries in the
reference frame\Merigin et al, 2006, where fluctuations in  magnetosheath as reported in S&cL.2will influence the
the IMF direction are normalised away. Again, the resultsgeometry and property of the magnetopause. A higher dusk-
show a greater occurrence of mirror structures in the quasiside magnetosheath magnetic field will cause a higher mag-
perpendicular hemisphere. netic shear across the magnetopause, and thus a higher cur-

In summary, low-frequency field and plasma oscilla- rent density. Asymmetries in plasma parameters, in particular
tions are ubiquitous in the magnetosheath and are orgardynamic pressure, may also contribute, though simulations
ised according to upstream shock conditions. The quasisuggests that pressure enhancements are more likely to dis-
parallel magnetosheath (found on the dawn side for predomplace the magnetopause than compresSanferup et al.
inant Parker spiral IMF) is typically more turbulent with 2008. A second source of dawn—dusk asymmetry in mag-
large-amplitude and long wave period oscillations. On thenetopause parameters are asymmetries in the ring current.
other hand, quasi-perpendicular (predominantly dusk) magn particular during disturbed conditions, the dusk sector of
netosheath oscillations are dominated by EMIC and mirrorthe ring current shows a faster energisation and higher cur-
waves with smaller amplitudes and shorter wave periodsrent density than its dawn counterpaxiefvell and Gjerloey
While this distinction is clearly observed in statistical stud- 2012. As a consequence, there will be a stronger magnetic
ies and often in case studies, a large percentage of magerturbation at dusk and thus a higher magnetic shear across
netosheath observations include a superposition of both efthe magnetopause.
fects Fuselier et al.1994). The identified asymmetries in Several potential mechanisms by which plasma can en-
observed field and plasma oscillations are summarised in Tater the magnetosphere through the flank magnetopause have
ble 1. been suggested. These are thought to be most important
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Table 1. Asymmetries in the average dayside magnetosheath.

Process/property Asymmetry preference Source Reference

lon density dawn, 19 % higher Theory Walters(1964)
dawn, 33 % higher IMP-8 (1978-1980) Paularena et a(200])
dawn, 1% higher IMP-8 (1994-1997) Paularena et a{200])
dawn, 21 % higher THEMIS (2008-2010) Walsh et al(2012
dawn higher Cluster (2001-2004) Longmore et al(2005

| B| dusk, 23 % higher THEMIS (2008-2010) Walsh et al(2012

T; (ion temperature) dawn, 33 % higher Theory Walters(1964
dawn, 12 % higher THEMIS (2008-2010) Walsh et al(2012)

8 B (magnetic field jump)  dawn higher IMP-4 (1967) Fairfield and Nes$§1970
higher atQ) side ISEE-2 (1977-1979) Luhmann et al(1986
higher atQ) side INTERBALL+Cluster (1996-2003) Shevyrev et al(2007)

Magpnetic field turbulence  higher & side Geotail (1996-2005) Petrineq2013

Mirror mode occurrence more frequent@f Cluster (2001-2005) Génot et al(2009

Kinetic wave occurrence  91% &, ,40% atQ; AMPTE CCE (1984) Anderson and Fuseli¢i993

when the magnetosphere is exposed to northward IMF, Thickness

when the Dungey cycleDungey 1961 does not dominate.
These processes include transport via kinetic Alfvén waves
(e.g.Johnson and Chen997, gradient drift entry Qlson

and Pfitzer 1985 and through rolled-up Kelvin—-Helmholtz =~ 15%1
vortices (e.g.Fujimoto and Terasawd 994 1995. Entry
through double cusp (also known as dual lobe) type recon-
nection Song and Russelll992 is also a possible mech-
anism during northward IMF. Asymmetries in reconnection
at the dayside magnetopause under southward IMF, and the 5%
associated plasma entry, will be discussed in Sett.

Each of the mechanisms discussed above does not nec
essarily operate symmetrically with respect to the noon— 0T 200 a0’ 40 s 60 70 80 90| 400
midnight meridian, either because of their intrinsic proper- Current density [nA m']
ties or because of the dawn—dusk asymmetries in the magngsgre 5. Distribution of magnetopause current densities based on
tosheath as discussed in S&cf.2 This asymmetric plasma  cjuster curlometer results. Each bin in the histogram is 5 & m
entry will also have consequences for the plasma sheet — s&gde, and the indicated error bars are calculated as the square root
Sect.2.3.2 of the number of observations in each bin and normalised. Red

ULF waves in the magnetosheath can generate kinetidars and values indicate dawn current densities, blue bars are cor-
Alfvén waves (KAWS) when they interact with the magne- responding dusk values. Mean, median and mode current density
topause boundarnd¢hnson and Cheng997 and in so do- 9N dusk are sigpificantly higher than their dawn counterparts. After
ing stimulate the diffusive transport of ions into the magne- Haaland and Gjerloe2013.
tosphere. A recent survey byao et al.(2011) has shown
that the wave power associated with KAWSs is enhanced at
the dawn magnetopause, which suggests enhanced transp
on that flank. KAWs can heat ions both parallelagegawa
and Chenl1975 Hasegawa and Mimd 978 and, when they
have a sufficiently large amplitude, perpendiculdmhnson

and Cheng2001; Johnson et al2007) to the magnetic field, magnetopause from Geotail datdasegawa et al 2006

suggesting that if KAW-driven transport does preferentially suggests no particular dawn—dusk asymmetry, although the
occur on the dawn flank magnetopause it would also be as- !

sociated with a heating of the transported ma netosheatn]ajority of the detections were made antisunward of the ter-
plasma 9 P 9 minator. An extension of this study bhaylor et al.(2012),

. . . including Double Star TC-1 data, did find an asymmetry
The growth of the Kelvm—HeImho_Itz instability may also with the occurrence of Kelvin—Helmholtz vortices favoured
have a davyn—dusk asymmetry. I.f finite Larmor radius effe(_:tson the dusk flank magnetopause. However, this asymmetry
are taken into account, growth is favoured on the dUSkS'dQNas only present on the dayside. Simultaneous observations

20%

Disturbed conditions (SMR12< 0nT)

Dusk: Jygp = 28.3  Jygan =36.4 [nAm™]
Dawn : Jyep =18.0  Jygan =27.2 [NAM?]

0o/ |
10% Asym =57.0 % 335%

?lr-}uba 1996, while conditions in the magnetosheath under
Parker spiral IMF conditions might favour growth on the
dawn side (e.gEngebretson et al1991). A statistical study

of the occurrence of Kelvin—Helmholtz vortices on the flank

Ann. Geophys., 32, 705437, 2014 www.ann-geophys.net/32/705/2014/
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of Kelvin—Helmholtz vortices on both flanks are rare, and in fact, Harris-like in a statistical senséhang et al.2006

as such it is difficult to address any dawn—dusk asymme-Rong et al. 2011). Statistical studies have also shown that

try in their properties. Howevelishino et al.(2011) re-  the current sheet tends to be thinner, with a greater current

ported one observation of vortices occurring simultaneouslydensity, on the duskward side of the magnetotail.

on both flanks and showed that while their macroscopic prop- A number of multi-spacecraft analysis techniques have

erties were similar, on a microscopic level differences werebeen developed to determine the current density within the

observed, with more plasma mixing between magnetosheathurrent sheet and the sheet thickneBsr(lop et al, 1988

and magnetospheric populations in the dawnside vortex thashen et al.2007 Artemyev et al.2011). While the specifics

the duskside vortex. of these techniques vary, they share a commonality that they
Gradient drift entry naturally provides a dawn—dusk asym-all examine the currents based on magnetic field measure-

metry: ions drift into the magnetosphere through the mag-ments by Cluster.

netopause on the dawn side, while electrons enter on the Statistically, the magnetotail current density measured by

duskside Qlson and Pfitzerl985. However the efficiency Cluster was consistently observed to be higher on the dusk-

of gradient drift entry and hence its potential to contribute to side than the dawn side of the magnetotail (Rignov et al.

observed asymmetries in magnetospheric plasma is not weR005 Artemyev et al.2011; Davey et al.2012. However,

constrained.Treumann and Baumjohanti988 calculated the values observed and the extent of the asymmetry between

that only 5 % of magnetosheath particles that come into conthem differed for each study. On the duskside, the current

tact with the magnetopause become trapped, while througklensities ranged from 6 to 25 nATh(Artemyev et al,2011)

test particle simulationRichard et al(1994 showed dou- and on the dawn side, the current densities ranged from 4

ble cusp reconnection provided a much more efficient entryto 10nAnT2. In contrast, the current sheet thickness was

process. Indeed it is thought that double cusp reconnectioshown to be greater on the dawn side than on the duskside,

operating under northward IMF is one of the dominant for- both in absolute termsAftemyev et al. 2011) and with re-

mation mechanisms for the cold dense plasma sheet§ud  spect to the local ion gyroradiu®éng et al. 2011). Rong

et al, 2009. MHD simulations suggest that any dawn—dusk et al. (2011) also showed that the probability of observing

asymmetry in solar wind entry by double cusp reconnectiona thin current sheet was greater towards dusk. We note that

is related to ionospheric conductanteé€t al., 20083. the differences in current density and thickness tended to be
comparable{ 1.5-2.5 times difference), such that it appears
2.3 Magnetotail asymmetries that the total current flowing through the current sheet re-

mains roughly constant.
Throughout this review we will, in general, consider asym- It should be noted that the above studies
metries about the noon—-midnight meridian. Whilst at theby Runov et al(2009, Artemyev et al. (2013,
boundaries of the magnetosphere such asymmetries are readong et al(2011) and Davey et al. (2012 use differ-
ily identifiable, as most of the boundaries are located wellent selection criteria to identify Cluster crossings of the
away from the meridian, within the magnetosphere asymmetail current sheetRong et al.(2011) took any reversal of
tries may depend on the coordinate system used. For exanthe Bx component of the field to be a crossing, thus mul-
ple, the solar wind flow is not necessarily radial in the frametiple small-scale fluctuations were identified as individual
of the Earth; any non-radial flow will deflect the location of crossings, whereaBavey et al.(2012h) and Runov et al.
the central axis of the magnetosphere away fromXaewm (2009 required a change iBx betweent+5 and+15nT
axis (GSM = Geocentric Solar Magnetic — see &lgpgood respectively, with Runov et al(2005 applying a further
1997, for some commonly used coordinate systems and theicriterion that the duration of the field reversal was between
definitions). The aberrated GSM (AGSM) coordinate system30 and 300s. As suclRong et al.(201]) identified 5992
attempts to correct for this and has, for example, been showerossings,Davey et al.(2012h identified 279, andRunov
to reduce the apparent asymmetry in convective flows in theet al. (2005 identified 78 events (although using only

magnetotail Juusola et aj2017). 1 year of Cluster data). Given the difference in the current
sheet identifications and the number of events used in these
2.3.1 Geometry and current systems studies, it is reassuring that the overall picture in their results

is similar, even if the exact values differ. This difference may
The magnetotail current sheet is often considered to be &e a result of the different separations between the Cluster
static, Harris-typeHarris, 1962 current sheet separating the spacecraft throughout their lifetimeRgnov et al. 2005
oppositely directed magnetic fields in the lobes. There is nowForsyth et al.2017).
sufficient evidence, particularly from the Cluster spacecraft, Studies of the current sheet thickness and current density
that the current sheet is in motion (eNess et al. 1967, by Cluster rely on the phenomenon of “magnetotail flapping”
Zhang et al.2005 Sergeev et 812006 Forsyth et al.2009), (Speiser and Nes4967), whereby large-scale waves cause
is bifurcated Runov et al. 2006, or shows embedded cur- the current sheet to move locally in ti; sy direction and
rent sheet signature®étrukovich et a).2011) and is not, to be tilted in theY Zgswm plane. The occurrence frequency
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Table 2. Dawn—-dusk asymmetries at the magnetopause and in plasma entry regions.

Process/property Asymmetry preference  Source References
Magnetopause current density dusk higher Cluster (2001-200&)aaland and Gjerloe{2013
Magnetopause thickness dawn thicker Cluster (2001-2006Haaland and Gjerloe{2013
Kinetic Alfvén wave power dawn larger THEMIS Yao et al.(201])
Kelvin—Helmholtz wave growth dawn larger theory Huba(1996
dawn larger theory, ISEE, AMPTE Engebretson et a{1991)
Kelvin—Helmholtz vortex occurrence (dayside) more at dawn Double Star Taylor et al.(2012
Plasma mixing in Kelvin—Helmholtz vortices more at dawn Geotall, Cluster Nishino et al.(201])
of flapping increases towards duskefgeev et al2006, but In contrast, the hot component ions have higher temper-

the tilt of the current sheet is greater towards da®avey  atures toward dusk, especially within20 Rg of the Earth,

et al, 2012h. Furthermore, flapping has been shown to in- due to the energy-dependent gradient—curvature 8gpince
crease with substorm activity, but decrease with enhanceand Kivelson(1993 developed a finite-width magnetotail
ments in the ring currenDavey et al.20123. Given thatthe  model of the plasma sheet. In addition to a deep-tail source
thinning of current sheets during substorms is a well docu-of particles, they found that including a particle source from
mented phenomenon (elgcPherron et a).1973 Pulkkinen  the low-latitude boundary layer (LLBL) on the dawn side
et al, 1994 Shen et al.2008 one might expect thinner cur- yields agreement with measurements of pressure and den-
rent sheets on average in the region in which most substormsity. The model predicts a significant dawn—dusk asymmetry
occur Frey et al, 2004 Frey and Mendg2007). However, it with higher ion pressure and temperature toward dusk for in-
is unclear from these results whether substorms are the causervals of weak convectiorKeesee et al(2011) confirmed

or consequence of thin current sheets in this sector. this model with average plasma sheet ion temperatures dur-
ing quiet magnetospheric conditions calculated using ener-
2.3.2 Nightside plasma sheet properties getic neutral atom (ENA) data from the TWINS mission, as

seen in Fig.7. This dawn—-dusk asymmetry in ion tempera-
Multiple ion populations exist in the magnetotail, includ- tures has also been observed with in situ measurements by
ing components with characteristic energies of 10s of eVGeotail Guild et al, 2008 C.-P. Wang et a).2006. Using
(intense cold component); 300-600 eV (cold component), data from GeotailTsyganenko and MukgR003 derived a
~ 3-10keV (hot component), and10-100 keV (suprather-  set of analytical models for the central plasma sheet density,
mal). The higher ion density in the dawn flank magne- temperature and pressure for ions with energies 7-42 keV in
tosheath leads to a higher density of cold component ionshe X Ygsu plane. Dawn—dusk asymmetries were found only
towards dawn in the magnetotail under northward IMF, aswithin 10 Rg, near the boundary of their measurements, so
observed byC.-P. Wang et al(2006. These ions have also were not included in their models that cover 10#50
been found to have higher temperatures at dawn than at dusk The contrasting ion temperature asymmetries between
during northward IMF, in particular they are heated perpen-the hot and cold ion components during northward IMF
dicular to the magnetic field\ing et al, 2009 and during  yields measurements of two peaks in the ion distribution
intervals of high solar wind velocityWang et al. 2007). (the hot and cold components) on the dusk flanks, and
Nishino et al.(20073 found the cold component ions to one broad peak measured on the dawn flaRkjifnoto
have parallel anisotropyrc > Tcy) at dusk, and conjec- et al, 1998 Hasegawa et gl.2003 Wing et al, 2005.
tured that this is due to adiabatic heating during sunwardC.-P. Wang et a2006 measured the total ion density to be
convection.Wing et al. (20095 used Defense Meteorologi- higher toward dawn for northward IMF, primarily due to the
cal Satellite Program (DMSP) satellites to infer plasma sheetold component ions, yielding equal pressures at dawn and
temperatures and densities during periods of northward IMFdusk. They showed that the density asymmetry weakens dur-
Their cold component density and temperature profiles aréng southward IMF, but the temperature asymmetry remains,
displayed in Fig6. The cold component density profile has yielding higher pressures at dusk. The magnetospBgiteas
peaks at dawn and dusk flanks, while the cold componenbeen observed to be greater at dawn than at deskfield,
temperatures are higher on the dawnside than the duskside98g Guild et al, 2008 C.-P. Wang et al2006). This asym-
consistent wittHasegawa et af2003. This observation sug- metry serves to provide pressure balance to the higher den-
gests that the magnetosheath ions have been heated in the &jities at dusk. Both dawn and dusk flanks have high flux of
try process on the dawnside. The dawnside cold ion temperions with energies< 3 keV, with high flux extending toward
ature is about 30-40 % higher than that on the duskside (sefhe midnight meridian only from the dawn flank for inter-

Fig. 6). Such asymmetric heating is consistent with the ob-vals of northward IMF longer than an hour. This asymmetry
served asymmetry in KAW transport described in SB@.
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Figure 7. lon temperatures calculated from TWINS ENA data
mapped onto th& Ygspm plane with the Sun to the right. A black

disc with radius 3Rg, centred at the Earth, indicates the region

X(Re) where analysis is not applicable. Contours of constant ion tem-
Cold-component temperature profile perature as predicted by the finite tail width modelSgfence and
Kivelson (1993 are overlaid on the image. The measurements and
model indicate higher plasma sheet hot component ion tempera-
tures toward dusk during quiet magnetospheric conditions due to
the gradient—curvature drift. (Adapted from Fig. 4dresee et al.
201D.

(b) -

10

pattern in the plasma sheet displays a dawn—dusk asymme-

try, with slower, sunward-directed flows post-midnight and

faster, duskward-directed flows pre-midnighn@elopoulos

et al, 1993. The asymmetry in flow direction is also ob-
10° served when averaging over all flow speettor{ et al,

K 2000, though the picture becomes somewhat more compli-
cated when fast flows alone are examined (S2dt9. The
asymmetry in perpendicular flows is most significant within
10 Re of the midnight meridian@.-P. Wang et a).2006.

The larger duskward component in the slow flow results
from diamagnetic drift of ions due to the inward pressure
Figure 6. Density and temperature profiles of the cold componentgradient, which has a magnitude on the order of 25kM's
of the two-component Maxwellian distribution of the plasma sheet (Angelopoulos et a]1993.
ions during northward IMF. Note the dawn—dusk asymmetry inthe | ess is known about the intense cold component because
temperature profile, with th.e dawn fla.nk ions having higher temper-jy s in this energy range can only be detected when space-
atures than the dusk flank ions. (froNfing et al, 2005. craft are negatively charged as they pass through Earth’s
shadow. Seki et al. (2003 hypothesise that the intense
cold component ions originate in the ionosphere because
is reduced during southward IMF as the high flux in the they have not undergone heating that would occur in the
dawn sector decreases. For ions with energiékeV, flux is plasma sheet boundary layers. Similarly, measurements of
higher at the dusk flank than the dawn flank, with the asym-the suprathermal component tend to be combined with the
metry being stronger for higher energies and southward IMFthermal componenBorovsky and Dentor2010 or all com-

Both hot and cold components of the ions flow toward the ponents Nagata et a).2007), such that the specific dawn—
midnight meridian under strong northward IMF conditions, dusk characteristics of this population have not been ex-
due to (a) viscous interaction of the plasma sheet and the lobplored.
and (b) vortical structures due to the Kelvin—Helmholtz in- The electrons in the plasma sheet also exhibit a dawn—
stability (Nishino et al, 2007h. The average quiet time flow dusk asymmetry. Like the ions, there are two components
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of electrons, a hot component and a cold componéfaing  signatures of enhanced convection, especially during sub-
et al, 2007 A. P. Walsh et a].2013. Unlike the ions, how-  storms, also display a pre-midnight occurrence peak. These
ever, both electron populations have been observed undenclude magnetic reconnection, bursty bulk flows, transient
northward and southward IMF, although a two-componentdipolarisations and energetic particle bursts and injections,
electron plasma sheet is more likely to be observed undedescribed in more detail below.

southward IMF A. P. Walsh et al. 2013. Under south- RecentlyNagai et al.(2013 surveyed a large data set
ward IMF the two-component electron plasma sheet is moréncluding Geotail observations from 1996 to 2012 in the
likely to be observed in the pre-midnight sector than the post-area 0f—32 < Xacsm < —18 Rg and|Yagsml < 20 Rg. Ac-
midnight sector. Under northward IMF the occurrence fol- tive reconnection events were selected using the following
lows the pattern of the large-scale Birkeland currents cou-<criteria: (1) |Bx| <10nT to select plasma sheet samples,
pling the ionosphere and magnetosphere — a two-componerf) V; x < —500kms* and B; < 0 to select tailward fast
electron plasma sheet is more likely to be observed mappindlows, (3) earthward flow av;, > 300kms™* and B, > 0

to lower latitudes in the pre-midnight sector and higher lati- observed within 10 min after the tailward flow to select the
tudes in the post-midnight sector. This suggests the cold eledlow reversals, and (4Y,y < —1000km s during at least
trons have their source in the ionosphere, rather than the solame sample within 48s long interval around the flow re-
wind, and are transported to the plasma sheet via downwargersal instant to select the active reconnection when elec-
field-aligned currentdifima and Potemral978 A. P. Walsh  trons undergo substantial acceleration; 30 active reconnec-

etal, 2013. tion events were selected. The analysis of occurrence rate
distribution has shown that events may be found in the sec-

2.4 Asymmetries in magnetotail dynamics tor —6 < Yacsm < 8 Re. The occurrence rate is considerably
higher in the pre-midnight sectoOYagsm < 8 RE.

2.4.1 Substorms and other modes Slavin et al (2005 used Cluster observations to study trav-

elling compression regions (TCRs), which are commonly ac-

Southward-pointing IMF results in a circulation of magnetic cepted to be remote signatures of a reconnection outflow
flux in the magnetosphere — with dayside reconnection openin the magnetotail lobes at distanced9 < X < —11Rg,
ing flux, transportation of open flux into the lobes, nightside and noticed a dawn—dusk asymmetry in the event distribu-
reconnection closing flux to form the plasma sheet, and retion in the XYagsm plane with considerably larger num-
turn of flux back to the daysidebuingey 1961). The mag-  ber of events observed in the pre-midnight sector. Similarly,
netosphere is driven to many modes of response due to magmber et al(201]) inferred the dawn—dusk location of the
netic reconnection with the solar wind IMF. These include reconnection site from statistical studies of THEMIS obser-
substorms, magnetic storms, steady magnetospheric conveeations of flux ropes and TCRs during the time period De-
tion, and sawtooth events, as well as smaller responses suaember 2008 to April 2009. Magnetic signatures, including
as pseudobreakups and poleward boundary intensifications bipolar variation inB; passing througtB; = 0 and an en-
(for a full review of these modes, see édgPherron et aJ. hancement irBy at By = 0 were used to identify a flux rope.
2008. These events with enhanced sunward convection inA bipolar A Bz signature relative to the background field and
the plasma sheet will dominate over certain asymmetriegotal field variation with(AB)/B > 1% were used to iden-
discussed above, such as the quiet-time dawn—dusk thermé&fy TCRs; 87 events (both flux ropes and TCRs) were iden-
pressure asymmetrgpence and Kivelsqri990. tified. Plotting the spacecraft location for all the events in the

The most common and well-studied mode of responseX Yagsm plane,Imber et al.(2011) have shown an obvious
is the substorm. Numerous researchers have found asyntawn—dusk asymmetry with 81 % of events observed in the
metries in the average substorm onset location, with thedusk sector. The event probability (number of events per unit
most likely onset shifted duskward to 23:00 MLFréy and  time) also showed strong duskward asymmetry: a peak of
Mende 2007, and references therein). The onset MLT of the Gaussian fit to the data is¥igsm = 7.0 Rg and the full
substorms is strongly influenced by the IMF clock angle, width at half maximum is 15.Rg.
which shifts the dayside reconnection geometry in such a In their survey of magnetotail current sheet crossings,
way as to create a “tilted” configuration away from direct Rong et al.(2011) found that 329 out of 5992 current sheet
noon—midnight reconnectio®@tgaard et a12011). Internal  crossings by the Cluster spacecraft in 2001, 2003 and 2004
factors, such as solar illumination and its effects on iono-had a negativeB; component. These negativ&, current
spheric conductivity, can also influence the average onset losheet crossings were predominantly found to occur at az-
cation in latitude and local timéNang et al. 2005 see also  imuths of 110 to 210 and had field curvature directions
Sect.3.2). Sawtooth events also display dawn—dusk asymme-pointing away from the Earth. Given tha&t; is expected to
try, with intense tail reconnection signatures occurring pre-be positive on closed magnetic field lines in the magneto-
midnight Brambles et a.2011). The sawtooth asymmetry tail plasma sheetRong et al.(201]) interpreted these ob-
is attributed to ion outflow asymmetry which is in turn a re- servations as showing that reconnection was “more inclined
sult of ionospheric conductance asymmetry. Many dynamicto be triggered in current sheet regions with MLT being
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Table 3. Dawn—dusk asymmetries in magnetotail processes and properties.

Process/property Asymmetry preference Source Reference
Hot component of ion temperature higher at dusk Geotail Guild et al.(2008; C.-P. Wang et al(2006
higher at dusk TWINS Keesee et al2011)
higher at dusk model Spence and Kivelsof1990
Cold component of ion temperature  higher at dawn DMSP Wing et al.(2009
Cold component of ion density higher at dawn DMSP  Wing et al.(2009
By higher at dawn IMP 6, 7, 8 Fairfield (1986
Geotail Guild et al.(2008; C.-P. Wang et al2006
Flankward quiet time flows more frequent in pre-midnight ISEE 2 Angelopoulos et al(1993

more frequent in pre-midnight  Geotall Hori et al.(2000

~ 21:00-01:00", thus showing a clear dawn—dusk asymme-during last the two decades, result in rather controversial con-
try in the distance downtail at which reconnection occurs. clusions on asymmetries in the azimuthal (MLT) dependence
Reconnection signatures observed in the distant tailof BBF distribution. Comparison between them is compli-
and at lunar orbit also exhibit dawn—dusk asymmetry.cated by the use of different selection criteria to identify in-
Slavin et al.(1985 have studied average and substorm con-dividual events.
ditions in the distant magnetotail using ISEE-3 data. It A set of studies applying selection criteria based upon
was found that negative8; and fast tailward flow was either magnetic field (B2 + B2)Y/?2 <15nT) or g > 0.5
predominantly observed in the pre-midnight sector<(0 to select plasma sheet samples and flow velocity magni-
Yosm < 10Rg at —100> X > —180Rg). Further tailward, tude (Vx| >400kms?) to select flow bursts (FB) and
at—180> X > —120Rg, the region of predomina; < 0 BBF events did not reveal a pronounced dawn-—dusk
and fast tailward flow expands azimuthally to a broad re-anisotropy in the event distributioBé&umjohann et al199Q
gion betweenYgsy = 0 and~ —20Rg. It should be noted, Angelopoulos et al.1994). Some asymmetry in velocity
though, that at those geocentric distances the GSM coordimagnitudes with faster flows observed in the pre-midnight
nate system may not be appropriate, and the broad distribusector were considered apparent and attributed to orbital bi-
tion of — Bz and—Vx maxima may be an apparent effect of ases Nakamura et al.1997). On the other hand, studies of
averaging over different solar wind/IMF conditions. Geotail, WIND and THEMIS data with selection criteria dif-
Recently reconnection outflows and plasmoid observaferentiating convective flows (i.e. perpendicular to the instan-
tions by two ARTEMIS spacecraft in lunar orbit have been taneous magnetic field) and field-aligned beams resulted in
statistically studiedl(i et al., 2014. That study revealed a pronounced asymmetry in the convective flow distributions
dawn—dusk asymmetry with occurrence rate of plasmoid ob-and symmetric field-aligned beam distributiohagai et al.
servations higher within-2 < Yagsm < 12Rg. The occur- 1998 Raj et al, 2002 McPherron et a).2011).
rence distribution has a similar but broader pattern compared Statistical analysis of plasma bulk velocity observed by
with previous studies on plasmoids or reconnection flow re-Cluster during neutral sheetBy| < 5nT) crossings at ra-
versals in the near-Earth regiohmper et al, 2011, Nagai  dial distancesR ~ 18 Rg revealed dawn—dusk asymmetries

etal, 2013. in the horizontal velocity magnitude/gq= (V2 + V32)/?)
with larger values Veq> 400 km s1) in the pre-midnight
2.4.2 Fast flows in the plasma sheet sector of the magnetotail within © Yagsm < 10Rg. The

average equatorial velocity in the post-midnight sector did
Fast plasma flows in the magnetotail above a “background’hot exceed 200 knts (Runov et al, 2005. Conversely, a
convection velocity are often associated with substorm acstudy of the comprehensive data set that includes 15 years
tivity as a key device by which closed magnetic flux can beof Geotail, Cluster and THEMIS observations in the magne-
transported towards the inner magnetosphere and as a pottail applying the criterior8 > 0.5 to select plasma sheet
sible mechanism for the triggering of instabilities in the in- samples revealed no asymmetry tailward¥of= —15Rg in
ner magnetosphere that lead to substorm oBairfijohann  the aberrated coordinate systefuifsola et a]2011). Closer
et al, 1990. Short (sub-minute) bursts of enhanced plasmato Earth, the average convection at a velocity smaller than
flow (termed flow bursts) are most likely generated by im- 200km s shows some duskward asymmetry. This asym-
pulsive magnetotail reconnection (see S8ct.1). The flow  metry was attributed to the ion gradient drift close to the in-
bursts are grouped inte 10 min events known as bursty bulk ner edge of the plasma sheet (see &lsdi et al, 2000. The
flows (BBFs) @ngelopoulos et al.1992, although these distribution of higher velocity remains fairly symmetric with
terms are sometimes used interchangeably throughout theespect to the midnight in AGSMIQusola et aj2011).
literature. Numerous statistical studies of BBFs, conducted
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The dawn—dusk asymmetry in the magnetotail plasmasubstorm current wedge, (eldcPherron et a).1973 most
flows also depends on the level and character of geomageften tailward of the observation point (a remote-sensing
netic activity. Recent studies of Geotail and THEMIS obser-effect — see, e.gNagai 1982. Both types of events have
vations over a span of 14 years comparing the convectiorbeen intensely studied in the past under various names, such
patterns observed during periods of steady magnetospherias nightside flux transfer events (eSgergeev et al.1992),
convection (SMC) and substorm phases have revealed thdtux pileup Hesse and Birn1991 Shiokawa et a).1997
the probability of earthward fast flowd’fy > 200 kms1) Baumjohann et a/.1999 and current disruption (e.d.ui,
is fairly symmetric with respect to midnight for SMC but 1996. Treated as flowing spatial structures, the shizygpen-
slightly asymmetric with a peak at 23:00 MLT during sub-  hancements have been referred to as “dipolarisation fronts”
storm growth phases. This duskward asymmetry vanishege.g.Nakamura et al2002 Runov et al.2009.
during expansion and recovery substorm phak@ssinger It has been shown that the earthward-propagating dipo-
etal, 2012. larisation fronts are associated with a rapid decrease in the

To summarise, the statistical studies of BBFs and plasmalasma density and embedded into the earthward plasma flow
convection in the magnetotail conducted so far do not pro-(Runov et al. 2009 2011). The fronts are thin boundaries
vide any definitive answer on the question on dawn—dusk(with the thickness of an ion thermal gyroradius), separat-
asymmetry in the flow pattern. The results strongly dependng underpopulated dipolarised flux tubes, often referred to
on the selection criteria. More specifically, studies with cri- as “plasma bubbles” (e.g§Volf et al, 2009, and the ambi-
teria based upon the perpendicular velocity tend to showent plasma sheet population. Most likely, the dipolarisation
the duskward asymmetry. Conversely, the studies based updnonts are generated in the course of impulsive magnetic re-
|Bxy| and g-related criteria typically result in a fairly sym- connection in the mid or near magnetotail (see €Rynov
metric flow pattern. Another important issue is the selec-et al, 2012 and references therein). Alternatively, the fronts
tion of fast flow events and differentiation of them from the may appear as a result of kinetic interchange instability in the
background convection. It was noticed in observations thanhear-Earth plasma sheétr{tchett and Coronit2010.

BBFs (flow bursts) are typically associated with (1) increased RecentlyLiu et al.(2013 statistically studied several hun-
northward (southward) magnetic field componeBg) and  dred dipolarisation fronts observed by THEMIS probes in
(2) decrease in the plasma densiy@elopoulos et al1992 the plasma sheet at25 < X < —7 Rg and at variety of az-
1994 Ohtani et al.2004. These characteristics, attributed to imuthal (V') positions. The events were selected using a set of
so-called “plasma bubbles” (e.Ghen and Wolf1993 Wolf selection criteria based mainly upon magnetic field and rate
et al, 2009, may be used to differentiate transient BBFs of magnetic field changes. The selected events may, there-
from the steady convection. The rapid increaseBinand  fore, include those of all categories discussed above. The
simultaneous decrease in the plasma density were recentlgnalysis has shown, however, that the increasdjnwas
found to be characteristics of dipolarisation fronufov  associated with the rapid decrease in plasma density and was
et al, 2012 Liu et al, 2013 that will be discussed in the embedded into earthward plasma flow. Thus, the majority of

next section. selected events were dipolarisation fronts. Fig8rehows
(a) the distribution of selected events and (b) the occurrence

2.4.3 Transient dipolarisations and dipolarisation rate of the dipolarisation fronts in th®Ygswm plane. The
fronts event distribution shows a pronounced dawn—-dusk asymme-

try with more events observed in pre-midnight sector within
Russell and McPherrofi1973 first reported observations 0 < Y < 8 Re. The occurrence rate exhibits a maximum in
of front-like, spatially and temporally localised, sharp in- 2<Y < 6Rgbinsinarange of20< X < —7 Rg.
creases in the northward magnetic field componBgt Dipolarisation fronts are typically embedded into fast
Timing of the two-point observations by OGO-5 (&t= earthward flows (BBFs). However, as was shown in the pre-
—8.2 Rp) and ATS-1 (atX = —5.6 Rg) spacecraft indicated vious section, contrary to that of the dipolarisation fronts,
earthward propagation of this magnetic structure. Later it wasazimuthal distribution of BBF occurrence rate does not dis-
found that theB; enhancement is accompanied by BBFs play any pronounced dawn—dusk asymmetry. Nonetheless,
(Angelopoulos et al.1992 Ohtani et al. 2004. The en-  because of larg8, the magnetic flux is transported mainly
hancedV x B-electric field (magnetic flux transfer rate) ap- by the dipolarisation frontd {u et al, 2013. Thus, the mag-
peared in the form of 100 s long pulses, referred to as rapid netic flux transport is strongly asymmetric with respect to the
flux transfer eventsSchodel et a).2001). For such struc- midnight meridian with maximum of the occurrence rate dis-
tures, theBz enhancements are spatial structures travellingtribution between G< Y < 8 Rg. This sector of the magneto-
with the flow. tail is also the area of maximum probability of magnetotail

At other times, particularly in the inner magnetosphere,reconnection (see Se@4.1).

plasma flows are not observed during #g enhancements;
in these cases thg,; enhancements do not contribute to local
flux transport and are the result of non-local currents from a
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DFB distribution DFB occurence rate Birn et al. (19973 studied properties of the dispersion-
120 1o 250 less injections observed at GEO by Los Alamos 1989-046
100@ I 1ost i 202 satellite, situated near the magnetic equator in the midnight
:8 g E, 1-5_2 sector of the magnetotail. Their analysis revealed a signifi-
0 2 .8 ] [ ] 1.0§ cant asymmetry in the injection properties with respect to the

20 052 Magnetic Local Time (MLT): proton-only injections are pre-
A— O 1(_)30 L — 0.0% dominantly observed in the evening and pre-midnight sectors
Xoem [Rel Xoem [Rel (18:00-00:00 MLT), whereas electron-only injections are ob-

] o o ) ~served in the post-midnight sector (00:00-05:00 MLT). Near
Elgure 8. Statistical distribution anq occurrence rate of dllpolarlsa- midnight, the probability of both ion and electron injection
tion fronts observed by THEMIS during the 2007-2011 tail seasons <o ations maximises. Another finding is that the probabil-
After Liu et al. (2013. . . S .

ity to observe first proton then electron injections maximises
between 21:00 and 23:00 MLT, whereas the probability to
observe first electron then proton injections is larger at mid-
2.4.4 Energetic particle injections night and in the post-midnight sector (23:00-03:00 MLT).
The azimuthal offset of ion and electron dispersion-
Observations of energetic particles at geosynchronous orbiess injections was confirmed by the simultaneous ob-
(GEO) revealed sudden increases in the particle fluxes thatervations by two closely spaced synchronous satellites
are typically observed during enhanced geomagnetic activit{ Thomsen et al.2007). Similar results were also obtained
(substorms and storms) and referred to as “energetic partiby Sergeev et al2013, who compared MLT distributions
cle injections” (e.gMcllwain, 1974 Mauk and Meng1987. of proton and electron dispersionless injections and auroral
Birn etal, 1997a1998. The injections observed at GEO fall streamers. It was shown that proton (electron) injections are
into two distinct categories: dispersionless and dispersed. Iiseen exclusively at negative (positive MLT, where A MLT
the former case, the enhancement in particle fluxes at differis the difference between MLTs of injection and streamer
ent energies occurs roughly simultaneously, whereas in thebservations (MLI—MLT ). Test particle tracing in mag-
latter case a pronounced delay between the flux enhancemenetic and electric fields resulting from MHD simulations of
at different energies is observed (see 8ign et al, 19973. magnetotail reconnections also showed that ion and elec-
A commonly accepted explanation for these two types of in-tron dispersionless injection boundaries spread azimuthally
jections is that dispersionless injections are observed by auskward and dawnward, respectiveBira et al, 1997h
satellite situated in or near the source of accelerated partiBirn et al, 1998.
cles, whereas dispersed injections are observed by a satellite It is important to emphasise thdispersionles#jections
that is azimuthally distant from the injection source region, were studied in the above discussed works. Thus, the spatial
so that gradient and curvature drifts are responsible for thelawn—dusk asymmetry in ion and electron injections can-
delay in arrival times of particles of different energies (e.g. not be attributed to the gradient and curvature drifts in the
Anderson and Takahasi00Q Zaharia et a.2000. background quasi-dipole field that will lead the energy dis-
A pronounced dawn—dusk asymmetry has been found irpersion. Recent studies, both observation- and test-particle-
spatial distributions of ion and electron injection observed atsimulation-based, have revealed that the dawn—dusk asym-
GEO. It has been found that local time (LT) distribution of metry appears within the fast-flow channel, whe&g is
the occurrence frequency of high-energyd MeV) electron  larger than in the surrounding plasma sheet, and therefore,
flux increase events is asymmetric with respect to midnightin the steady-state reference frame, the electric field (mainly
with a larger rate in the dusk sectdtggai 1982. The dawn—  V x B)is enhancedRirn et al, 2012 Gabrielse et al2012
dusk asymmetry in the MeV electron fluxes was explainedRunov et al. 2013. Although this asymmetry is due to ion
by an increase in ion pressure in the duskside inner magnetdelectron) duskward (dawnward) drift within the channel, be-
sphere during enhanced convection that leads to a magnetiause of finite channel cross-tail size (1IR3 Nakamura
field decrease due to diamagnetic effect and, therefore, tet al, 2004 it does not lead the significant energy dispersion.
the adiabatic decrease in electron fllopez et al. (1990 Injections have also been observed in the outer magneto-
studied dispersionless ion injections observed by AMPTEtail. Bursts of high-energy protons and electrons with dura-
as a function of local time and radial distance. They foundtions varying from 100s to 100s of minutes were observed
an occurrence peak near midnight, with asymmetry towards$y IMP-7 at geocentric distance 35Rg (e.g. Sarris et al.
pre-midnight local times. A similar study, but using electron 1976. Proton bursts were observed equally frequently in
injection measurements from the CRRES satellite was conthe dawn- and dusksides of the magnetotail. However, a
ducted byFriedel et al.(1996 Their analysis showed that strong dawn—dusk asymmetry in the distribution of the in-
the region of dispersionless injections is sharply bounded irtense proton bursts 500 (cnf s sr MeV) ! with majority of
magnetic local time and can have a radial extent of severathese occurring in the dusk magnetotail was revealed. To our
Rg.
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Figure 10.The four regional SMR indices from a superposed epoch
study of 125 storms. (Adapted from Fig. 7\ewell and Gjerloey

Figure 9. Probability and occurrence rate of ion (black) and elec- 2012

tron (blue) dispersionless injections observed by THEMIS. From
Gabrielse et al(2014.

o 2.5 Inner magnetosphere asymmetries
knowledge, no dawn—dusk asymmetry in high-energy elec-

tron bursts has been found in the outer magnetotail. The inner magnetosphere is the region of the magnetosphere
THEMIS observations of ion and electron dispersion- closest to the Earth, reaching out from the ionosphere to the
less injections at geocentric distances from 6~t@0Rg magnetopause on the dayside an8-10Rg on the nightside
were recently statistically studied I§abrielse et al(2014). (exclusive of the polar regions). The structure and dynam-
That study demonstrated (see F®). that the injections ics of the inner magnetosphere are driven by input from the
observed far beyond geosynchronous orbit exhibit a projonosphere and magnetotail and the interaction of this mate-
nounced dawn—-dusk asymmetry. Specifically, (1) at all dis-rial with the dipole magnetic field lines. Energetic particles
tances both ion and electron injections are more frequenthare trapped in this region and undergo a variety of drift mo-
observed in the pre-midnight sector with a peak in probabil-tions due to the gradient and curvature of the magnetic field
ity at ~23:00 MLT, (2) at radial distances larger thatR2  (e.g. Schulz and Lanzerottil974), with electrons drifting
(outer region) the probability to detect ion and electron injec-eastward/dawnward and ions westward/duskward. We detail
tions is quite similar with the electron injection probability asymmetries that occur in the radiation belts, ring current,
offset slightly dawnward of the 23:00 MLT peak, (3) within and plasmasphere regions. Many are likely the result of a
12 Re (inner region) the probability distributions for bothi  zoo of wave—particle interactions, which are discussed sepa-
and € injections are broader than that in the outer region; therately.
electron injection probability being shifted notably towards
dawn from the 23:00 MLT peak. 2.5.1 Ring current symmetries

2.4.5 Magnetotail asymmetries — summary Dusk—dawn asymmetries in the ring current have been
known since 1918 whe@hapman(1918 observed a more
Numerous observations suggest that dynamic processes pronounced disturbance in the north—south) component
the magnetotail occur predominantly on the duskside andpf Earth’'s magnetic field at dusk. The stronger storm-time
typically, localised within severatg in the pre-midnight sec-  disturbance at dusk is generally attributed to the partial ring
tor (Table4). The localisation of convective fast flows, dipo- current Harel et al, 1981). Love and Gannoi(2009 found
larisation fronts and dispersionless particle injections, plasthe difference between the dusk and dawn disturbance to
moids and TCRs can be understood by considering thesbe linearly proportional to the Dst indeXsyganenko et al.
events as direct or indirect consequences of magnetic field2003 modelled the storm-time disturbance of Earth’s mag-
energy release via magnetotail reconnection. Reconnectiometic field using satellite-based magnetometer data for events
in turn, is more probable within the pre-midnight sector be- with Dst minimum at least-65 nT and found a stronger dis-
cause the cross-tail current density is higher and the currerturbance at duskNewell and Gjerloe2012 introduced the
sheet is thinner. What determines the reduced current she&MR (SuperMag Ring current) indices that indicate the aver-
thickness in the pre-midnight sector remains an open quesage perturbation of the horizontal component of the Earth’s
tion. magnetic field measured by a set of ground magnetometer
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Table 4. Asymmetries in the magnetotail dynamics.

Process Asymmetry preference  Source (years) Reference

Near-tail reconnection  more frequent at dusk  Geotail, Cluster (1996—-19E2)stwood et al2010

signatures more frequent at dusk ~ THEMIS (1996-2012) Nagai et al(2013, Imber et al.(201])
Plasmoid/TCR in the more frequent at dusk  ISEE-3 (1982-1983) Slavin et al(1985

mid and distant tail more frequent at dusk ~ ARTEMIS (2010-2012) Lietal. (20149

Bursty bulk flows ambiguous AMPTE, ISEE-1/2 Baumjohann et a1990, Angelopoulos et al1992
Geotail, Cluster, THEMIS Juusola et al2017)

Convective flows more frequent at dusk  Geotail, WIND, Nagai et al(1998, Raj et al.(2002
THEMIS McPherron et al(2011)

Dipolarisation fronts more frequent at dusk ~ THEMIS (2007-2012) Liu et al. (2013

Particle injections more frequent at dusk  GEO Birn et al.(19973

stations centred at four local times: SMR-00, SMR-06, SMR-
12 and SMR-18. In a superposed epoch analysis of 12
storms, they found a consistently stronger perturbation at
dusk, as seen in Fid0. Using an enhanced TS04 modshi
et al. (2008 modelled the perturbation in th& of the low-
to mid-latitude geomagnetic field to determine the contribu-
tions of various currents, including the region 1 and 2 field-
aligned currents, currents that close the Chapman—Ferrar(
current in the magnetopause and through the partial ring cur
rent, respectively. For a weak partial ring current, they found
a day—night asymmetry with negati¥€ perturbation around
noon and positived perturbation around midnight, primar-
ily caused by region 1 field-aligned currents. During storm
main phase, the partial ring current tended to be stronger
pushing the negativél perturbations toward dusk, yielding
a dawn—dusk asymmetry. Solar wind dynamic pressure en
hancements tend to increase the partial ring current and field
aligned currents, resulting in nearly instantaneous measure
ments of the dawn—dusk asymmetryhahperturbations. The
strength of the partial ring current during a storm depends on
preconditioning based on northward or southward IBY=
Using simulationsEbihara and Ejir{2003 explained that LOG FLUX (om* sr ) b2 sy ol

the asymmetry in the magnetic field causes protons with

small pitch angles to drift toward earlier local times than pro- Figure 11.Images from two energy channels, 27-39keV (top row)
tons with larger pitch angles. Ring current ions move alongand 50-60keV (bottom row), from the High Energy Neutral Atom
equipotential surfaces while the first and second adiabatic intHENA) instrument on the IMAGE mission at two times during the
variants are conserved, leading to adiabatic heating toward? August 2000 geomagnetic storm, 08:00 UT (just before mini-

. . mum Dst, left column) and 11:00 UT (just after minimum Dst, right
dusk and cooling toward dawMlillo etal., 199. Skewed )\ rp e i of the Earth and dipole field lines 4 4 and

equatorial electric fields produced by the closure of the par-, _ 8) at 00:00, 06:00, 12:00 and 18:00 MLT are shown in white

tial ring gurrent_durlng gctlve periods cause the. pe_ak in therpe proton distribution peak occurs in the midnight—dawn sector

proton distribution function to occur between midnight and gye to skewed equatorial electric fields produced by the closure of

dawn, as observed in ENA images such as Fig. the partial ring current during active periods. (Adapted from Fig. 7
in Fok et al, 2003 .)

27 -39 keV

50 - 60 keV

2.5.2 Radiation belt asymmetries

Dawn—dusk asymmetries in radiation belt particle fluxes are

not well studied; instead much research has focused on theccur in the regions to be described in S&b.4 Changes
source and loss processes that do preferentially act at certain radiation belt particle fluxes can also be observed, not as a
local times (see recent reviews billan and Thorne 2007, result of particle acceleration or loss to the atmosphere, but
Thorne 201Q for example). Many of these source and loss instead through the displacement of the drift shells on which
processes are related to wave—particle interactions and hentlee particles travel. This displacement is dependent on the
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geometry of the magnetic field in the inner magnetosphere
and hence on the strength of the ring current — the so-called
Dst effect Mcllwain, 1966 Williams et al, 1968. Thus, 4.
any asymmetries in ring current strength can alter the drift
paths of radiation belt electrons which manifests as an asym-
metry in electron flux. There is also evidence for a dawn—
dusk asymmetry in radiation belt electron flux caused by
substorm-related changes in the inner magnetospheric mag
netic field: a more tail-like magnetic field in the dusk sector
shifts the drift path of energetic electrons, effectively moving
the radiation belt to lower latitude&dzutin, 2012).

) Cold Particles

MHoon |l L

Equatorial Plane

2.5.3 Plasmasphere asymmetries

The upward extension of the cold, dense plasma from the
Earth’s ionosphere forms the plasmasphere. Motion of the p Negative

. . . . . ositive
plasmaspheric population is governed by an electric field Hol Particles Wl Particles
made up of two potential components, corotation and con-
vection. The first potential dominates close to the Earth and is
an effect of Earth’s own rotation. The second comes from the
coupling of the solar wind and the magnetosphere and is a re-
sult of sunward return of plasma sheet flow. Figlisshows  Figure 12. Drift paths of cold magnetospheric particles (top) and
how cold particles drift under such potentials. During geo- hot ions and electrons (bottom). The stable plasmasphere (closed
magnetically quiet times, the plasmaspheric particles travefrift paths inside of the separatrix) is shifted towards dusk.
on closedE x B drift shells around the Earth (within the sep-
aratrix), maintaining a fairly steady population. During dis-
turbed times, when dayside reconnection increases, the con-5 4 |nner magnetosphere wave populations
vection potential is enhanced. An increase in the convection

potential will cause an inward motion of thg edge of the plas-|nner magnetospheric wave populations also exhibit dawn—
masphere, or the plasmapause, and erosion of the outer Mgy, asymmetries. The spatial distribution of some inner
terial (Grebowsky 1970 Chen and Wolf 1972 Carpenter  magnetosphere wave populations is illustrated in Egyre-

et al, 1993. Erosion of the outer plasma forms a sunward pq,ced fromrhorne(2010. Whistler mode chorus waves
convecting drainage plume or the plasmaspherlc plume. Tsurutani and SmittL974 are typically found on the dawn
Recent spacecraft measurements with Cluster anqge of the magnetospherki et al., 2009 just outside the

THEMIS as well as imaging from IMAGE have provided asmapause and are linked to cyclotron resonant excitation
insight to the morphology of plumes. During storm onset ¢ injected plasma sheet electroris ét al., 20088. Thus

the dayside plasmasphere surges sunward over a wide ext dawn—dusk asymmetry can be explained by consider-
in local tim_e. As time progresses during the di_sturban_ce,ing the drift paths of the injected electrons (see Sexts4
the extension narrows on the dawn side while staying;nq2 5 5 Electrostatic electron cyclotron harmonic waves
relatively stationary in the dusk extensioBandel et al. g6 5150 linked to the injection of plasma sheet electrons
2001 Goldstein et al.2005. When dayside reconnection .« the inner magnetospherddrne and Thorne2000 and
decreases the narrow plume typically rotates eastward anfla e 4 similar spatial distributiorMeredith et al, 2009.
wraps itself around the plasmasphe@®(dstein etal.2004  pjasmaspheric hiss is another whistler-mode emission that
Spasojet et E_il’ 2009. is mostly observed within the plasmasphere. Hiss also ex-
The extension of cold dense plasma from the plume transpjpits 4 dawn—dusk asymmetry: while average amplitudes of
ports a large amount of mass to the outer magqe_tospherqaﬂss are strongest on the dayside, emission extends into the
Borovsky and Dentor{2008 estimates tr_]at 2 10° 10NS  pre-midnight sector at higher amplitudes than those observed
(34 tonnes of prptons) are transported via plume_s in the lifg, the post-midnight sectoMeredith et al, 2004. The gen-
of a storm. Spatially the plume extends sunward in the dusky4tion of plasmaspheric hiss has recently been linked to the
sector of the dayside magnetosphehgn and Moor€2006  esence of chorus waveium and Santol{005 Bortnik
Borovsky and Denton2008 Darrouzet et 8).2008), intro- g 51 2008 Bortnik et al, 2009, so one might expect them to
ducing a dawn—dusk asymmetry in the mass loading of thg,5ye the same asymmetry. However, ray-tracing simulations
dayside outer magnetosphere. The effect of this asymmer e syggested that chorus-mode waves that are generated
try on solar-wind-magnetosphere coupling is discussed iny the dayside can propagate eastwards and generate hiss in
Sect3.1 the dusk sectorGhen et al.2009.
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N\,\GNETOPAU% drift eastward toward dawn. The field-aligned component of
these electrons is quickly lost through the loss cone, but they

are replenished by pitch-angle scattering. A leading mecha-
nism for pitch-angle scattering is very low frequency (VLF)
whistler-mode chorus wave and electron interactions (e.g.
Thorne 201Q Reeves et al.2009 Summers et al.1998.
Studies have shown that whistler-mode chorus waves are ex-
cited in the region spanning pre-midnight to noon. At around
10:00 MLT the diffuse electron flux decreases, which may
suggest that the whistler-mode chorus waves start weaken-
ing. In the magnetosphere, the electrons continue to drift
eastward, circling the Earth, but they are only observed in
WHISTLER-MODE the ionosphere when and where there are whistler-mode cho-

ﬁ J CHORUS rus waves to pitch-angle scatter them. Contrast this with the
RING CURRENT DRIFTS asymmetry in monoenergetic auroral precipitation (Rig.

) o . . bottom) which peaks in the pre-midnight sector. This distri-
Figure 13. The spatial distribution of various inner magnetosphere |, +ion will be discussed in more detail in SeaR
wave populations (aftéFhorne 2010.

ENHANCED
EMIC WAVES

DRIFT PATH OF
RELATIVISTIC
ELECTRONS

2.6 Asymmetries in the thermosphere and ionosphere

Electromagnetic ion cyclotron (EMIC) waves are excited The ionosphere has often been regarded as a projection of
as a result of temperature anisotropy in ring current ions andnagnetospheric processes that are, in turn, driven by the solar
also exhibit a dawn—dusk asymmetry. They typically occurwind, with the aurora as the most prominent manifestation.
in two frequency bands, just below the hydrogen and heliumHowever, the ionosphere and its dawn—dusk asymmetries in
gyrofrequencies, respectively. The helium band waves domparticular can also have an impact on the magnetosphere. It
inate at dusk and are found between 8 an&kg2vhereas at  is also important to bear in mind that in the thermosphere, up
dawn the hydrogen band waves dominate and are observeld approximately 1000 km altitude, the neutral density is still
between 10 and 1R (Anderson et a).1992 Min et al, significantly higher than the ion density. Collisions between
2012. EMIC wave power is typically larger at dusk than ions and neutrals cause exchange of momentum between the
dawn Min et al, 2012. EMIC waves have also been ob- two species, so motion and dynamics of ions and neutrals
served in the plasmaspheric plumes in the afternoon sednfluence each other.
tor (Morley et al, 2009. Plumes can extend over a wide  Below, we show examples of dawn—dusk asymmetry in
range of L-shells, and wave—particle interactions within themboth neutrals and ions of the thermosphere and its embed-
have been suggested as a source of asymmetric precipitaled ionosphere.
tion of ring current and radiation belt particleBgrovsky
and Denton2009. While EMIC waves may scatter energetic 2.6.1 The neutral atmosphere
particles during individual storms (e.Quan et al, 2012,
statistically EMIC waves are present only 10 % of the time In the thermosphere, i.e. the altitude range from approxi-
in plasmaspheric plumet/éanova et a|2013. mately 85 up to 600 km, the dynamics are mainly dominated

Equatorial magnetosonic waves are another class oby dayside solar heating which drives a diurnal circulation of
whistler-mode emission that are strongly confined to theneutrals from the dayside to the nightside (&ges 1979
equatorial plane. They have frequencies partway between thklanson et al.2002. Due to a combination of the Earth’s
proton gyrofrequency and the lower hybrid frequency (e.g.rotation (which introduces an opposite effect of the Coriolis
Santolik et al.2004). Equatorial magnetosonic waves have force at dawn and dusk) and the fairly slow transport, the in-
been observed both within and outside the plasmapause. Irduced noon—midnight asymmetry in neutral density and tem-
side the plasmapause they are most intense at ddesteith perature becomes shifted towards a dawn—dusk asymmetry.
et al, 2009. Outside the plasmapause they are strongest in Figure 15 reproduced fronKervalishvili and Lihr(2013
the dawn sectoMa et al, 2013. shows maps of the relative thermospheric mass density en-

The spatial distribution of the whistler-mode chorus wave hancementsote| = o /omode) for three local seasons: win-
shown in Fig.13 can be compared with the DMSP observa- ter, combined equinoxes and summer (measurements from
tions of diffuse aurora electron precipitation in Figl (top) Northern and Southern Hemisphere are combined). The
(after Wing et al, 2013. The diffuse electron aurora has a dawn—dusk density asymmetry is most pronounced during
strong dawn—dusk asymmetry and can be observed mainliocal winter, when the solar illumination is minimum and the
between 22:00 and 10:00 MLT. As the plasma sheet electrongansport slower. Asymmetries in the neutral population also
E x B convect earthward, they also curvature and gradientaffect the ionosphere: due to collisions between neutrals and
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722

A. P. Walsh et al.: Dawn—dusk asymmetries

Table 5. Overview of some pronounced dawn—dusk asymmetries in the inner magnetosphere.

Process/property Asymmetry preference

Source

References

Horizontal component

of Earth’s B field

Adiabatic heating of
ring current ions

lon distribution

stronger perturbation at dusk
stronger perturbation at dusk
stronger at dusk

peak at dawn HENA

Ground magnetometer€hapmar(1918; Newell and Gjerloe2012)
GOES, Polar, and Geotaillsyganenko et a(2003
ENA simulations based on
AMPTE/CCE/CHEM data Milillo et al. (1996

Fok et al.(2003

Diffuse aurora electron precipitation

ergs cm2 s

1.0

0

ergs cm2 5!

0.5
| %S
0.25 18.....~\\

o5

|O

Figure 14. The spatial distribution of electron precipitation respon-

sible for the diffuse aurora (top) and monoenergetic aurora (bot-
tom). Note the different sense in the asymmetry of auroral emission

(afterWing et al, 2013.
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ions, a higher neutral density causes enhanced drag and thus
reduced plasma convection (ekprster et al.2008. Also,
higher neutral densities, as shown in Fi§, shift production
levels of O to higher altitudes, where reactions with other
constituents such as@nd NG are less frequent, thus in-
creasing the escape probability. A comprehensive discussion
about the interaction between the neutral atmosphere and the
ionosphere is given iBosinger et al(2013

2.6.2 lonospheric convection

Embedded in the thermosphere is the ionosphere, with the
highest ion concentrations around 200-400 km (the iono-
spheric F layer) where solar ultraviolet radiation (10—100 nm
wavelength) induced ionisation of atomic and molecular oxy-
gen is the dominant formation process.

The ionosphere is magnetically coupled to the magne-
tosphere, and the interaction between the solar wind with
the dayside magnetopause will therefore also directly affect
ionospheric convection. In particular, during a southward ori-
ented IMF, a large-scale fast circulation of plasma in the
magnetosphere is set upuyngey 1961). In the polar iono-
sphere, this circulation is manifested as two large-scale con-
vection vortices. A cross-polar electric field is set up between
the foci of the two vortices. Since this electric field is essen-
tially the projection of the solar wind electric field across the
reconnection line on the dayside, this cross-polar potential is
often used as a proxy solar wind input energy to the magne-
tosphere.

Figure 16 shows maps of ionospheric convection in the
Northern Hemisphere, in the form of potential plots. These
synoptic maps were constructed from electric field measure-
ments from the Cluster Electron Drift Instrument (EDI — see
Paschmann et aR001) mapped down to 400 km altitude in
the ionosphere, and converted to electric potentials by using
the relationE = —V®. Ground-based studies based on the
Super Dual Auroral Radar Network (SuperDARN — see e.g.
Greenwald et a].1995 give similar results. Southern Hemi-
sphere patterns are similar, but are essentially mirrored with
respect to dawn and dusk.

For purely southward IMF conditions (middle panel), the
two large-scale convection cells are clearly apparent. The
flow is mainly antisunward across the central polar cap, but
skewed towards the pre-midnight sector behind the termi-
nator. The dawn—dusk asymmetry is perhaps best seen in
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Winter Equinoxes

e 06h

Figure 15. Colour-coded maps of neutral mass density anomalies in the thermosphere as measured by the Challenging Mini Payload
(CHAMP) satellite at around 400 km altitude. Concentric circles indicate 50, 60, 70 anth&@netic latitudes. Left: local winter con-

dition, i.e. minimum solar illumination. Middle panel, combined equinoxes measurements; right, summer conditions with maximum solar
illumination. In particular during winter conditions a clear dawn—dusk asymmetry can be seerKéxftalishvili and Lihr(2013. .

Sec B SeCXE B o S B, It is hard to envisage magnetospheric pro-
\ / \ cesses as the pnly source .of these asymmetries.
| AR / = Atkinson and Hutchisoi1978 attributed the lack of
{\ f‘t) DR 0 mirror symmetry to nonuniformities in ionospheric conduc-
\ k&\%y A / tivity. They noted that a steep conductivity gradient across
M\V /32/V 5\V\ the day—night terminator tended to give a stronger squeezing
oo sw:z;!:; of the plasma flow toward the dawnside of the polar cap.
North Polar Cap g Tanaka(200]) used simulations with a realistic conductivity
2001/02-2012/11 distribution to reproduce the observed asymmetries, and
EDIC1-C3 also noted that a uniform conductivity yielded symmetric
o convection cells.
Potential [kV] The fact that the dawn—dusk mirror symmetry breaking

00 MLT 00 MLT

can be explained by nonuniformities in ionospheric conduc-
E-based wmap<5.0km/s bias_>=_0.96 MP_dist_>2RE .. . . . . . .
SeclrsB SecorsBey tivity implies that magnetospheric convection is not simply
N =Y the result of processes at the magnetospheric boundaries or
\ in the magnetotail, but that it is modified by ionospheric ef-
DL fects.

Sector 5: Bz-/By-
12 -

2.6.3 lonospheric outflow

Yau et al.(1984 found that upflow of both ® and H" with
Figure 16. Maps of ionospheric convection in the Northern Hemi- energies of 0.01 to 1 keV and pitch angles of 100-168s
sphere during southward IMF conditions. In the middle panel, thelarger at dusk. They also found a minimum in outflow in
IMF is purely southward (i.e. clock angles around H#2.5°). The o
. . ” the post-midnight sector. They also noted that the asymme-
left and right panels show the influence of an additional IBlf~ . . . . .
try was altitude related, which they attributed to ion conic

component (left: clock angles 22522.5°, right: 135+ 22.5°). The .
labels 12, 06, 00, 18 indicate magnetic local times; the concentric® P€am acceleration. In a study Bypllock et al.(1990,

rings indicate 60, 70 and 80 degrees geomagnetic latitude. Plasmowever, the density of upwelling ions with low energies
flows along equipotential lines; density of lines gives an indication (0—50 eV/q) was found to have only a weak relation with
of flow velocity. AfterHaaland et al(2007). . magnetic local time, whereas the upwelling velocities dif-
fered for different ion species. Even with no asymmetry in
the ionospheric source, transport of ionospheric plasma can
cause asymmetric deposition in the magnetosphere. For ex-
the left and right panels. A southward IMF with a posi- ample, Howarth and Yau(2008 used Akebono measure-
tive IMF By component (right panel) rotates the convection ments to study trajectories of polar wind ions. They found
cell patterns, and the main flow channel goes from aroundh strong IMFBy dependence, with deposition primarily in
10:00 MLT on the dayside to 21:00—22:00 MLT on the night- the dusk sector of the plasma sheet when IBlfFwas pos-
side. A negative IMFBy of similar magnitude (left panel), itive, and a more even distribution when IMFy was nega-
however, leads to an almost straight noon—midnight plasmdive. Their study also suggested that ions emanating from the
flow across the polar cap. noon—dusk sector of the ionosphere could travel further in the
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tail, since the magnetic field lines are more curved. Likewise, A Y[Re]
Liao et al.(2010 examined the transport ofQ(mainly from IMF southward -

the cusp region) to the tail lobes. For IMFy positive, O u | 10
from the Northern Hemisphere cusp was found to be more 'm

likely to be transported to the dawn lobe, whereasf@m X[Re]
the Southern Hemisphere cusp/cleft region was transportec
to dusk.

The IMF By-induced asymmetry and opposite effects for

Northern Hemisphere and Southern Hemisphere can proba
bly be explained by corresponding asymmetries in the day-
vection for the hemispheres (elgaaland et a).2007) and
consequently in the transport of cold plasma from the iono-

In addition to the IMFBy-induced asymmetries, observa-
tions also indicate the presence of a persistent dawn—dusl
Haaland et al(2008 noted a persistent duskward convec-
tion, unrelated to IMF direction. Inlaaland et al(2008) this -GL
conductivity gradient in the ionosphere (see S2@&.9. Fur-
thermore,Yau et al.(2012 extended the single-particle sim- ]
dawn—dusk asymmetry. During five geomagnetic storms in- Flux [sTcm?]
vestigated, they found that the deposition of @as on av-
erage~ 3 times higher in dusk than dawn plasma sheet. _ ‘ H

BERL [

tons with thermal and kinetic energy lower than 70 eV), was
reported byLi et al. (2013. Figure17, from this study, illus- Figure 17. Maps of the deposition of cold ion flux from the iono-
of cold ions of ionospheric origin in the dusk sector. In addi- ditions. The top panel shows the deposition of cold ions traced back
tion, there is also a strong IMBy modulation (not shown). to Cluster observations in the Northern Hemisphere polar cap and
source area for the cold ions, and found the polar cap rebacktothe Southern Hemisphere. There is a clear dawn-dusk asym-
gions to be the dominant contributors of cold plasma. Inter-metry with a higher fluxes, and thus larger deposition in the dusk

side reconnection. This, again, leads to an asymmetric con-
sphere via the tail lobes to the plasma sheet. ]
asymmetry in plasma transport. Battoda et al (2003 and X[Re]
asymmetry was related to the above-mentioned day-night
ulation for the O outflow in storm cases and found a clear
A similar result, but using cold ion outflow (mainly pro- <10 105 =206
trates the persistent asymmetry. There is a larger depositiogphere to the plasma sheet during periods with southward IMF con-
Using the same data séi, et al. (2012 also determined the lobes, the lower panels shows the corresponding maps of ions traced
estingly, no significant dawn—dusk asymmetry was found inSector. Adopted fronhi et al. (2013.

the source.
populations and plasma convection in the plasma sheet. The
3 Coupling between regimes lobes of the magnetosphere also experience density asym-
metries under non-zero IMBy, with the northern lobe hav-
3.1 Solar wind — magnetosphere coupling ing higher dawnside density under IMBBy. The IMF By

field penetrates to geosynchronous orbit, creating an asym-
The impact of the solar wind on the Earth’s magnetospherametry in geosynchronouBy of 30 % (Cowley et al, 1983.
drives activity in the magnetospheric system. The most sig-The twisted open flux tubes also result in skewed iono-
nificant coupling of the solar wind to the magnetospherespheric convection pattern&®kigohoniemi and Greenwald
is via reconnection. While reconnection itself is most effi- 2005 Haaland et a).2007, see also Figl6).
cient under southward IMB,, the orientation of the IMF Even when large statistical studies are used with aver-
By strongly influences asymmetries in the reconnection pro-age IMFBy =0, many dawn—dusk asymmetries remain. IMF
cess. For a given event, a non-zero INB will result in data are usually presented in the geocentric solar ecliptic
many asymmetric signatures in the magnetosphere and iondGSE) or the geocentric solar magnetospheric (GSM) sys-
sphere, by imposing a torque on the magnetic field flux tubegsems, where the axis is defined as pointing from the Earth
and their transport from dayside to nightsi@o(vley, 1981). toward the Sun. The large majority of magnetospheric stud-
Such a torque leads to tail flux asymmetry and shifted night-ies are presented in such coordinate systems. They are useful
side reconnection, and therefore asymmetries in particldor displaying satellite trajectories, solar wind velocity and

Ann. Geophys., 32, 705437, 2014 www.ann-geophys.net/32/705/2014/



A. P. Walsh et al.: Dawn—dusk asymmetries 725

Table 6.lonospheric and thermospheric dawn—dusk asymmetries.

Process/property Asymmetry Explanation Reference

Large-scale convection clockwise rotation ionospheric conductiviftkinson and Hutchiso(1978; Tanaka(2007)
of convection cells Ridley et al.(20049

Thermospheric density anomaly  higher densities solar illumination,
on dusk local heating, transport Kervalishvili and Lihr(2013

Coriolis force opposing ion drift on
dawn, enhancing on dusk Kervalishvili and Luhr(2013

magnetic field measurements, magnetopause and bow shosblar-wind magnetospheric coupling or the geoeffectiveness
positions, magnetosheath and magnetotail magnetic fieldsf solar wind structures. When a plume extends to the
and plasma flows, etc. A solar wind velocity flowing straight magnetopauseE(phic et al, 1996 McFadden et a].2008

from the Sun to the Earth would only havéd/g component  B. M. Walsh et al, 2013 it will mass load a spatial region

in such a system, witlvy =V, =0. However, this does not at the magnetopause, typically on the duskside. As the den-
take into account the aberration, or rotation, of the solar windsity increases, the localised reconnection rate will decrease
due to the Earth’s motion through space orbiting the Sun.causing a decrease in couplirBofovsky et al. 2009. It is
Since the Earth is moving in theYgsgdirection, a small ro-  uncertain whether this localised decrease can be significant
tation of the coordinate system is required to identify the trueenough to impact the magnetospheric convection system.
flow direction impacting on the Earth’s magnetopause. The

aberrated GSE coordinate system (AGSE) removes this smafj.2 Magnetosphere—ionosphere coupling

bias with the rotation angyperr= tan (Ve / Vsw) WhereVg

is the velocity of the Earth around the Sun (30km)sMany  The ionosphere plays an active role in determining the state
studies that present dawn—dusk asymmetries do not Uti“S@f magnetospheric convection, providing closure for the
the AGSE or AGSM coordinate systems. magnetospheric currents. The amount of current that can
Magnetosheath asymmetries are a direct result of solape carried through the ionosphere is determined by iono-
wind driving. The motion of dayside reconnected flux tubes spheric conductivity. It has been noticed that the day—night
is asymmetric based on the IMF directioBdoling et al.  gradient of the ionospheric conductivity produces the dawn—
200]) such that the IMF clock angle controls the location of dusk asymmetry in the po|ar cap ConvectiMMnson and
flux transport event (FTE) signatureSefar et al.2012. I Hutchison 1978. Observations and modelling suggest that
general, more FTEs are observed on the dusk sector of thghe two-cell ionospheric convection pattern is rotated clock-
magnetopause. Initially, this was attributed to stronger duskwise with respect to the noon—-midnight meridian even for
side magnetic field in the magnetosheath due to Parker spiralMF By ~ 0 conditions (e.gRidley et al, 2004 Ruohoniemi
IMF draping Kawano and Russell99§. However, recent  and Greenwald2005 Haaland et a).2007 Cousins and
results found that the differences in FTE occurrence by IMFShepherd201Q see also Sec?.6.2and Fig.16).
spiral angle sector are not consistent with the Parker spiral The dawn—dusk asymmetry in ionospheric convection re-
IMF orientation /. L. Wang et al, 2009. sulting from the conductance gradient (eAtkinson and
The magnetopause boundary becomes more asymmetriqutchison 1978 Tanaka 2001, Ridley et al, 2004 may af-
under strongly driven southward IMBz, such that geosyn-  fect the geometry of magnetotail lobes and, therefore, the
chronous spacecraft are more likely to encounter the magnegeometry of plasma and current sheghang et al.(2012
tOpause on the dawn side rather than the duskgidetriev use three-dimensional g|oba| MHD Lyon_Fedder_Mobarry
et al. (2009 suggested that this could be due to either more(LFM) model to simulate a magnetosphere response on so-
intensive magnetopause erosion on the pre-noon/dawn seggr wind/IMF driving. The realistic model of the ionospheric
tor, or the asymmetric ring current effect “pushing” the dusk- conductance included effects of electron precipitation and
side magnetopause farther out. While the asymmetric ringsolar UV ionisation. The numerical experiment was con-
current during storms is a result of ion drift toward dusk, so- trolled to eliminate all asymmetries and variability in the so-
lar wind pressure enhancements can increase the asymmeyr wind to isolate an effect of the ionospheric state on mag-
try of an already asymmetric ring current by inducing an netotail activity. These controlled simulations Blyang et al.
azimuthal electric field that locally energises particl88i( (2012 suggest that the ionospheric conductance can regulate
etal, 2009. the distribution of fast flows in the magnetotail so that the
The coupling does not only operate in one direction; flows are more intense in the pre-midnight plasma sheet.
magnetospheric conditions can also change the solar-wind— The simulations bZhang et al(2012 have revealed that
magnetosphere couplingBorovsky and Denton(200§  gradients in Hall ionospheric conductance are necessary to
have proposed that the plasmaspheric plume will decreasgreate the dawn—dusk asymmetry (note that neither BYF
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nor solar windVy were included). These simulations are con- electrons are lost to precipitation on the dawn side. For pro-
firmed by observations; the observed distributions of Halltons, the ions take longer to drift toward the duskside, allow-
conductance lead to a rotation in the polar cap convectioring more losses to precipitation. Temperatures also exhibit
in order to preserve current continuity. The rotation resultsan asymmetry — with hotter ion temperatures toward dusk. In
in the displacement of the symmetry axis of the two-cell addition to the gradient—curvature drift yielding higher ion
convection from the noon—midnight meridian to the 11:00—temperatures toward dusk in the magnetotail, higher energy
23:00LT as shown in Figl6. The clockwise rotation of the ions that drift toward dawn are preferentially lost to parti-
convection pattern causes more open flux to be diverted toele precipitation Denton et al.2006. During a geomagnetic
wards the duskside of the magnetotail. This results in dawn-storm, ion temperatures toward dusk increase while those to-
dusk asymmetry of loading and, consequently, reconnectionvard dawn decrease, yielding a more pronounced asymmetry
of magnetic flux in the plasma she&ngith, 2012. Numer-  around minimum Dst. Such cold temperatures in the dawn—
ical tests including clockwise as well as (unrealistic) anti- noon sector have been observed during geomagnetic storms
clockwise rotation of the polar cap convection pattern havewith in situ measurements at geosynchronous ofénton
shown a linear correlation between a degree of convectioret al, 200§ and with remote TWINS ENA measurements
pattern rotation and a degree of reconnection asymmetry. (Keesee et al2012).

The ionospheric outflow may also influence the processes During enhanced geomagnetic activity, plasma sheet
in the magnetotail plasma sheet. It has been arguddhkgr  ions penetrate deep into the inner magnetosphere (e.g.
et al.(1982 that asymmetries in the distribution of enhanced Ganushkina et 31.200Q Runov et al. 2008. The low-
density of O" may define regions in the plasma sheet whereenergy & 10keV) part of this population is subject to the
tearing mode growth rate are increased and the instabilityco-rotation drift and drifts dawnward, whereas the high-
threshold is lowered. They pointed out that statistical stud-energy & 10 keV) part drifts duskward following gradient-
ies of OF concentration in the plasma sheet revealed sig-and curvature-drift paths (see Fifj2). A population with
nificant dawn—dusk asymmetry with larger occurrence rateenergy~ 10 keV often becomes “stagnant”, forming the so-
in the pre-midnight sector. Adopting the criterion for onset called “ion nose structures” because of a characteristic shape
of the linear ion tearing instabilitySchindler 1974, Baker  of the energy spectrogram (e.Ganushkina et gl.2000.
et al. (1982 studied the possible role of the ionospherit O Statistical studies of ion nose structures observed by Po-
ions in the development of plasma sheet tearing. Their anallar/CAMMICE revealed dawn—dusk asymmetry in the event
ysis resulted in maximum tearing growth rate in the range ofdistribution with larger occurrence rate in the dusk sector.

—15< Xgsm < —10Rg and Ygsm ~ 5 Re. Recent statisti- In general, enhanced plasma sheet convection and ener-
cal studies of Geotail/EPIC data have confirmed that averaggetic plasma sheet patrticle injections build up an asymmetric
energy of the O ions increases toward dus®ljtani et al. pressure in the inner magnetosphere with stronger enhance-
2011). ment on the duskside that results from asymmetric drifts of

The observed asymmetry in monoenergetic auroral elecenergetic ions and electrons. Duskward gradient and curva-
tron precipitation (Fig14, bottom) is also thought, in part, to ture drifts of energetic ions lead to localised pressure in-
be a result of magnetosphere—ionosphere coupling. The presreases.
cipitating energy flux can be associated with the upward re-
gion 1 field-aligned currents, which are mostly located in the
pre-midnight sector (e.g\ing et al, 2013 and references 4 Open Issues and inconsistencies
therein).

Many of the dawn—dusk asymmetries discussed in the previ-
3.2.1 Plasma sheet and the inner magnetosphere ous sections can be explained by asymmetries in the input.
In particular, the IMF interaction with the magnetosphere is
As geomagnetic activity increases, the boundary betweemnown to impose significant asymmetries in the plasma en-
open and closed drift paths moves closer to Earth. Thustry and flux transport. On the other hand, the difference in
protons and electrons from the plasma sheet are able to agehaviour/motion of ions and electrons in nonuniform fields
cess geosynchronous orbit during storms. Using LANL-MPA is another source of asymmetries. However the relative im-
(Los Alamos National Laboratory Magnetospheric Plasmaportance of these two mechanisms is largely unknown.
Analyzer) measurement&orth et al.(1999 found higher Below, we try to identify some still-open issues in our
densities toward dawn for both electrons and ions (with en-understanding of dawn—dusk asymmetries observed in the
ergies 1eV-40keV) at geosynchronous orbit during peri-Earth’s magnetosphere and ionosphere.
ods of higher geomagnetic activity. For low geomagnetic ac-
tivity, the electron and ion densities peak at midnight, but4.1 External versus internal influence
the reasons for lower densities at dawn and dusk differ. For
electrons, the duskside region is dominated by closed driftAs seen in Sects2.1 and 2.1.2 pronounced dawn-dusk
paths for electron plasma sheet energies while plasma sheasymmetries exist in the magnetosheath. A still open
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question is the degree to which this asymmetry translates /
into a corresponding asymmetry inside the magnetopause,
and whether this can explain e.g. the observed asymmetries
in observed properties and processes in the nightside plasma
sheet.

The relative importance of the ionosphere for magneto-
spheric dawn—-dusk asymmetries is also largely unknown.
Conductivity effects as discussed in Seds.2 and 3.1
are believed to cause a local ionospheric asymmetry in the
ionospheric plasma transport, but their effect on magnetotail
flows is still disputed. Likewise, neutral density and wind can
influence both ion outflow and ionospheric drag, but the role
of the thermosphere for large-scale magnetospheric dawn—

dusk asymmetries is still largely unknown. D 0. | ®th
o // \ [=)
: nergy

4.2 Ring current closure mergy
g

J
One of the first scientific observations of a dawn—dusk asym- J v A T T T T T T T T T MMM

metry in geospace was reported Bhapman(1918. He
noted that ground magnetic perturbations associated with ge-
omagnetic storms were larger at dusk. The first direct ob- .|||‘|||m““m ®
servations of an asymmetric ring current were made in the ¥

early 1970s (e.g-rank 1970 as spacecraft observations be-
came available. An asymmetry in the ring current naturally |
raises the question of current closure. Initially, the observed
dawn—dusk asymmetry, or partial ring current, was mainly
attributed to divergence either through field-aligned currents
into the ionosphere, through the cross-tail current or as local
current loops within the magnetosphere (&igmohn et al,

2013. The recent results frordaaland and Gjerloef2013 l
indicate a mutual influence between the ring current and
magnetopause current, although a clear current loop connect-
ing the ring current with the magnetopause current has not
been firmly established.

Figure 18. Schematic diagram showing some of the iden-
tified dawn-dusk asymmetries in the coupled solar wind—
magnetosphere—ionosphere system. The configuration for a Parker

As di din Se@.5the pl heric ol . bl spiral orientation of the IMF is shown. (1) The foreshock shows a
S discussed In Ssed.othe plasmaspheric plume s capable greater occurrence of ULF waves in the quasi-perpendicular shock

of transporting large amounts of plasma from the dense plasegion towards dawn; (2) the magnetosheath is thinner, more tur-
masphere to the outer magnetosphere, primarily in the duskylent and denser at dawn, but magnetic field strength is greater
sector. Mass loading of the dayside magnetopause in this rest dusk; (3) the magnetopause is thicker at dawn, but the magne-
gion has been shown to impact reconnectiBn ¥I. Walsh  topause current density is greater at dusk; (4) the plasmasphere ex-
et al, 2013 and could impact the efficiency of solar-wind— tends out to the magnetopause in plumes, typically seen on the dusk-
magnetosphere couplinBorovsky et al(2013 predict that ~ side; (5) the ring current is asymmetric and stronger on the dusk-
the plume can reduce reconnection by up to 55% duringside; (6) high energy particle injections at geosynchronous orbit are
coronal mass ejections (CMEs) or high-speed streams. On &0re common on the duskside; (7) magnetotail ions are made up
larger scaleBorovsky and Dento(2006 looked at geomag- of hot and CF"d populanons — the hot pOP“'?‘“OF‘ is colder a.nd t.he
netic activity with and without a plume present at geosyn- cold population is hotter towards dawn (distributions shown in dif-

. - . ferential energy flux); (8) the occurrence of convective fast flows
C!’]ro.n.ous orbit and concluded that the 'm_paCt Of the plume 'Sh the tail shows no dawn—dusk asymmetry, but flows towards dusk
significant enough to reduce geomagnetic activity.

are faster; (9) the magnetotail current sheet is thicker towards dawn
By contrast,Lopez et al.(2010 argue that although the ang the current density is greater towards dusk; (10) signatures of
plume may reduce the reconnection rate locally where highreconnection are more commonly seen towards dusk.

density material contacts the magnetopause, the total re-
connection rate integrated across the full X-line should not
change significantly. In theopez et al.(2010Q model, the

4.3 The impact of the plume on magnetospheric driving
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density asymmetry would not significantly impact magne- dawn—dusk asymmetry arises as a consequence of gradient
tospheric convection or the development of storms. Under-and curvature drift of particles; electrons and ions are de-
standing the full impact of the plume on reconnection andflected in opposite directions. This is most pronounced for
storm dynamics remains an open issue. the inner magnetosphere, where the magnetic gradients are
stronger. A prominent example is the asymmetric ring cur-
rent (5), with a stronger net current on the duskside.
5 Summary and conclusions In Sect.2.6 we discussed dawn—dusk asymmetries in the
thermosphere and its embedded ionosphere. In addition to
Asymmetries are ubiquitous features of the Earth’'s magneasymmetries imposed by the magnetosphere, these regions
tosphere and plasma environment. Noon—midnight asymmealso possess locally induced dawn—dusk asymmetries. Dif-
tries are mainly governed by solar illumination resulting in ferences in thermospheric heating and conductivity gradients
strongly asymmetric ionisation in the nightside and dayside.in the ionosphere are two prominent examples.
Magnetic gradients due to the compressed sunward-facing In order to fully understand the dynamic behaviour of
magnetosphere on noon and the corresponding stretchegkospace, including mechanisms responsible for dawn—dusk
magnetotail tail in the nightside also introduces a significantasymmetry, we must treat the solar wind, magnetosphere and
noon—midnight asymmetry. Similarly, north—south asymme-ionosphere as a fully coupled system. As seen in Sekey
tries can often be explained by seasonal differences in illumi-aspects in regulating the response of this coupled system are
nation of the two hemispheres, and consequently differencethe degree of feedback provided by the magnetosphere to the
in ionospheric conductivity. Differences in the geomagneticsolar wind input, and the feedback from the ionosphere to
field between the two hemispheres will also create north-the magnetosphere. The feedback from the ionosphere, both
south asymmetries in ionospheric plasma motion. in the form of ion outflow (discussed in Se@.6.3 and
Persistent dawn—dusk asymmetries, on the other handhe role of ionospheric conductivity (discussed in S8c2)
have received less attention and are not always easy to extave been studied extensively, and are believed to influence
plain. In this paper, we have tried to give an overview of the magnetosphere. Magnetospheric feedback to the magne-
prominent dawn—dusk observational features and their postopause and bow shock regions, for example the effect of the
sible explanations. Figurk8 gives a schematic overview of plume (labelled (4) in Figl8) on dayside reconnection (dis-
some of the dawn—dusk asymmetries discussed in this papetussed in Sect4.3) is still largely unexplored, however. It
We have focused on four key aspects: (1) the role of externais therefore fair to say that there are still major gaps in our
influences such as the solar wind and its interaction with theunderstanding of phenomena that introduce asymmetries in
Earth’s magnetosphere; (2) properties of the magnetosphergeospace.
itself; (3) the role of the ionosphere for magnetospheric dy-
namics, and (4) the coupling between the solar wind, magne-
tosphere and ionosphere. AcknowledgementsThis paper is the output of the International
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External drivers are not fully able to explain all dawn—dusk
asymmetry, though. As discussed in Sech, a noticeable
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