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Abstract The plasma sheet is populated in part by the solar wind plasma. Four solar en-
try mechanisms are examined: (1) double cusp or double lobe reconnection, (2) Kelvin-
Helmholtz Instability (KHI), (3) Kinetic Alfvén waves (KAW), and (4) Impulsive Penetra-
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tion. These mechanisms can efficiently fill the plasma sheet with cold dense ions during
northward interplanetary magnetic field (IMF). The solar wind ions appear to have been
heated upon entry along the plasma sheet dawn flank. The cold-component (solar wind ori-
gin) ion density is higher on the dawn flank than the dusk flank. The asymmetric evolution
of the KAW and magnetic reconnection in association with the KHI at the dawn and dusk
flank magnetopause may partly produce the dawn-dusk temperature and density asymme-
tries. Solar wind that crosses the magnetopause lowers the specific entropy (s = p/ργ ) of
the plasma sheet along the flanks. Subsequent transport of the cold ions from the flanks to
the midnight meridian increases s by a factor of 5. Ti , Te, si , and se increase when the so-
lar wind particles are transported across the magnetopause, but Ti/Te is roughly conserved.
Within the magnetotail, E × B and curvature and gradient drifts play important roles in the
plasma transport and can explain the large features seen in the plasma sheet. Turbulence can
also play a significant role, particularly in the cold plasma transport from the flanks to the
midnight meridian. Total entropy (S = pV γ ) conservation provides important constraints on
the plasma sheet transport, e.g., fast flows.

Keywords Solar wind entry · Particle transport · Double cusp (lobe) reconnection ·
Kelvin-Helmholtz · Kinetic Alfvén wave (KAW) · Entropy · Fast flow · Turbulence · Ion to
electron temperature ratio · Ion outflow

Key Points (1) Double cusp reconnection, KHI, KAW, and impulsive penetration can play
significant roles in filling the plasma sheet. (2) Observations of dawn-dusk density and tem-
perature asymmetries suggest that KAW may play a role in particle heating during solar
wind entry at the dawn flank. (3) Ti/Te is roughly conserved during solar wind entry, even
though specific entropy (s = p/ργ ) is not conserved. (4) E×B, curvature and gradient drifts
can explain large scale features in the plasma sheet. (5) Turbulence can play a significant
role in cold plasma transport from the flanks to the center of the plasma sheet. (6) Total
entropy (S = pV γ ) can provide constraints on the plasma transport within the plasma sheet.

1 Introduction

The Earth’s magnetosphere forms by the interaction of the solar wind and the interplane-
tary magnetic field (IMF) with Earth’s intrinsic magnetic field. On the sunward side, the
Earth’s field, which is mainly dipolar, is compressed, whereas on the nightside, the field
is stretched out in an elongated fashion that resembles a tail like configuration that is re-
ferred to as the magnetotail. The magnetotail consists mainly of the northern and south-
ern lobes, which are separated by the plasma sheet. The lobes typically have lower den-
sities and temperatures than the plasma sheet. Because the lobes bulge out into the solar
wind flow, a force is imparted on the magnetotail towards its center. The lobes transmit
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this force, which is balanced by the plasma pressure in the plasma sheet (Coroniti and
Kennel 1972). While this pressure equilibrium exists most of the time, the plasma sheet
can also be highly dynamic. In particular, the lobes and the plasma sheet can store en-
ergy, which is often released in explosive fashion, such as during substorms and storms
(McPherron 1991). The plasma sheet continuously looses plasma. Part of the losses comes
through precipitation into the ionosphere; however, the majority of the losses occur by
plasma flowing out through the back of the tail. For the latter loss process to be effec-
tive, closed field lines of the plasma sheet need to reconnect and form plasmoids that are
ejected from the tail together with the plasma they carry. This process is highly dynamic
and correlates with geomagnetic activity and IMF direction. The total losses during quiet
times have been estimated to be of the order of 1025 to 1026 particles per second (Hill 1974;
Nishida and Hones 1974), whereas loss rates during active times can be 1–2 orders of mag-
nitude larger.

Determining the sources of the plasma sheet has thus been a fundamental problem
of magnetospheric physics for a long time. Although it is known that the only substan-
tive sources for magnetotail plasma are the solar wind and the ionosphere, their rela-
tive importance, the particle paths, and their energization, are still poorly known (e.g.,
Williams 1997). Early investigations focused on the solar wind source, after it was es-
tablished that the magnetosphere is open by way of magnetic reconnection most of the
time (Paschmann et al. 1979; Sonnerup et al. 1981), which had previously been pre-
dicted by Dungey (1961). With the discovery of the plasma mantle (Hones et al. 1973;
Rosenbauer et al. 1975) solar wind plasma was seen streaming along open lobe field lines
into the tail. The mantle could also be explained in terms of MHD (Siscoe and Sanchez 1987;
Sanchez et al. 1990) as an expansion fan that emanates from the tailward edge of the cusp
and propagates towards the tail center. In terms of particle drift, the particles of the man-
tle E × B drift towards the distant tail plasma sheet. Once those particles reach the plasma
sheet they would interact with the current sheet and follow Speiser type orbits (Speiser
1965, 1967) that would energize and thermalize the particles. Provided there is an x-
line tailward of the locations where the mantle particles enter the tail, the plasma would
be trapped on closed field lines and thus provide a source of the plasma sheet (Cowley
and Southwood 1980; Cowley 1980). Pilipp and Morfill (1978) constructed quantitative
models of this entry mechanism. They used empirical magnetic and electric field mod-
els to calculate the entry rates and came to the conclusion that the mantle could supply
enough plasma to the plasma sheet to compensate for the losses, which were estimated
to be of the order of 1025 to 1026 particles per second during quiet times (Hill 1974;
Nishida and Hones 1974). Later, it was shown that the ionosphere as well could provide
the same flux of particles to the plasma sheet (Chappell et al. 1987).

However, each of these models has issues. The presence of significant amounts of iono-
spheric plasma, i.e., oxygen ions, is mostly restricted to the storm-time plasma sheet. It is
also difficult to explain how ionospheric protons would be heated, because when they es-
cape the ionosphere they have very low energies, typically 10–100 times less than plasma
sheet ions. Ionospheric outflow is also strongly modulated by the solar EUV flux and
the amount of the ionospheric origin plasma population in the plasma sheet was found
to be modulated by the geomagnetic and solar activity (e.g., Maggiolo and Kistler 2014;
Mouikis et al. 2010). While ionospheric plasma plays a role in the plasma sheet, and at times
may even dominate the plasma pressure there, we will leave the discussion of its properties
to other papers (e.g., Kistler et al. 2010, 2006).

The mantle model also has several issues. First, it assumes that the IMF is southward and
dayside reconnection provides a steady supply of open field lines convecting into the tail
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carrying magnetosheath plasma. In reality, the typical IMF orientation is Parker spiral like,
with a small IMF Bz component, either southward or northward. Under such conditions,
the symmetries assumed in the entry models do not exist and thus the models might require
serious modification. Indeed, these asymmetries are observed (Gosling et al. 1985) and call
into question the validity of these models. Second, Erickson and Wolf (1980) showed that
steady convection from the distant neutral line to the near-Earth plasma sheet is impossi-
ble, because it would lead to a near-Earth pressure buildup that would choke convection.
Since mantle plasma reaches the plasma sheet far down the tail, around 100 RE, even if
that plasma were captured somehow in the plasma sheet, it would never make it close to
the Earth. There is also not much evidence that a steady x-line exists beyond lunar dis-
tance, thus most of the mantle plasma likely keeps moving anti-sunward once it reaches
the current sheet. Third, modern observations of the near-Earth, midtail, and lunar-distance
plasma sheet by the THEMIS, ARTEMIS, and other probes, have now created a picture
that is significantly different from the cartoons of the 70s and 80s. Laminar flows and well-
ordered fields rarely exist in the plasma sheet. Instead, transport primarily occurs in spatially
and temporally bursts, called Bursty Bulk Flows (BBFs) and dipolarization fronts (DFs)
that transport plasma and field both earthward (Angelopoulos et al. 1992, 1994; Nakamura
et al. 2005; Runov et al. 2009, 2011a, 2011b) and tailward (Kiehas et al. 2012). Since it
is well established that plasma sheet properties such as density, pressure, and temperature
are correlated with solar wind conditions (e.g., Borovsky et al. 1998a; Terasawa et al. 1997;
Wing and Newell 2002; Lavraud et al. 2006a; Nagata et al. 2008), the solar wind is likely to
provide the bulk of the plasma sheet plasma; however, the path the solar wind takes to reach
the plasma sheet and the subsequent plasma transport within the plasma sheet is not always
clear.

While during southward IMF conditions, reconnection occurs at the magnetopause on
the dayside at low-latitude as depicted in Fig. 1a, during northward IMF conditions re-
connection occurs at high-latitude poleward of the cusp as depicted in Fig. 1b. It was
long believed that the magnetosphere–solar wind coupling is stronger and reconnection
rate is higher during southward than northward IMF (e.g., Perreault and Akasofu 1978;
Newell et al. 2007). However, over the past 15 years evidence mounted that compared to
southward IMF conditions, more solar wind particles enter the magnetotail during north-
ward IMF conditions. In particular, an extended period of northward IMF generally leads
to the formation of a cold and dense plasma sheet (CDPS) (e.g., Terasawa et al. 1997;
Fujimoto et al. 1998; Wing and Newell 2002; Stenuit et al. 2002) compared to the more
common hot and tenuous plasma sheet. CDPS is characterized by low temperature (<1 keV)
and high density (>1 cm−3), whereas the more typical hot and tenuous plasma sheet has a
temperature of several keV and a density less than 0.1 cm−3.

Reconnection may also play an important role in transporting solar wind plasma into the
magnetotail during periods of northward IMF. High latitude reconnection, where the Earth’s
field lines are reconnected behind the cusps with IMF field lines in both hemispheres, forms
new closed field lines filled with magnetosheath plasma (“double cusp or double lobe recon-
nection”) (Crooker 1992; Song and Russell 1992; Le et al. 1996; Sandholt et al. 1999; Fuse-
lier et al. 2002a, 2002b; Øieroset et al. 2005; Lavraud et al. 2005a, 2006d; Imber et al. 2006;
Pitout et al. 2012), which then become part of the magnetosphere. Magnetohydrodynamic
(MHD) simulations have been performed to show that this process can effectively bring
magnetosheath plasma into plasma sheet (Raeder et al. 1995, 1997). This process is de-
picted in Fig. 2, which can be contrasted with Fig. 1a. Figure 2, from an MHD simulation
(Li et al. 2005), shows the time sequence of a field line as it convects with the solar wind,
crosses the bow shock, and then reconnects sequentially in short order with lobe field lines
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Fig. 1 Schematic of solar wind plasma circulation and magnetic topology of the magnetosphere in the con-
text of magnetic reconnection for (a) southward and (b) northward IMF directions. (Adapted from Lavraud
et al. 2006c)

Fig. 2 OpenGGCM simulation (Raeder 2003) of the October 23, 2003 CDPS event. The color-coded equa-
torial plane shows the plasma density. The pink line traces a fluid element from the solar wind into the plasma
sheet, where the CDPS is observed. The dark blue line shows the frozen-in magnetic field lines. The red dots
are the magnetic nulls. The red, yellow, and green axes are Geocentric Solar Ecliptic (GSE) X, Y , and Z

axes, respectively. The numbers 1–19 indicate the progression of the field line in time. A sequence of field
lines attached to that fluid element are drawn in blue. The sequence shows how the field line that convects
with the fluid element changes its topology from solar wind (unconnected) to closed, i.e., the transition from
6 to 7, thereby capturing the fluid element. (From Li et al. 2005)

in each hemisphere. After that, the field line, along with the captured magnetosheath plasma,
slowly (on a time scale of 1–3 h) convects into the tail. Initially, the newly closed dayside
field line would move sunward and then it would move tailward to the flanks.
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Fig. 3 Three dimensional view
of the magnetosphere showing
the KH vortices at the duskside
magnetopause. (From Hasegawa
et al. 2004b)

Another possible solar wind entry mechanism is Kelvin-Helmholtz Instability (KHI).
Kelvin-Helmholtz waves grow along an inhomogeneous velocity shear layer (as found
on the flank magnetopause) and eventually develop a rolled up vortex pattern in density
and magnetic field, as illustrated in Fig. 3. KHI has been successfully simulated with
local MHD simulations (e.g., Otto and Fairfield 2000; Nakamura and Fujimoto 2005;
Nykyri and Otto 2001; Nykyri et al. 2006; Matsumoto and Hoshino 2004, 2006; Mat-
sumoto and Seki 2010), global MHD (e.g. Guo et al. 2010; Merkin et al. 2013), Hall-
MHD (e.g., Nykyri and Otto 2004; Faganello et al. 2012), two fluid with electron inertia
(e.g., Nakamura et al. 2005, 2006; Nakamura and Fujimoto 2008), hybrid (e.g., Thomas
and Winske 1991, 1993; Fujimoto and Terasawa 1994, 1995; Cowee et al. 2009, 2010;
Delamere 2009; Delamere et al. 2011, 2013; Paral and Rankin 2013) and full particle sim-
ulations (e.g., Nakamura et al. 2011, 2013). Observational signatures of these vortices have
been found on the dusk and dawn flanks of the magnetosphere (e.g., Fairfield et al. 2000;
Fujimoto et al. 2003; Hasegawa et al. 2006). Moreover, reconnection in the nonlinear
stage of the KHI could lead to the detachment of plasma from the vortex structures,
leading to significant transport across the magnetopause (e.g., Otto and Fairfield 2000;
Nykyri et al. 2006). Hybrid simulations have indicated that ion blobs could become de-
tached from the vortex structure of the KHI and could provide filaments, producing a mixing
of plasma in the shear layer (Thomas and Winske 1991, 1993; Fujimoto and Terasawa 1994,
1995). Hasegawa et al. (2006) noted that there is an inverse relationship between the magne-
tospheric plasma density and tailward flow speed in KH vortices, leading to the development
of an algorithm for detecting rolled up KH vortices with a single spacecraft.

In addition to KH waves, large-amplitude Alfvén waves have also been observed on
the magnetospheric boundary (e.g., Tsurutani et al. 1982; LaBelle and Treumann 1988;
Anderson and Fuselier 1994). There is evidence that the waves could be the result of
mode conversion of magnetosheath compressions in the sharp magnetopause gradients
at the magnetopause (Lee et al. 1994; Johnson and Cheng 1997; Johnson et al. 2001).
Because the wavelength of the mode converted waves is on the order of the ion gyro-
radius, they can lead to efficient convective and diffusive transport of ions across the
magnetopause, as illustrated in Fig. 4 (Johnson and Cheng 1997; Chen 1999; Chaston
et al. 2008). The mode conversion process has been simulated with 2D hybrid sim-
ulations (Lin et al. 2010) showing linear mode conversion, and 3D simulations (Lin
et al. 2012) showing nonlinear decay of the mode converted waves such that transport is
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Fig. 4 Three dimensional view
of the magnetosphere showing
kinetic Alfvén waves in the
magnetosheath leading to
magnetosheath plasma entry into
the magnetosphere

greatly enhanced because of the development of modes with large azimuthal wave num-
ber. Kinetic Alfvén waves (KAWs) also lead to nonlinear transverse plasma heating be-
cause of the large amplitudes observed at the magnetopause (Johnson and Cheng 2001;
Chaston et al. 2008).

Direct or impulsive entry of magnetosheath plasma jets/blobs as those observed in situ
by Cluster and/or THEMIS (Karlsson et al. 2012; Archer and Horbury 2013; Plaschke et al.
2013; Lundin and Aparicio 1982; Gunell et al. 2012) can occur at all latitudes and magnetic
local times provided the magnetosheath irregularities have enough momentum to cross the
magnetopause (Lemaire 1977; Lemaire and Roth 1978). This is illustrated in Fig. 5. The
penetration of the magnetopause is possible due to kinetic effects at the edges of the 3D
plasma jets/blobs that create space charge layers that sustain an electric field, EP, enabling
the forward motion of the core of the blob with the bulk velocity, EP × B0, where B0 is the
background magnetic field (Schmidt 1960). Once inside the magnetosphere the jets/blobs
are slowed down by two competing processes: (i) the adiabatic breaking and transformation
of the motional energy into gyration energy (Lemaire 1985; Demidenko et al. 1969) and
(ii) short circuiting of the polarization electric field by the conducting ionosphere connected
to the blob by the “closed” geomagnetic field lines (Lemaire and Roth 1991; Baker and
Hammel 1965).

These four processes are not necessarily mutually exclusive and have all been demon-
strated to be capable to transport plasma across magnetic boundaries. For example, KH
waves can excite KAW (Sibeck et al. 1999). KAWs have been observed in conjunction with
reconnection and Kelvin-Helmholtz structures (Chaston et al. 2005, 2007, 2009). Nishino
et al. (2007) also observed bidirectional electrons and cold protons inside a KH vortical
structure, which they interpreted as a signature of reconnection. Additionally, they observed
electron and ion heating, which they attributed to wave-particle interactions such as KAW
heating (Johnson and Cheng 1997, 2001). Taylor and Lavraud (2008) found that there exist
at least at times two distinct ion populations of solar wind origin in the downtail magne-
topause boundary layers, which may be interpreted as evidence for combined occurrence
of a few entry processes. KHI and KAW can also play significant roles in the plasma entry
during southward IMF.
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Fig. 5 Illustration of steady state
models (upper diagram) and
non-steady and non-uniform
interaction model (bottom
diagram) of the shocked solar
wind at the front-side
magnetosphere. Equatorial cross
sections of the magnetopause
interaction regions are shown.
Plasma elements with excess
dynamic pressure (larger density,
and/or bulk velocity) move
across the magnetopause and
penetrate inside the
magnetosphere. The entry site is
determined by the kinetic and
dynamic properties of the blobs.
(From Lemaire and Roth 1978)

It has been a challenge to distinguish which of these mechanisms play a more signifi-
cant role than the others and under what conditions. Recent observations have attempted to
identify several potential discriminators based on both in situ and remote sensing methods.
One potential discriminator is the filling rate. Each entry mechanism might lead to a dif-
ferent entry or filling rate and different dependencies on parameters. For example, Taylor
et al. (2008) studied the role of both high-latitude reconnection and KHI for the generation
of the Low Latitude Boundary Layer (LLBL) and CDPS. They concluded that the electron
phase space densities measured by Polar satellite at the dayside LLBL were not sufficient to
explain the measured phase space densities at the tail LLBL observed at TC-1 spacecraft, in-
dicating that the KH instability also contributes to the formation of the boundary layers and
CDPS on that day. Another potential discriminator is the dawn-dusk asymmetries. Dawn-
dusk asymmetries are particularly interesting because they may be related to how upstream
boundary conditions (e.g. Parker spiral magnetic field orientation) affect the various entry
mechanisms, which can be tested by observations and theories. Another potential discrim-
inator is the specific entropy or entropy per unit volume (s = p/ργ where γ is polytropic
index). Changes in the entropy profiles may be indicators that nonadiabatic processes are
operating in conjunction with plasma transport, and how the entropy changes are related to
the entry mechanism.

While cold plasma is preferentially observed in the plasma sheet during periods of north-
ward IMF, hot plasma is preferentially observed during periods of southward IMF. However,
both hot and cold plasma have been observed to co-exist in the same region/field-line under
all IMF conditions (e.g., Wing et al. 2005; Wang et al. 2012). The mechanisms for heating
cold plasma, either solar wind or ionospheric origin, to hot plasma population has not been
firmly established, but it does appear that the ion to electron temperature ratio (Ti/Te) is
roughly conserved by the entry, energization, heating, and transport processes. This quasi
“conserved” property deserves close and careful examination, because it puts stringent con-
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straints on the entry and heating mechanisms. Unlike entropy, there has not been a physical
argument for the conservation of Ti/Te ratio.

Once the solar wind plasma enters the magnetotail, it will be distributed throughout the
plasma sheet by the transport processes within the magnetotail or plasma sheet. The plasma
gets heated and accelerated during these processes. Some of the transport processes such
as curvature and gradient drifts introduce dawn-dusk asymmetries in the particles, espe-
cially for the hot component. Transport within the plasma sheet has been described with
MHD models, which conserve total entropy (S = pV γ ). Total entropy conservation pro-
vides important constraints on the accessibility of plasma to the plasma sheet and governs
the redistribution of plasma when flux tubes are depleted of total entropy due to nonadiabatic
processes such as reconnection, plasma diffusion, and wave-particle interactions.

In the following sections, we will discuss and review solar wind entry mechanisms, con-
straints to solar wind entry, and plasma transport within the plasma sheet. We will end with
a summary and conclusion.

2 Solar Wind Entry Mechanisms

2.1 Double Cusp (Double Lobe) Reconnection

During southward IMF, reconnection occurs at the low latitude magnetopause on the dayside
where the IMF and the Earth’s magnetic field line are nearly anti-parallel (Crooker 1979).
Following reconnection, the open field lines convect to the nightside toward the lobe region,
forming the plasma mantle (Rosenbauer et al. 1975; Cowley 1981; Siscoe and Sanchez 1987;
Sanchez et al. 1990). Because of the solar wind duskward electric field, these open field
lines E × B drift to the nightside equatorial region where they can once again reconnect
(e.g., Hones 1979; Onsager et al. 1993; Keiling et al. 2004). This process is depicted in
Fig. 1a. Subsequently, because the magnetic flux must be conserved, ∇ ·B = 0, these closed
field lines E × B convect sunward to the dayside, returning the magnetic flux back to the
dayside into the magnetic reconnection line. This process is known as the Dungey cycle
(Dungey 1961). The solar wind entry into the plasma sheet during southward IMF, however,
can involve other processes and be more complicated than this simple picture.

Dungey (1963) also realized that during northward IMF, IMF field lines should reconnect
behind the cusps. In the simple cartoon depicted in Fig. 1b, for almost due northward IMF
reconnection occurs simultaneously in both hemispheres, thereby attaching a new flux tube
filled with magnetosheath plasma to the dayside magnetosphere. This would indeed be an
efficient entry mechanism for solar wind plasma. In reality, however, the IMF orientation is
rarely purely northward, so this process may be of much less significance if the field lines
only reconnect in one hemisphere and remain open. Most of the time the IMF is oriented in a
Parker-spiral configuration with only a small Bz component that varies between southward
and northward.

In the anti-parallel merging model (Crooker 1986, 1979), reconnection would still be
possible at the flanks and at high-latitudes poleward of the cusp even when there is a
significant By component to the IMF. Such reconnection is indeed observed, both in-
situ (Gosling et al. 1991; Kessel et al. 1996; Safrankova et al. 1998; Lavraud et al.
2002, 2005b; Phan et al. 2003), and remotely (Burch et al. 1980; Reiff et al. 1980;
Escoubet et al. 2008). Using Doppler-shifted Lyman-alpha observations from the IMAGE
spacecraft, Frey et al. (2003) showed that such reconnection is persistent and occurs unin-
terrupted over periods of hours for northward IMF. A finite IMF By component changes
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the magnetic local time (MLT) of the reconnection footpoint, but does not interrupt the re-
connection process, although it may be time dependent. Ionosphere convection maps also
provide evidence for this process. After the reconnection, the footpoints of the newly recon-
nected field lines move initially sunward (Crooker 1992) before being swept sideways into
the nightside, which is indicated by the green arrows in Fig. 1b. This gives rise to a four-cell
convection pattern, where the flows over the poles are sunward and form a pair of reverse
convection cells, with normal polarity cells confined at lower latitudes (Maezawa 1976;
Burke et al. 1979). Such a configuration is frequently observed during periods of north-
ward IMF (Reiff 1982; Lu et al. 1989, 2011). However, such observations are not sufficient
to show that dual lobe reconnection occurs simultaneously (or simultaneously enough to
capture entire magnetosheath flux tubes). A process by which IMF flux tubes would only
reconnect in one hemisphere but not in the other would still be consistent with these obser-
vations. For that reason, the dual-lobe reconnection mechanism was dismissed as a viable
entry mechanism for a long time, although it had been proposed as a possible mechanism
for the generation of the LLBL during northward IMF (Song and Russell 1992).

Over the past decade, however, new observations and simulations have given much sup-
port to the dual lobe reconnection mechanism as a viable plasma entry process (Le et al.
1996; Sandholt et al. 1999; Onsager et al. 2001; Fuselier et al. 2002b; Lavraud et al. 2005a,
2006d; Cattaneo et al. 2006; Taylor et al. 2008; Pitout et al. 2012). Lavraud et al. (2005a) es-
tablished that freshly reconnected flux tubes just outside the dayside magnetopause were of-
ten populated with bidirectional heated electrons, which is only consistent with closed field
lines. Statistical analyses (Lavraud et al. 2006d) confirmed that such bidirectional heated
electrons were observed outside the magnetopause only during strong northward IMF, as
expected from this process. These newly closed field lines must have reconnected in both
hemispheres within a short amount of time, and captured magnetosheath plasma. The dual
lobe reconnection is also clearly seen in the polar cusp ion populations. Pitout et al. (2012)
showed that two ion populations could be distinguished in the mid-altitude cusp and sug-
gested that one was coming from the northern lobe reconnection and one from the southern
lobe reconnection.

The THEMIS mission, while the 5 spacecraft were still in a string-of-pearls con-
figuration, provided more strong evidence for the dual lobe reconnection entry mech-
anism. On Jun 3, 2007 the five THEMIS spacecraft consecutively traversed the day-
side magnetopause while the IMF turned northward (Øieroset et al. 2008). Because the
5 spacecraft sequentially observed the plasma entry, possible spatio-temporal ambigu-
ity was largely removed. This event was characterized by the gradual thickening of the
LLBL as observed sequentially at each spacecraft, therefore showing unambiguously the
ongoing capture of magnetosheath plasma at the dayside magnetopause under northward
IMF. MHD simulations for the event replicate the development of a LLBL detected by
the five THEMIS spacecraft as they encountered the magnetopause (Li et al. 2009). The
simulations furthermore showed that the entry process operated across the entire day-
side magnetopause. This event was also remarkable because the IMF was only moder-
ately northward with a 40◦ clock angle, consistent with previous observations and simu-
lations suggesting that the process may occur for large clock angles (Lavraud et al. 2006d;
Li et al. 2008).

While the dayside observations show clear evidence for direct plasma entry associated
with dual lobe reconnection, it is less clear how it leads to the population of the tail plasma
sheet. Magnetohydrodynamic (MHD) simulations have been performed to show that this
process can effectively bring magnetosheath plasma into the plasma sheet (Ogino et al. 1994;
Fedder and Lyon 1995; Raeder et al. 1995, 1997). While the early simulations were not
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Fig. 6 The October 22–23, 2003
CDPS event. Comparison
between Cluster observations
(black) and OpenGGCM MHD
(Raeder 2003) simulated data
along the Cluster path (red)
(a) density; (b) temperature;
(c) flow speed; (d) magnetic field
components observed by Cluster
(GSM); (e) simulated magnetic
field components (GSM). (From
Øieroset et al. 2005)

corroborated by observations, Øieroset et al. (2005) reported a case study (October 22–24,
2003) that showed a fairly good agreement in the plasma sheet temperature and density
between an OpenGGCM MHD simulation (Raeder 2003) and Cluster satellite observations.
In this event, the IMF stayed strongly northward for more than 30 hours. Figure 6 shows
how the CDPS developed within 3 h of the northward turning and remained until the IMF
turned southward again.

The CDPS formation process is depicted in Fig. 2, which comes from an MHD simula-
tion (Li et al. 2005). The paper shows that the plasma sheet filling time scale of the simula-
tion agrees very well with the observed time scale. Thus, at least for the case simulated here,
the simulation suggests that dual lobe reconnection is sufficient to form the CDPS.

Li et al. (2008) later used OpenGGCM simulations (Raeder 2003) to investigate the dual
lobe reconnection entry rates as a function of clock angle and other parameters. They found
that there exists an entry window, whose shape and area depends primarily on the IMF clock
angle. The entry window still exists for clock angles as large as 90◦, but its area diminishes
as the clock angle increases and as the solar wind density or the IMF magnitude increases.
The entry rates maximize for zero clock angle at ∼1.2 × 1027 s−1 and decrease as the IMF
clock angle or the dipole tilt increases. On the other hand, the entry rates depend only weakly
on the solar wind speed and density, but maximize as a function of the IMF magnitude at
10 nT.
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2.2 Kelvin-Helmholtz Instability (KHI)

Another possible solar wind entry mechanism is the KHI, which is reviewed in a companion
review paper (Johnson et al. 2014). KH waves grow along an inhomogeneous velocity shear
layer (Chandrasekhar 1961) (as found on the flank magnetopause) and eventually develop
nonlinear rolled up vortices, as illustrated in Fig. 3.

Satellites crossing the magnetopause boundary often encounter boundary waves that ex-
hibit typical signatures of KH instability. The instability is most easily detected when it
forms vortex structures, and satellites passing through the structures exhibit characteristic
fluctuations in pressure, velocity and magnetic field. Fairfield et al. (2000) reported obser-
vations of multiple crossing of the magnetopause boundary and argued that Geotail detected
vortices moving past the spacecraft, and boundary normals showed nonlinear steepening of
the waves on the leading edge of the wave rather than on the trailing edge consistent with
MHD simulations of magnetic field fluctuations and plasma properties of KH vortices (Otto
and Fairfield 2000).

The multisatellite Cluster mission made it possible to examine the two-dimensional struc-
ture of the vortices. Hasegawa et al. (2004b) presented observations from the four spacecraft
that showed vortex structure in the velocity field and the presence of high density magne-
tosheath plasma on the magnetospheric side of the magnetopause consistent with simula-
tions of KH instability, and the interchange of plasma suggests an important mechanism of
plasma entry.

In the nonlinear development of the KHI, vortices form as the penetrating plasma is
carried by the flow in the shear layer. Such vortices are commonly seen in MHD and Hall-
MHD (Miura 1987; Otto and Fairfield 2000; Hasegawa et al. 2004b; Nykyri and Otto 2004)
and particle simulations (Thomas and Winske 1993; Fujimoto and Terasawa 1994; Wilber
and Winglee 1995; Matsumoto and Hoshino 2004; Nakamura et al. 2011; Cowee et al. 2009;
Delamere et al. 2011) of KH growth. The interchange motion inherent to the KHI leads to
transport of momentum through Reynolds and Maxwell stresses (Miura 1987). Transport
of mass, momentum, and energy also occurs through plasma mixing, when kinetic effects,
such as ion inertia and ion Larmor radius allow ions to move across magnetic field lines.
The development of vortices that entwine magnetosheath field lines with magnetospheric
field lines ultimately leads to the development of strong shear and thin current layers that
allow reconnection and the interchange of plasma from open to closed field lines (Otto and
Fairfield 2000; Nykyri and Otto 2001; Otto 2006; Nakamura and Fujimoto 2008; Nakamura
et al. 2011, 2013; Ma et al. 2014a, 2014b). Such transport typically pinches off blobs of
magnetic flux from the vortex structures (Otto 2006; Ma et al. 2014a, 2014b). Plasma entry
rates inferred from simulations are generally adequate to provide a flank source for the
CDPS material (Nykyri and Otto 2001; Otto 2006); however, it is of particular interest to
understand the nature of the transport and conditions where it is dominated by mixing or
blobs.

The nonlinear development of the vortices also involves the process of coalescence where
smaller vortices coalesce into larger and larger vortices with a characteristic inverse cascade
of energy from small to large scale (Winant and Browand 1974). Because the saturation am-
plitude of the vortex is expected to determine the width of the boundary layer, it is important
to understand how saturation occurs and how nonlinear development of the instability com-
pares with the wave phase speed along the boundary. Initially, waves with short wavelength
grow faster. Waves with longer wavelength are “subharmonics” in that the frequency and
growth rate are smaller. So, at longer times, the fundamental may saturate and the longer
wavelength waves will eventually grow, but more slowly until they become the same size as
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the fundamental. The 2D nonlinear ideal MHD study of Miura (1997) showed that growth
of the subharmonics tends to occur on a timescale comparable to their linear growth rate,
suggestive that the emergence of larger scale vortices is due to the linear growth of the
subharmonic modes. However, the 2D MHD and PIC simulations of Matsumoto and Seki
(2010) suggested that a substantially larger growth of subharmonics occurs when a broad
spectrum of subharmonics is included. These processes rapidly broaden the boundary layer
and transfer mass, momentum, and energy across the boundary.

A number of studies have emerged from recent satellite missions to confirm the im-
portance of these transport processes at the magnetopause. Eriksson et al. (2009) used 2D
MHD and Grad-Shavranov reconstructions (Hasegawa et al. 2004a, 2005) of THEMIS ob-
servations to examine KH waves with magnetic islands that appear between two large-scale
vortices, and suggested that the observed islands may be generated by a time-varying recon-
nection process induced by the flow of observed KH vortices as seen in two-fluid simulations
(Nakamura et al. 2006). THEMIS observations of a KH event also showed reasonable con-
sistencies with size and structure to 3D full particle simulations (Nakamura et al. 2013),
which showed that compressed current sheets give rise to magnetic flux ropes over a range
of oblique angles and along the entire extent of the compressed current layer around the
periphery of the vortex.

Taylor et al. (2008) noted, based on a multisatellite comparison of phase space density
of electrons by Polar (from high-latitude reconnection) and Double Star (down the flanks),
that additional entry must occur resulting from either KH or turbulent entry. Hasegawa et al.
(2009) used multisatellite observations to examine the breakup and coalescence of vortices
as they developed along the dusk flank. Similar to Taylor et al. (2008) they concluded that
KH wave excitation can be facilitated by formation of the LLBL through high latitude re-
connection and compressional magnetosheath fluctuations. Although high latitude recon-
nection on the dayside facilitates the development of KH waves on the flanks, multipoint
density measurements along the flank suggest that the flank LLBL is not simply formed by
this process alone. Local transport processes associated with KH vortices or kinetic Alfvén
waves are also required.

Based on MHD simulations of KH instability, Hasegawa et al. (2006) determined that
when vortices form it is likely that the tailward speed of a fraction of low-density magneto-
spheric plasma exceeds the magnetosheath flow leading to an inverse relationship between
plasma density and flow speed. These conditions are quite different from the typical magne-
topause where the higher density magnetosheath flow is large in contrast with the stagnant
low density magnetospheric population. Hence, this inverse relationship can be particularly
useful to identify KH structures with a single satellite and performing large data surveys. The
technique was used to identify KH vortices and perform a survey of events leading to the
conclusion that both dawn and dusk events occur regularly for northward IMF conditions.
However, a follow-up study (Taylor et al. 2012) using Double Star 1 magnetopause crossings
using the density-velocity relationship based on 623 orbits suggests a clear dawn-dusk asym-
metry in vortex events with preferential occurrence at the dusk flank. These observational
results contrast with the simulation results of Nykyri (2013), which show that Parker spiral
configuration would favor faster growth of KH on the dawn flank. However, Taylor et al.
(2012) found all the events on the dayside magnetopause, whereas the Nykyri (2013) anal-
ysis chose the simulation initial conditions from the dawn-dusk terminator, where the ratio
between the shear flow and the Alfvén speed along the k-vector is higher at the dawn flank
for the Parker Spiral IMF. Therefore, the non-linear waves originating from the terminator
would be observed about 9–15 RE downstream assuming KH wave speed of 150–250 km/s
and a growth time of 400 s.
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The global development of KH waves at the magnetopause has been studied using a
number of global MHD models (Claudepierre et al. 2008; Guo et al. 2010; Li et al. 2013). In
these simulations, KH surface waves develop at both the magnetopause boundary and the in-
ner edge of the boundary layer with formation of large vortices at the inner boundary. Wave
energy penetrates into the inner magnetosphere where the waves can energize and trans-
port radiation belt electrons (Claudepierre et al. 2008). More recent LFM (Lyon-Fedder-
Mombarry) simulations demonstrate that KH instability has a global three-dimensional char-
acter, whereby the surface-modes are coupled to body modes and drive global fluctuations of
the plasma sheet (Merkin et al. 2013). Such coupling along with interchange motion could
serve as the source of turbulence seen in the plasma sheet (Borovsky and Funsten 2003),
which may dominate plasma transport within the distant plasma sheet (Wang et al. 2010).

Dawn-dusk asymmetries provide a significant observational constraint on plasma trans-
port at Earth (Wing et al. 2005). Dawn-dusk asymmetries can result from: (a) differences
in the shear velocity or magnetic field configuration on the two flanks (which relates to
whether the instability is considered as an initial value problem or boundary value prob-
lem), (b) kinetic effects when the gyroradius is the order of the shear layer, (c) diamagnetic
drifts, (d) the presence of heavy ions on one of the flanks, and (e) differences in fluid mass
density on the flanks. The dawn-dusk asymmetries are discussed further in Sect. 3.2.

Some key questions for future research are: (1) What is the role of reconnection vs.
the role of mixing for plasma transport?; (2) Can shocks that form at the edge of vortex
structures heat plasma and increase the entropy?; (3) How are KH structures coupled with
the ionosphere?; (4) How are KH structures coupled with kinetic Alfvén waves; (5) How
do the local coupling between the KH instability and reconnection and between the KH
instability and the secondary instability affect the global structure of the magnetospheres?
It would also be particularly useful if there were more large-scale systematic observational
studies of KH signatures and properties for various boundary layer conditions (e.g., large
magnetic shear).

2.3 Kinetic Alfvén Waves (KAW)

Low frequency electromagnetic fluctuations are regularly observed in the vicinity of the
magnetospheric boundary layer (e.g. Tsurutani et al. 1982; LaBelle and Treumann 1988;
Rezeau et al. 1989, 2001; Anderson and Fuselier 1994; Stasiewicz et al. 2001; Johnson et al.
2001; Lucek et al. 2005; Yao et al. 2011; Chaston et al. 2005, 2013). It has long been spec-
ulated that diffusion-like processes in these waves could allow leakage of magnetosheath
plasma across the magnetopause into the magnetosphere and even account for the forma-
tion of the boundary layer under conditions of northward IMF (Hasegawa and Mima 1978;
Lee et al. 1994; Treumann et al. 1995). Kinetic Alfvén waves have been a prime can-
didate to drive this transport phenomenon because of the fact that they carry a parallel
electric field and occur at the magnetopause with large amplitude. Nonetheless, observa-
tional confirmation of the action of these waves remains somewhat ambiguous because
with present day instrumentation it is not possible to measure the diffusion drift speeds
(∼1 km/s) normal to the magnetopause associated with this process. Consequently, the
case for kinetic Alfvén wave driven transport is somewhat indirect and based on esti-
mates of diffusion coefficients for observed wave properties (Hasegawa and Mima 1978;
Lee et al. 1994; Johnson and Cheng 1997; Chaston et al. 2007, 2008; Izutsu et al. 2012),
correlation between the distribution of these waves along the magnetopause and that of
magnetosheath plasma in the magnetosphere (Wing et al. 2005; Yao et al. 2011) and spe-
cific features of the velocity space distributions of the transported ions (Izutsu et al. 2012;
Chaston et al. 2013).
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Cross field ion drift occurs in kinetic Alfvén waves due to the combined operation of
guiding center drifts and wave-particle resonant interactions that transfer energy from the
waves to particles. These drifts allow motion of plasma across the magnetic field, which
in the case of a density gradient allows the transport of plasma from high density regions
(magnetosheath) to low density regions (magnetosphere). From a quasi-linear treatment of
the gyrokinetic equation, Johnson and Cheng (1997) have provided a generalized cross-field
diffusion coefficient for Landau damping associated with the parallel electric field, transit
time damping associated with the perturbed mirror force, and the coupling between ion
motion in the wave field and grad ∇B drift on the magnetopause through the vd ×δB⊥ force.
Very simply, when particles are in resonance with the wave the parallel forces mentioned
above accelerate/decelerate particles along the perturbed magnetic field, which causes cross-
field transport across the background magnetic field (Lee et al. 1994; Johnson and Cheng
1997; Chen 1999; Izutsu et al. 2012). In order for the transport to be effective across the
boundary, the magnetic field perturbation of the wave must be in the direction across the
boundary, which means that the wavevector (k) that contributes to diffusion is along the
boundary in the azimuthal direction (ky ). Moreover, as expected from quasi-linear theory,
the diffusion coefficients are proportional to the wave power. Transport coefficients have
been derived for the kinetic Alfvén wave based on quasi-linear theory including Landau
damping (Hasegawa and Mima 1978; Lee et al. 1994), transit time damping and grad-B drift
(Johnson and Cheng 1997; Chen and Wolf 1999). Typically, the grad-B drift contribution is
largest at the magnetopause.

Recent observations from multi-spacecraft missions to the magnetosphere have made it
possible to unambiguously identify the broadband wave activity across the magnetopause as
KAW and from measurements of wave scale have facilitated robust estimates of the trans-
port rates that these waves can drive. Using observations from the THEMIS mission, Chas-
ton et al. (2008) considered 10 spacecraft traversals across or near the magnetopause where
KAW were observed. At these times at least two of the THEMIS spacecraft were sufficiently
close together that comparisons of the magnetopause transition between spacecraft could be
used to estimate the density gradient scales and estimate the wavelength along the vector
between the spacecraft. To then derive the ratio k⊥/k‖ from these single baseline measure-
ments, fits of the observed E⊥/B⊥ as a function of k as shown in Fig. 7b were used to
demonstrate that k⊥/k‖ ≥ 40. The significance of the ratio k⊥/k‖ is that it demonstrates that
the waves are KAW and that this parameter can be used to compute the transport and heat-
ing coefficients. Transport across the boundary is generally proportional to the azimuthal
wavenumber and so it will increase with the ratio k⊥/k‖. More recent work has shown that
this ratio increases with k (Chaston et al. 2013). However, for the purpose of estimating the
diffusion coefficient, which primarily arises from contributions near k⊥ρi = 1, we consider
here two cases within the range of observations; namely k⊥/k‖ = 40 and 100. Figures 7c
and 7d show the diffusion coefficients for these two cases for Landau damping, transit time
damping and ∇B contributions as a function of k⊥ according to the model of Johnson and
Cheng (1997). The largest contribution arises from the ∇B contribution. To determine the
net diffusion coefficient across the magnetopause we integrate these results over the range
k⊥ > 2π/LB where LB is gradient scale length of the magnetopause as estimated in Chas-
ton et al. (2008) to be ∼1000 km. These parameters provide cross field diffusion coefficients
of 1 and 5 × 109 m2 s−1 for k⊥/k‖ = 40 and 100 respectively. To account for the width of
the boundary layer, it was shown by Sonnerup (1980) that the required diffusion coeffi-
cient is 109 m2 s−1, which is roughly equivalent to the Bohm diffusion coefficient across
the layer. Therefore, subject to the condition that k⊥ has a significant component along the
magnetopause, the diffusion coefficients obtained from the observed kinetic Alfvén wave
properties are sufficient for boundary layer formation.
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Fig. 7 (a) Average spectral
results for perpendicular electric
(E⊥) and magnetic fields (B⊥)
from 10 traversals across or near
the magnetopause. (b) Average
E⊥/B⊥ ratio and model results
(red). (c) and (d) diffusion
coefficients for Landau damping
(black), transit time damping
(blue) and coupling to gradient
drift along the magnetopause
(red) for different k⊥/k‖ ratios.
(From Chaston et al. 2008)

Another observable supporting diffusive entry of plasmas into the magnetosphere is
the correlated distribution of KAWs at the magnetopause and the distribution of magne-
tosheath plasma inside the magnetosphere. Figure 8 shows results from a statistical study
of KAW wave events observed within ten ion gyro radii of the magnetopause (outer cir-
cle) (cf., Berchem and Russell 1982), across the magnetopause itself (middle circle) and in
the boundary layer (inner circle) as functions of magnetic local time (Yao et al. 2011). The
largest spectral energy densities are found just outside the magnetopause at noon and under
conditions of southward directed IMF. However, for both the northward and southward IMF
cases there exists an enhancement on the dawn side relative to the dusk side—particularly
at the magnetopause itself. Locally, this distribution can be qualitatively understood as a
consequence of magnetosheath flow around the magnetopause, where slowly propagating
waves ‘pile-up’ in the depletion layer and progressively propagate inwards across field lines
as they advect tailward with the flow. The asymmetry, which favors the dawnside, is pre-
sumably a consequence of the preferred location for quasi-parallel shocks on the dawnside
(Luhmann et al. 1986) due to Parker spiral configuration.

The significance of the spectral energy distribution shown Fig. 8 for transport across
the magnetopause is that the cross-field diffusion coefficients in kinetic Alfvén waves are
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Fig. 8 Statistical distribution of
wave spectral energy density as a
function of magnetic local time at
k⊥ρi ≈ 1. The outer circle,
middle and inner circle
correspond to observations just
outside the magnetopause, on the
magnetopause and in the
boundary respectively. (From
Yao et al. 2011)

proportional to spectral energy density (Johnson and Cheng 1997). Consequently, the dis-
tribution shown in Fig. 8 is a proxy for the relative efficacy of the cross-field transport in
kinetic Alfvén waves as a function of location time on the magnetopause. If kinetic Alfvén
waves are an important driver of cross-field transport, the spatial distribution of magne-
tosheath ions within the magnetosphere should be consistent with the distribution of these
waves at the magnetopause. Studies have indeed found that magnetosheath ions have higher
densities when observed in the dawnside magnetosphere than the duskside under conditions
of northward IMF (Hasegawa et al. 2003; Wing et al. 2005). The distribution of these ions
inside the magnetosphere as reported by Wing et al. (2005) is shown in Fig. 9c. This dis-
tribution is perhaps representative of what one would expect from diffusion for the wave
distribution shown in Fig. 8. Additionally, enhanced wave amplitudes at pre-noon will drive
enhanced inward fluxes of magnetosheath ions across the magnetopause on the dawnside.
The tangential flow of these ions as they diffuse across the magnetopause will then carry
these ions tailward to form the boundary layer and account for the distribution of these ions
as shown in Fig. 9c. Moreover, the smaller spectral energy densities observed post-noon on
the dusk-side, as shown in Fig. 8, would presumably drive the same process, albeit weaker,
resulting in the observed dawn-dusk asymmetry apparent in Fig. 9c.

In addition to estimates of the diffusion coefficients and the spatial distribution of KAWs
on the magnetopause, there are specific features of the ion distribution which are sugges-
tive of the action of KAWs in cross magnetopause transport. Izutsu et al. (2012) noted that
because transport in KAWs is energy dependent, it should be possible to see energy de-
pendence in the transport of plasma across the magnetopause by comparing distribution
functions. Essentially, to interact with the waves, the particles must be in resonance with the
KAW, which in a high-beta plasma, is faster than the Alfvén velocity meaning that KAWs
selectively transport more energetic particles. One feature of the observations of cold dense
plasma (Wing et al. 2005; Johnson and Wing 2009) is that the temperature of the cold dense
plasma sheet material increases across the flanks, which could be the result of such a filter-
ing effect. On the other hand, within the plasma sheet, where the Alfvén velocity is large
enough, the nominal CDPS material (1 keV) may not have sufficient energy to resonant with
Alfvén waves and KAW transport may have a more limited role.

Another expected characteristic of ion distributions transported across the magnetopause
through the action of KAWs is a temperature anisotropy of the magnetosheath ion compo-
nent where T⊥/T‖ > 1. This is a consequence of the heating that these ions undergo if the
guiding center drifts in the wave field over a gyro-orbit are comparable to the wave scale.
Under these conditions the normal adiabatic motion of the ions can be disrupted and energy
may be gained in a stochastic manner leading to an effective heating of the ion plasma in
the direction transverse to Bo. This mechanism was first suggested by Johnson and Cheng
(2001) at the magnetopause. Through this process, heating generally occurs when the wave
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Fig. 9 Ion distribution functions in the mixed region where cold magnetosheath-like and hot magnetospheric
ions are simultaneously observed in (a) the dusk flank and (b) the dawn flank during northward IMF. Shown
are the slices of the flow in the BC planes, where the Y -axis = B = aligned with the magnetic field and the
X-axis = C = perpendicular to the magnetic field. The cold and hot components in the dusk flank (a) are
fairly isotropic. However, in the dawn flank (b), while the hot component is fairly isotropic, the cold com-
ponent shows evidence of heating in the direction perpendicular to the magnetic field. B = magnetic field
(nT), P = satellite coordinate (RE), V = ion velocity (km/s), n = ion density (cm−3), Ti = ion temperature
(eV) (from Hasegawa et al. 2003). (c) Density and (d) temperature profiles of the cold component of the
two-component Maxwellian distribution of the plasma sheet ions during northward IMF. Note that the
dawn-dusk asymmetry in the temperature profile, with the dawn flank ions having higher temperatures than
the dusk flank ions. (From Wing et al. 2005)

amplitude exceeds a threshold condition, but particles are only heated to a maximum en-
ergy dictated by the amplitude of the wave (Johnson and Cheng 2001; Chen et al. 2001).
Figure 10a shows an example ion distribution function in the low latitude boundary layer
observed in KAWs for which T⊥/T‖ > 1 and Fig. 10b shows the statistical relationship be-
tween the perpendicular adiabatic invariant (Chew et al. 1956) and the wave spectral energy
density taken from a study by Chaston et al. (2013). The latter provides evidence for the
widespread heating of the ion plasma by an amount proportional to the wave spectral energy
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Fig. 10 (a) Ion phase space
density snapshot taken during a
KAW wave event and projected
onto a plane defined by the
magnetic field and the ion flow
velocity vector. (b) Variation of
the perpendicular CGL adiabatic
invariant plotted against total
magnetic spectral energy density
at spacecraft frame frequencies
where k⊥ρi ≈ 1. Red line shows
a power-law fit. (From Chaston
et al. 2013)

density. In the study by Chaston et al. (2013) the heating rates for the stochastic process
based on the formalism of Chandran et al. (2010) were used to demonstrate that the amount
of heating was commensurate with the wave amplitudes observed. Significantly, since this
heating process effectively demagnetizes the ion plasma it will also contribute to cross-field
transport in addition to the resonant mechanisms described earlier, consistent with the re-
sult from Wing et al. (2005) who showed that magnetosheath ions in the magnetosphere
on the dawn side have significantly enhanced temperature, as displayed in Fig. 9d. As dis-
cussed in Sect. 3.2, the dawn side temperature in Fig. 9d actually underestimates the actual
temperature. Thus, the dawn-dusk temperature asymmetry of the cold component is actually
stronger than shown in Fig. 9d. The figure also shows that the dusk temperature at r < 20 RE

is higher than at r > 20 RE, which may be attributed to the dawn side hotter ions undergoing
E × B earthward and curvature and gradient duskward drifts, resulting in higher dusk side
temperature at the near Earth region (e.g., Spence and Kivelson 1993).

While at this stage we do not have simulation results verifying the transport of mag-
netosheath plasma across the magnetopause in KAWs, there have been recent advances in
understanding the local generation processes of these waves. Lin et al. (2010) showed with
hybrid simulations that a compressional wave driver naturally leads to the pile up of wave
energy at the Alfvén resonance location with mode conversion efficiency consistent with
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analytical estimates based on linear theory (Hasegawa and Chen 1976; Johnson and Cheng
1997, 2001), and the solutions exhibit gyro-radius scale across the boundary. Although the
linear mode conversion process produces small-scale waves at the magnetopause, there are
legitimate questions about whether those waves can provide adequate transport because the
transport coefficients are controlled by the azimuthal wave vector, ky rather than the radial
component, kx and the linear mode conversion provides waves with kx only. However, the
3D simulations of Lin et al. (2012) have shown that following a stage dominated by linear
physics, where waves of large amplitude grow near the resonant surface, there is a paramet-
ric decay through three-wave coupling between the KAWs and damped sound waves that
leads to a broad spectrum of modes with azimuthal wavelength of the order of the gyro-
radius consistent with analytical estimates (Chen and Zonca 2011). This nonlinear process
can facilitate large transport across the boundary consistent with the observed transport co-
efficients. Recently, global hybrid simulations have shown, in detail, that mode conversion
process takes place at the magnetopause boundary with wave characteristics consistent with
KAWs (Shi et al. 2013).

The diffusion coefficient estimates, the distribution of waves on the magnetopause, and
the corresponding plasma distributions and properties in the magnetosphere together provide
a plausible argument that KAWs are important for facilitating the entry of magnetosheath
ions into the magnetosphere. Before closing however, it is necessary to identify two unre-
solved issues in the case for KAW driven cross magnetopause transport. The first is alluded
to above and relates to the requirement that a large component of k be azimuthal (ky ) to
the magnetopause for the resonant transport mechanism of Johnson and Cheng (1997) to
operate. Attempts have been made to infer the direction of k from the minimum variance
direction of the magnetic field fluctuations (Rezeau et al. 2001). However, given the nearly
linear polarization of KAWs and the turbulent nature of the fields analyzed, these measure-
ments, as acknowledged by the authors are somewhat ambiguous. To robustly identify the
ky requires either the fortuitous alignment of the separation vector between two spacecraft
along the magnetopause or preferably measurements from at least 3-points separated by
distances of the order of ion gyro-radii so that the orientation and gradient scale of the mag-
netopause can be simultaneously determined. If we are seeking to account for the formation
of the low latitude boundary layer these measurements should also be performed near the
ecliptic plane. To our knowledge, a suitable spacecraft configuration has not yet been at-
tained; however with the imminent launch of the Magnetospheric Multi-scale Mission we
should be able to perform this needed measurement.

The second unresolved issue for KAW driven cross magnetopause transport is that to pre-
vent suppression of the transport process by the occurrence of large ambipolar electric fields
it is necessary that electrons be transported at the same rate as the ions. Hasegawa and Mima
(1978) argue that equivalent transport rates for electrons and ions arise naturally from the en-
ergy balance between electrons and ions interacting in the wave. Whether or not this actually
occurs at the magnetopause seems questionable since the energy in the waves presumably
arises from an upstream source or mode conversion on the magnetopause from compres-
sional waves (Hasegawa and Chen 1976; Johnson et al. 2001; Lin et al. 2010). Observations
do however show quite clearly that KAWs locally interact with electrons (Chaston et al.
2007, 2008) along the magnetopause and flux enhancements of ionospheric electron popu-
lations are commonly observed in the boundary layers (Song et al. 1993). It is conceivable
that these processes serve to neutralize the charge due to the high mobility of electrons along
field lines and thereby allow cross-field transport to proceed. Nonetheless further consider-
ation of this issue seems necessary and can perhaps be best addressed through simulations.
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2.4 Impulsive Penetration

The concept of Impulsive Penetration (IP) of solar wind plasma elements across a planetary
magnetopause is based on the evidence that the solar wind is gusty, that the magnetosheath
plasma and magnetic field are generally varying over time scales smaller than the time re-
quired for the solar wind plasma to encompass the magnetosphere (e.g., Burlaga et al. 1969;
Turner et al. 1977; Sibeck 1990; Turner et al. 2011; Hietala et al. 2012; Karlsson et al. 2012;
Archer and Horbury 2013; Plaschke et al. 2013; Savin et al. 2014). The IP mechanism is
also inspired by the classical behavior of laboratory plasmas injected across non-uniform
magnetic fields (e.g., Schmidt 1960; Baker and Hammel 1965; Demidenko et al. 1969).

The evidence for small scale patchiness of the solar wind plasma led Lemaire (1977)
to argue that localized dynamical pressure pulses along the bow shock propagate across
the entire magnetosheath, and impact the magnetopause surface which they can traverse
as shown in Fig. 5 (Lemaire 1977, 1985; Lemaire and Roth 1978). The higher resolu-
tion multi-point measurements of plasma and field properties in the solar wind, magne-
tosphere and magnetosheath performed in the late 1990s and during the last decade by IN-
TERBALL, Cluster and THEMIS confirm that the plasma impacting on the magnetopause
is not-uniform but turbulent and patchy, as considered in the original scenario of the IP.
Case study events (e.g., Nemecek et al. 1998; Savin et al. 2008; Hietala et al. 2009; Amata
et al. 2011), and recent statistical analysis over longer time intervals (Karlsson et al. 2012;
Archer and Horbury 2013; Plaschke et al. 2013) reveal that the plasma flow in the magne-
tosheath is dominated by pulses of increased dynamic pressure, also called plasma jets or
blobs/plasmoids.

Karlsson et al. (2012) showed from Cluster data that the probability to observe large
amplitude density enhancements (50 % higher than the background) is about 45 % in the
magnetosheath. The spatial scale of these structures on average is of the order of 1 RE, and
about 30 % of the density enhancements have also an excess of the plasma bulk velocity.

In a recent statistical study, Archer and Horbury (2013) revealed that the magnetosheath
inhomogeneities (or jets or plasmoids or blobs) characterized by dynamic pressure enhance-
ments (mainly velocity increases) are detected quite regularly in THEMIS data—the dy-
namic pressure may be enhanced by up to 15 times than the background magnetosheath flow.
Plaschke et al. (2013) analyzed THEMIS data and found numerous cases of high speed jets
moving towards the magnetopause in the subsolar magnetosheath. Their study reveals not
only isolated jets/blobs but also series of jets/blobs or periods of quasi-continuous increas-
ing of the dynamic pressure in the magnetosheath impacting on the magnetopause. Note
also that rolled-up Kelvin-Helmholtz vortices identified by single spaceraft techniques may
be signatures of flow anomalies related to the dynamic pressure pulses in the vicinity of the
magnetopause (Plaschke et al. 2014).

The impulsive penetration mechanism is based on four main pre-requisites: (1) the exis-
tence of plasma irregularities and solar wind gusts in the magnetosheath with an excess den-
sity and/or velocity with respect to the background magnetosheath flow; (2) a non-vanishing
component of the velocity normal to the magnetopause; (3) a spatial scale of the irregular-
ity/jet/plasmoid/blob larger than δ, the minimum width of the space charge layer at the edges
of the blob, as explained below; (4) a plasma dielectric constant, ε, much larger than one.
When these conditions are satisfied the solar wind and/or magnetosheath plasmoids/jets can
penetrate across the magnetopause due to a self-polarization electric field (EP) generated
by polarization charges piling up along the edges/surface of the propagating irregularities.
This polarization process has been described first by Schmidt (1960). The electric charges
are carried sidewards by the Lorentz force, qu × B, and by polarization drifts, in opposite
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directions for the electrons and the ions. The polarization drifts drive “polarization currents”
perpendicular to B and u determined by jP = (ρ/B2)∂E/∂t as pointed out by Lemaire and
Roth (1978), see also Lemaire (1985) and Roth (1992).

It is important to stress that ε, the dielectric constant (or permittivity) of the plasma, must
be much larger than unity for the Schmidt’s kinetic theory to be applicable:

ε = 1 + ρc2

B2μ0
= 1 + ω2

p

Ω2
c

	 1 (1)

where ωp is the plasma frequency and Ωc is the proton Larmor frequency (Lemaire 1985).
A large dielectric constant polarizes plasma irregularities and makes their motion to be dom-
inated by collective effects in contrast to the motion of individual charged particles described
by Alfvén’s first order guiding center theory.

Within the magnetosphere the plasmoids/jets interact with the geomagnetic field through
a coupling magnetic force similar to the interaction between two magnetic dipoles (Lemaire
et al. 1979; Lemaire 1987 and Lemaire and Roth 1991). During northward IMF, the pen-
etration of magnetosheath plasmoids/jets is favored in the magnetospheric tail regions as
consequence of this magnetic dipole-dipole interaction. The penetration is, however, inhib-
ited in the frontside and the nose of the magnetosphere. Conversely, for southward IMF:
the impulsive penetration of plasma elements with an excess kinetic pressure is favored in
the frontside magnetospheric regions. An illustration of the IMF control of the impulsive
penetration due to the magnetic dipole-dipole interaction is shown in Fig. 11 (Roth 1995).

Inside the magnetosphere the irregularities are slowed down adiabatically as a conse-
quence of the conservation of the magnetic moment μ = (v − u)2

⊥/B of the electrons and
ions, a process demonstrated by laboratory experiments (Demidenko et al. 1969, 1972) and
3D electromagnetic Particle-in-Cell (PIC) simulations (Voitcu 2014).

The mechanism that decouples the plasmoid from the background plasma and field is
based on the formation of a parallel electric field (Lemaire and Roth 1981; Lemaire 1985).
This magnetic field aligned component is described by the self-consistent Vlasov equilib-
rium solutions obtained by Echim (2004) and Echim and Lemaire (2005). The parallel com-
ponent of the electric field violates locally the “frozen-in” condition E · B = 0 and is sus-
tained by parallel gradients of the kinetic pressure (Lemaire and Scherer 1974, 1978), and/or
a shear in the field-aligned direction of the perpendicular plasma bulk velocity (Echim 2004;
Echim and Lemaire 2005). Note also that in the coarse grained MHD simulations the con-
dition E · B = 0 is not rigorously satisfied due to the numerical resistivity (Guo et al. 2010).
Indeed, in general parallel electric fields have spatial scales of the order of the ion inertial
length, much smaller than the macroscopic MHD grid scales. Nevertheless, in kinetic mod-
els, the parallel electric field is computed based on physical principles and the effects of the
numerical resistivity are well understood and quantified.

A positive gradient of the plasma density is formed during the inward motion of plasma
elements inside the geomagnetic field since the volume expands and the density decreases
(Echim and Lemaire 2002). Such characteristic positive density gradients of magnetosheath
like plasma have been observed in the “magnetopause boundary layer” by Sibeck et al.
(2000).

In addition to the adiabatic breaking, the inward motion of the magnetosheath plasma el-
ements is slowed down non-adiabatically through magnetosphere-ionosphere coupling via
field-aligned currents along geomagnetic field lines connecting the plasma irregularity with
the resistive ionosphere. A fraction of the excess energy of the magnetosheath plasma el-
ement is thus dissipated in the ionosphere where the electric conductivity is large enough
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Fig. 11 Meridional section
illustrating the dipole-dipole
interaction between the intruding
plasmoids/jets and the
geomagnetic field, in various
sectors and for various
orientations of the IMF:
(a) Northward IMF, when the
impulsive penetration mechanism
is favored in the tail;
(b) Southward IMF when the
impulsive penetration is favored
through the frontside of the
magnetosphere. M = the
magnetic dipolar field of the solar
wind irregularity and
BE = Earth’s magnetic field.
(From Roth 1995)

to produce significant Ohmic dissipation of the ionospheric Pedersen currents. By this ir-
reversible process the intruding plasma blobs dissipate their kinetic energy into the polar
ionosphere by Joule heating.

Observations of magnetosheath plasma elements engulfed in the magnetospheric bound-
ary layer have been reported (Lundin and Aparicio 1982; Lundin and Dubinin 1984;
Lundin 1988). Simultaneous magnetic field signatures from all four Cluster spacecraft give
the opportunity to clearly separate MHD oscillatory wave motion of the magnetopause from
magnetosheath plasmoids moving inwards inside the magnetosphere, and detached from
the magnetopause (Stasiewicz and Gustafsson 2000; De Keyser et al. 2001). Sibeck et al.
(2000) examined INTERBALL/Tail and MAGION-4 observations in the LLBL and found
instances of magnetosheath-like plasma present inside the magnetosphere in 11 cases out
of 57 magnetopause crossings. These were interpreted by Echim and Lemaire (2002) as ef-
fects of spreading along geomagnetic field lines of impulsively penetrating magnetosheath
plasma elements. A review of laboratory and numerical simulations of IP can be found in
the papers by Lemaire (1989), and Echim and Lemaire (2000).

All these observations, simulations and theoretical arguments support the IP model as
a magnetospheric process relevant for plasma entry and transport during northward IMF.
As emphasized above this model is based on the mechanism first introduced by Schmidt
(1960) to explain the adiabatic motion of diamagnetic plasma elements across a non-uniform
magnetic field, when the dielectric constant of the plasma is much larger than unity.
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3 Constraints to Solar Wind Entry

3.1 Plasma Sheet Filling Rate

In the discussion of which entry mechanisms are significant in filling the plasma sheet with
solar wind plasma, it is useful to establish first whether each entry mechanism is able to
explain the observed plasma sheet filling rate. In other words, how much of the observed
filling rate can be attributed to each entry mechanism.

In an attempt to do this, Wing et al. (2006) examined a northward IMF interval in which
the plasma sheet ion filling rate is about 0.5 cm−3 h−1 as observed locally by Geotail and
remotely by DMSP satellites. They performed an order of magnitude calculation of the
magnetosheath entry rate for (1) double cusp or double lobe reconnection (e.g., Song and
Russell 1992), (2) KHI (e.g., Otto and Fairfield 2000), and (3) KAW (e.g., Johnson and
Cheng 1997) and found that each of the three mechanisms is capable to fill the plasma sheet
at the observed filling rate. This result is consistent with double cusp reconnection studies
(e.g., Øieroset et al. 2005; Li et al. 2008) and KHI studies (e.g., Nykyri and Otto 2004;
Nykyri et al. 2006), which showed that double cusp reconnection or KHI is sufficient to
fill the plasma sheet with cold dense ions, respectively. The diffusive entry rate (either KHI
or KAW) scales with solar wind density (nsw) (Wing et al. 2006) while the double cusp
reconnection entry rate depends weakly and non-monotonically with nsw (Li et al. 2008).
Some of the magnetospheric plasma is lost to the solar wind, inner magnetosphere, and
ionosphere. Hence, the net plasma sheet filling rate would need to take into account not just
the entry rate but also the loss rate.

The statistical studies by Plaschke et al. (2013) with THEMIS data and by Karlsson et al.
(2012) with Cluster data give an estimate of the occurrence frequency, geometrical and dy-
namical properties of magnetosheath plasma elements directed towards the magnetopause;
these magnetosheath plasma structures are good candidates for impulsive entry. The exper-
imental characteristics give an estimate of the upper limit of plasma sheet filling rate by
impulsively entering magnetosheath blobs/jets. Plaschke et al. (2013) and Karlsson et al.
(2012) estimated the size of the plasmoids (or jets or blobs) to be of the order of 1 RE. Both
studies found a probability of jet/blob encounter of the order of P ≈ 40 %, e.g. Plaschke
et al. (2013) found 2859 jets for 6960 THEMIS magnetosheath crossings. The same authors
indicate a median of the detection recurrence time (i.e. the time between two consecutive
detection of plasmoids by the same spacecraft) of the order of 
T = 140 seconds for the
dayside magnetosheath with a total range spanning from 6 to roughly 8000 seconds. As-
suming a cylindrical shape of the plasma sheet as in Wing et al. (2006) with a volume
Vps = 9.3 × 1024 m3, an upper limit of the plasma sheet filling rate by impulsively entering
magnetosheath plasma blobs or jets is of the order of:

∂nps

∂t
= NplasmoVplasmonmshfplasmo

Vps

(2)

where Nplasmo is an estimate of the number of plasmoids in the magnetosheath, Vplasmo is
an estimate of the average volume of a plasmoid roughly equal to 1 R3

E, nmsh is the mag-
netosheath density and fplasmo is the plasmoid occurrence frequency. A rough estimate of
Nplasmo is given by the plasmoid/jet detection rate, P ≈ 40 % and by assuming that the vol-
ume of a plasmoid scales as ∼1 R3

E and the cross surface scales as Aplasmo ∼ 1 R2
E. Thus the

upper limit of the total number of plasmoids is Nplasmo = P
Adayside
Aplasmo

= 0.4 × 2π100R2
E

R2
E

= 80π ,
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where Adayside is an estimate of the dayside magnetopause surface exposed to the magne-
tosheath (half of a sphere with 10 RE radius). An estimate of the occurrence frequency
is given by the median of the average plasmoid recurrence rate from the observations of
Plaschke et al. (2013): fplasmo ≈ ( 1

140 ) s−1. Thus the plasma sheet filling rate by impulsively
penetrating plasmoids/jets for a magnetosheath density of the order of 30 cm−3 (Wing et al.
2006) scales like 0.14 cm−3 hr−1, comparable with the filling rate reported by Wing et al.
(2006).

3.2 Dawn-Dusk Asymmetries

Global asymmetries in plasma sheet properties, particularly of the cold component, can
provide significant constraints on plasma entry. Using ISEE-1 spacecraft potential as a proxy
for the plasma density, Escoubet et al. (1997) showed that the density was slightly higher
on the dawnside of the plasmasheet than on the duskside. Furthermore they showed that this
asymmetry extended up to the dayside magnetosphere. Fujimoto et al. (1998) showed that in
Geotail observations, during northward IMF, ions frequently have two distinct components
(a hot and a cold component) on the dusk flanks, but only one component with a broad peak
on the dawn flank, as shown in Fig. 12. Moreover, Hasegawa et al. (2003) reported that the
ion hot component is generally nearly isotropic on both the dusk and dawn flanks. However,
the cold component, which is similar to the magnetosheath ion population, is heated in the
direction perpendicular to the magnetic field on the dawnside while it remains isotropic on
the duskside, as shown in Figs. 9a and 9b (Hasegawa et al. 2003). In their follow-up study,
Hasegawa et al. (2004a) performed a statistical study of the ion properties on both flanks.
The results are shown in Fig. 13 (from Hasegawa et al. 2004a). When the ions have two clear
components, one component with Th > 3 keV and one with Tc < 3 keV, they are plotted as
red and green dots respectively. However, when the ions have just one peak, then they are
plotted as black dots. Figure 13 shows statistically that ions frequently have two components
on the duskside, but only one component on the dawnside. Moreover, the cold component
of the electron (temperature less than a few hundred eVs) has been heated in the direction
parallel to the magnetic field line (Hasegawa et al. 2003; Fujimoto et al. 1998).

Wing et al. (2005) used DMSP satellites to infer plasma sheet temperatures and densities
during periods of northward IMF. One advantage of using DMSP satellites is that these satel-
lites have low altitude orbits with orbital periods of about 100 min. So, in about 2 hours, each
DMSP satellite can cut through the footprint of the entire plasma sheet twice. Wing et al.
(2005) fitted the ion spectra to one-component Maxwellian, two-component Maxwellian,
and Kappa distributions and selected the best fits.

Their cold component (obtained from two-component Maxwellian fits) density and tem-
perature profiles are displayed in Figs. 9c and 9d, respectively. The cold component density
profile has peaks at dawn and dusk flanks, as shown in Fig. 9c. This suggests that the source
of the cold component is magnetosheath or LLBL. In contrast, the hot component ion den-
sity profile does not have peaks at the flanks (see Fig. 8 in Wing et al. 2005), which would
be expected if the direct source of the hot component is not the solar wind. Interestingly, the
density of the cold component is higher on the dawnside than that on the duskside, suggest-
ing perhaps there is more solar wind ion entry on the dawnside than on the duskside of the
magnetopause (see also Guild et al. 2008 and Nagata et al. 2007). Figure 9d shows that the
cold component temperatures are higher on the dawnside than the duskside, consistent with
Hasegawa et al. (2003). This observation suggests that the magnetosheath ions have been
heated in the entry process on the dawnside. The dawnside cold ion temperature is about
30–40 % higher than that on the duskside (see Fig. 7 in Wing et al. 2005). This estimate
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Fig. 12 Spectrograms showing Geotail observations during northward IMF in the magnetotail just inside
the magnetopause on (a) the dawnside and (b) the duskside. On the dawnside (a) the ions appear as having
one component with a broad peak, but on the duskside, the ions have two components: (1) hot and (2) cold
components. (a) The three panels show sunward ions, tailward ions, and omnidirectional electrons. Color
codes are assigned according to logarithms of counts per sample with maximum = red and minimum = dark
blue. (b) Top panel shows omnidirectional ions depicting mixing of hot and cold components and bottom
panel shows omnidirectional electrons. (From Fujimoto et al. 1998)

may actually understate the cold ion temperature dawn-dusk asymmetry. The reason is that
on the dawnside, we can only obtain two components when the cold ion temperatures are
sufficiently low or hot ion temperatures are sufficient high to give a two component distri-
bution (e.g., Johnson and Wing 2009). Otherwise, the distribution would appear to have a
single κ distribution and the cold and hot components are not discernable (e.g., Wing et al.
2005).

In agreement with Fujimoto et al. (1998) and Hasegawa et al. (2003, 2004a), Wing et al.
(2005) found that two components are more frequently found on the dusk flank than on the
dawn flank. The hot component has higher temperatures on the dusk flank than on the dawn
flank, which can be attributed to the curvature and gradient drifts. The cold component, on
the other hand, has higher temperatures on the dawn flank than the dusk flank. Hence, on the
dusk flank, the cold and hot component temperatures frequently have distinct separations
and the ions can be identified as having two components. In contrast, on the dawn flank, the
cold and hot component temperatures frequently are closer to each other, frequently forming
one component having a broad peak.

3.2.1 Possible Causes of the Temperature Asymmetry

It is not clear what causes the temperature asymmetry in the cold ion profile. For the solar
wind Parker spiral, which is the dominant solar wind orientation, the magnetosheath mag-
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Fig. 13 Ion energy spectrum behavior in the mixed region during extended northward IMF periods in the
[(a), (c)] dawn and [(b), (d)] dusk flanks. For each data sample, if the ion energy spectrum has a count rate
(energy flux) peak both below and above 3 keV, the higher and lower peak energies are plotted as red and
green dots, respectively. Otherwise, the energy at which the count rate reaches maximum is plotted as a black
dot. There is a clear dawn-dusk asymmetry. There are more two-component ions on the duskside than on
the dawnside. Conversely, there are more one-component ions on the dawnside than on the duskside. On the
dawnside, the hot and cold components (red and green dots) are closer together in energy/temperature space.
(From Hasegawa et al. 2004a)

netic field has been shown to be more turbulent down stream of the quasi-parallel shock (the
dawnside magnetosheath) than down stream of the quasi-perpendicular shock (the dusk-
side magnetosheath). An example of this for solar wind Parker spiral orientation can be
seen in Fig. 14, which shows Geotail magnetic field observations in the magnetosheath
(from Petrinec 2013). The fluctuations in the magnetic field could indicate the presence
of the compressional waves. KAW can be generated when the compressional waves inter-
act with the magnetospheric boundary, which can lead to diffusive transport of the solar
wind/magnetosheath ions across the magnetopause boundary (Johnson and Cheng 1997).
The waves have a parallel electric field, which can heat electrons in the direction of the
magnetic field (Hasegawa and Chen 1975; Hasegawa and Mima 1978). When the waves
have large amplitudes, they can also heat ions in the direction perpendicular to the magnetic
field (Johnson and Cheng 2001). Because the source of compressions could be compres-
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Fig. 14 Median magnetic field
vector orientation in 1 × 1 RE
bins in the equatorial plane when
IMF is within 10◦ of Parker
spiral angle. (Adapted from
Fig. 6 in Petrinec 2013)

sional instabilities generated in the magnetosheath or compressions driven directly by the
solar wind, in a statistical sense, there can be a dawn-dusk asymmetry in the KAWs and
ion heating during entry. A recent survey of wave power in the sheath and magnetopause
suggests that the wave power associated with transverse KAWs is enhanced along the dawn
flank (Yao et al. 2011; Chaston et al. 2013), which would provide enhanced transport. This
is shown in Fig. 8 and discussed in Sect. 2.3. The study of Chaston et al. (2008, 2013)
also provides observational evidence of stochastic heating of ions by KAWs as predicted by
Johnson et al. (2001).

3.2.2 Possible Causes of the Density Asymmetry

Magnetosheath Density Asymmetry It is not clear what causes the dawn-dusk asymmetry
in the cold ion density profile. The dawn-dusk density asymmetry may also be caused by the
dawn-dusk asymmetry in the source, i.e., magnetosheath population itself. Several magne-
tosheath studies showed that the magnetosheath density (n) is higher on the dawnside than
the duskside (e.g., Paularena et al. 2001; Nemecek et al. 2002). More interestingly, Walsh
et al. (2012) found that in THEMIS observations close to magnetopause, near noon, the mag-
netosheath density is essentially dawn-dusk symmetrical, ndawn/ndusk ∼ 1, but ndawn/ndusk

ratio grows larger away from noon, reaching ∼1.2 at 5 h away from noon. They also found
similar patterns in BATS-R-US MHD, except that the asymmetry is even more pronounced,
∼ndawn/ndusk ∼ 1.5, near the dawn and dusk flanks. This new result may put an additional
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constraint on the entry location of the magnetosheath ions, in light of the observed dawn-
dusk density asymmetry in the plasma sheet. On the other hand, a recent statistical study
utilizing 5+ years of magnetosheath observations by THEMIS in aberrated Magnetosheath
InterPlanetary Medium (MIPM) reference frame did not find a clear dawn-dusk density
asymmetry (Dimmock and Nykyri 2013).

KHI The dawn-dusk asymmetry in the cold ion density may also be attributed to the dawn-
dusk asymmetry in the entry rate or entry process, i.e., the entry rate at the dawn flank
magnetopause is higher than that at the dusk flank. Hasegawa et al. (2006) examined the
occurrence rate of the KHI on the dawn and dusk flanks during northward IMF in Geotail
data 1995–2003 and found that the occurrence rate is roughly equal. However, a recent
simulation study by Nykyri (2013) shows that for the Parker spiral IMF orientation and for
a large range of upstream solar wind plasma and field parameters, the KHI always grows
faster at the dawn flank magnetopause compared to dusk flank, even though the plasma
velocity is higher at the dusk flank. This may partly help explain the observed dawn-dusk
density and temperature asymmetry of the CDPS because the IMF is statistically more often
in Parker Spiral orientation. The study showed that the KHI growth rate is faster at the dawn
flank because the tangential magnetic field along the typical KH k-vector is smaller at the
dawn than at the dusk flank for the Parker Spiral IMF orientation. The growth rates of the
KHI at dawn and dusk flanks correlated well with the ratio of the velocity shear and Alfvén
speed along the wave vector k. Also, the statistical study of THEMIS measurements in the
magnetosheath showed that dusk flank has stronger tangential magnetic field and plasma
velocity compared to dawn flank (Dimmock and Nykyri 2013). The enhanced KHI activity
at dawn could both increase plasma transport and heating via reconnection in KH vortices
(Nykyri and Otto 2001), and due to enhanced KAW activity associated with the KHI, e.g.,
(Johnson and Cheng 1997). The dawn-dusk asymmetrical distribution of heavy ions can also
contribute to the asymmetry in the KHI activities and entry rate (Johnson et al. 2014).

Interestingly, Wang et al. (2007) reported that the magnetosheath ion entry from the dawn
flank is more efficient with decreasing Vsw, but no significant Vsw effect is seen on the dusk
flank.

KAW The asymmetric heating of the cold component/magnetosheath ions may suggest
an asymmetry in the KAW led entry, i.e., more KAW led entry on the dawnside than the
duskside magnetopause. The dawn-dusk asymmetry in KAW activities has been discussed
in Sect. 3.2.1.

Reconnection The dawn-dusk asymmetry in the solar wind entry rate may also be at-
tributed to the asymmetry in the magnetotail flank reconnection. Peroomian and El-Alaoui
(2008) performed large-scale kinetic (LSK) simulations that show that most solar wind ions
enter along the dawn flank primarily through reconnection. They also found that the entry
locations can be modulated by IMF By. When IMF By is positive, the solar wind ion entrees
along the dusk flank can increase. Similarly, using the same technique, Peroomian et al.
(2011) showed that a large number of solar wind ions enter along the dawn flank through
reconnection and get energized nonadiabatically before reaching the dawnside ring current.

Li et al. (2008) studied the double cusp reconnection entry mechanism with MHD sim-
ulations and found that ionospheric conductance affects the convection of the newly closed
field lines and can introduce asymmetry in the entry rate. Hence, the asymmetries in MHD
simulations may result from local time differences in ionospheric conductance (Zhang et al.
2012). However, this mechanism may not introduce dawn-dusk asymmetry in the cold com-
ponent temperature.
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Impulsive Penetration The impulsively penetrating magnetosheath irregularities that move
inside the magnetosphere across the northward oriented magnetic field lines are deflected by
the charge and energy dependent gradient-B and curvature drifts sustained by the nonuni-
form magnetospheric electric and geomagnetic field. Lemaire (1985) showed that for north-
ward IMF the magnetosheath irregularities experience an asymmetric eastward deflection
inside the magnetosphere by the gradient and curvature drifts leading to a dawn-dusk asym-
metry. Indeed, the magnetosheath irregularities that penetrate the dawn flank during north-
ward IMF are deflected towards East and gradually expand and therefore their density di-
minishes: the density is larger closer to the entry regions, i.e. closer to the magnetopause. At
the dusk flank the deflection is towards East and therefore, the magnetosheath irregularities
accumulates in the duskside LLBL, closer to the entry region. It was also suggested that
magnetosheath jets are more often observed during radial IMF (Hietala et al. 2012), thus
they would preferably be present downstream the quasi-parallel geometry of the bow shock,
thus in the dawn flank of the magnetosheath.

Gradient Drift Entry (GDE) Olson and Pfitzer (1985) proposed that gradient drift entry
(GDE) would allow magnetosheath ions to enter along the dawn flank and the electrons
along the dusk flank. They argued that this entry mechanism can lead to the observed field-
aligned current (FAC) polarity and the dawn-dusk current in the magnetotail, at least qual-
itatively. However, it is not clear if GDE alone can account for the observed filling rate or
the cold dense state of the plasma sheet. Treumann and Baumjohann (1988) calculated that
only 5 % of the magnetosheath particles that come in contact with the magnetopause can be
trapped in the magnetosphere in their model. The difficulty here is that the number of parti-
cles that come in contact with the magnetopause is unknown in any realistic magnetopause
model. Hence, the efficiency of GDE is unknown. Richard et al. (1994) traced thousands
of ions in a fixed MHD electric and magnetic fields and found that most solar wind ions
enter the magnetosphere through double cusp type reconnection (Song and Russell 1992)
and found only a small fraction enters with GDE mechanism.

More recently, Zhou et al. (2007) used a simple model to calculate GDE efficiency and
found that only electrons and ions having energies larger than several keV can gradient
drift into the magnetosphere during southward IMF. However, during northward IMF, lower
energy particles can enter, but their efficiency was not calculated. In any case, GDE cannot
explain the ion and electron heating in the entry process.

3.2.3 Asymmetries During Southward IMF

During southward IMF, there is evidence that solar wind particles can still enter from the
flank magnetopause albeit in smaller amounts. Figure 15 panels a–d show plasma sheet ion
n and T profiles for northward and southward IMF obtained from DMSP observations (note
here the hot and cold components are combined) (Wing and Newell 2002). Panels a and b
show that during northward IMF, there are density maxima and temperature minima along
both flanks, which can be taken as a signature for solar wind ion entry, as discussed above.
Interestingly, during southward IMF, there is also evidence for solar wind ion entry along
the flank, as suggested by the density maxima and temperature minima along both flanks in
panels c and d, albeit the density maxima and the temperature minima are smaller compared
to those for northward IMF. Panel c shows that during southward IMF, the density is higher
along the dawn flank than the dusk flank, which suggests a dawn-dusk asymmetry in the
solar wind entry along the flanks. These DMSP observations are corroborated by Geotail
observations in panels e–h, which show that during southward IMF, there are density peaks
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Fig. 15 The plasma sheet ion density 2D profiles inferred from DMSP observations for the northward
and southward IMF are shown in (a) and (c) respectively and their corresponding temperature profiles are
shown in (b) and (d) respectively (from Wing and Newell 2002). The density and temperature 1D profiles
obtained from Geotail observations at −10 > X > −20 RE are plotted in (e) and (f), respectively and at
−20 > X > −30 RE in (g) and (h), respectively. (From Wang et al., PET09 Workshop, Fairbanks, Alaska,
March 2009; the method is described in Wang et al. 2010)

and temperature minima on both flanks, but the flank source is weaker (Wang et al. 2006).
Figure 15 panels e and g show that in Geotail observations for southward IMF, the density
is higher on the dawn side than the dusk side, consistent with DMSP observations.

Presently, it is not firmly established what is/are the entry mechanism(s) for solar wind
ions along the flanks during southward IMF, but KHI and KAW, in principle, can still op-
erate under southward IMF, although KHI may be less favorable for southward IMF than
northward IMF (Miura 1995). Recently, Hwang et al. (2011) observed KH waves under
southward IMF on the dawnside, but the KH vortices can be irregular and intermittent.
Under dawnward IMF, Hwang et al. (2012) reported KH waves near the northern exterior
cusp that were propagating tailward perpendicular to the magnetosphere and magnetosheath
magnetic field.

3.3 Entropy

For studies of plasma transport into and within the plasma sheet, it is often useful to con-
sider what parameters are conserved and under what conditions. One fundamental quan-
tity is the entropy, which is conserved both locally and globally when the plasma re-
sponse is adiabatic (Birn et al. 2006b). Locally, the entropy per unit mass in an ideal,
isotropic plasma is σ = C log(p1/γ /ρ) where p = the plasma pressure, ρ = mass density,
γ = the polytropic index = 5/3 (Baumjohann 1993). For an entropy-conserving process, σ

or equivalently, s = p/ργ (sometimes termed specific entropy or local entropy) is conserved.
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In the ideal MHD description, the pressure response is typically prescribed by an adiabatic
equation of state such that ds/dt = 0. In a multi-fluid description, specific entropies for each
species are also conserved as long as pressures are basically isotropic and there is no heat
exchange between species, heat fluxes, or other dissipative processes.

The total entropy of a flux tube of unit magnetic flux is obtained by integrating the
entropy per unit mass over the flux tube volume Σ = ∫

ρsdl/B where dl = infinitesimal
length along B and B is the magnetic field. Equivalently, the pressure equation implies an
integral constraint on the total mass content of a flux tube, M = ∫

ρdl/B , is proportional to
S = ∫

p1/γ dl/B . If the plasma in a flux tube is in quasi-equilibrium, the pressure is constant
and S = p1/γ V is conserved (i.e. pV γ = constant) where V is the flux tube volume. While
S is not exactly the entropy of the flux tube, it is entropy-like in nature (Birn et al. 2006b)
and is sometimes referred to as the flux tube entropy parameter or flux tube entropy or total
entropy or global entropy. The specific entropy is an intensive variable whereas the total
entropy is an extensive variable.

More detailed discussion and application of entropy can be found in the 2009 JGR special
section on “Entropy Properties and Constraints Related to Space Plasma Transport” (see
Wing and Johnson 2010 and references therein).

Specific entropy, s, places significant constraints on plasma entry mechanisms. Fig-
ure 16a shows that statistically the magnetosheath ion specific entropy is 2–3 orders of
magnitude lower than plasma sheet ion s. Hence, it would be expected that a signature of
the solar wind entry is to lower s in the plasma sheet. This is indeed observed, as shown in
Fig. 16b, which shows that s is lower in both flanks, where there is a higher concentration
of cold (solar wind) ions (Wing et al. 2005), than that near the midnight meridian. Fig-
ure 16c suggests that there is a duskward heat flux in the hot ion entropy profile, as would
be expected from the curvature and gradient drifts. Figure 16 illustrates two interesting and
relevant points: (1) during entry, solar wind ion specific entropy increases by 2–3 orders
of magnitude (Fig. 16a); and (2) upon entry, the transport process that moves cold ions of
solar wind origin from the flanks to near midnight increases the specific entropy further by a
factor of ∼5 (Fig. 16d). Point (2) can be crucial in resolving another key issue: what process
transports this cold plasma from the flanks to the midnight meridian. Figure 16d suggests
that whatever the process may be it would need to increase the specific entropy by a factor
of ∼5. This is discussed further in Sect. 4.2.

Changes in specific entropy, s, may be associated with wave-particle interactions, heat
fluxes of captured populations, and other dissipative mechanisms. Three-dimensional simu-
lations of shear flow instabilities show that magnetic reconnection can mix magnetosheath
and magnetosphere populations leading to reduced entropy on closed field line regions. Eddy
diffusion and kinetic drifts can also affect the entropy profiles in the plasma sheet.

The total entropy, S = p1/γ V , provides an important constraint on the source of plasma
sheet material, because once material is captured on closed flux tubes it should satisfy the
entropy constraint, if it is convected adiabatically into the plasma sheet. The value of this
constraint, S, can be estimated from solar wind conditions and assumptions about the plasma
capture process and compared with typical values in the plasma sheet. Total entropy does
not increase significantly for double cusp reconnection (Johnson and Wing 2009), but it may
increase significantly for reconnection in Kelvin-Helmholtz vortices. The total entropy, S,
is an important parameter in the plasma transport within the plasma sheet and interchange
instability, as discussed in Sect. 4.3.
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Fig. 16 (a) Entropy density of plasma sheet, LLBL, and magnetosheath ions in the n–T log–log space. The
ions in the distant, mid-tail, and near-Earth plasma sheet tend to have the same adiabats, indicated by the
diagonal lines with slope γ = 5/3, although the scatter is large. The magnetosheath entropy is lower than
that of the LLBL, which is lower than that of the cold, dense plasma sheet. The data source and treatment
for this figure is described in Borovsky et al. (1998b) (figure courtesy of Joe Borovsky). Plasma sheet specific
entropy profiles for (b) combined hot and cold components, (c) hot component, and (d) cold component. Here
the specific entropy, s = p/ργ is calculated as T/nγ , assuming single species. The hot component profiles
shows a dawn–dusk gradient, while the cold component profile shows s approximately conserved in the x

direction and a gradient toward the midnight meridian. (From Johnson and Wing 2009)

3.4 Ion to Electron Temperature Ratio (Ti/Te)

Another important observational “constraint” on solar wind plasma entry and transport
processes in the plasma sheet is the rough, not exact, preservation of the temperature ra-
tio of ions and electrons, Ti/Te . For example, Baumjohann et al. (1989) reported that
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5.5 < Ti/Te < 11 in the plasma sheet. Ti/Te has been shown to have a dependence on so-
lar wind Alfvén Mach number (MA). For example, Lavraud et al. (2009) examined an event
during which the solar wind MA is low, ∼3, and found that Ti/Te is also unusually low ∼3 in
both the magnetosheath and magnetopause boundary layers (i.e., inside the magnetopause).
Wang et al. (2012) found a similar dependence on solar wind velocity.

The ratio of Ti/Te changes significantly at the bow shock and is determined by solar
wind parameters and shock physics. However, it is particularly interesting that the solar
wind entry process appears to roughly conserve the Ti/Te of the magnetosheath particles
during the transport across the magnetopause (Lavraud et al. 2009; Wang et al. 2012). This
property can be seen in Fig. 17a, which shows that 5 < Ti/Te < 10 in the magnetosheath
and plasma sheet. Within the magnetosheath, Ti/Te remains the same as the particles flow
downstream and cool adiabatically, as would be expected. Figures 17b and 17c show two
events in which THEMIS crossed from the magnetosheath to the plasma sheet. Both figures
show that Ti/Te of the magnetosheath (green line in the third panel from the top) appears
to be similar to the Ti/Te of the cool plasma (blue line in the third panel from the top).
Figures 17d and 17e show statistically Ti/Te of the magnetosheath and the cool plasma
(not necessarily cold component, although it should be dominated by cold component) on
both sides of the dusk and dawn magnetopause, respectively, at X < −40 RE. Figures 17d
and 17e suggest that when ions and electrons cross the magnetopause boundary from the
magnetosheath to the magnetosphere, Ti and Te increase by a factor of ∼6 to 10 and specific
entropies, si and se increase by a factor of ∼20. Wang et al. (2012) interpreted these changes
as the signature of a non-adiabatic heating process at the boundary that heats the ions and
electrons by the same proportion. The case analyzed in Lavraud et al. (2009) further shows
that Ti/Te can be preserved even for unusual parameter regimes, i.e., in that case for a low
value of the ratio as set at the bow shock during low solar wind MA.

In the kinetic theory of the impulsive penetration the magnetic moments of each individ-
ual electron and ion forming the intruding plasmoids are conserved. Since the average mag-
netic moment of all particles species is proportional to their perpendicular kinetic energy,
〈μj 〉Wj

B
= kTj

B
, the ratio of their perpendicular temperatures must necessarily be conserved

during entry and transport, as shown by the observations of Lavraud et al. (2009).
Within the plasma sheet, there is a strong dawn-dusk asymmetry in Ti/Te in the near-

Earth region which can be attributed to the curvature and gradient drifts with high-energy
ions (electrons) drifting toward dusk (dawn). As a result, Ti/Te is higher at dusk than at
dawn (e.g., Wang et al. 2012). Hence, Ti/Te depends on the locations. Kaufmann et al.
(2005) found that Ti/Te decreases earthward near the midnight meridian. They offered sev-
eral possible explanations: (1) electrons proportionally gain more energy than ions; (2) the
ions lose energy through parallel heat flux to the ionosphere by radiating Alfvén waves; and
(3) magnetic reconnection can heat ions and electrons differently. Fast flows can reduce ion
density, but increase ion temperature. Because of these, Kaufmann et al. (2005) suggested
that the factors influencing Ti/Te variability can be more complicated than just curvature
and gradient drifts. The nearly constant Ti/Te suggests that ions absorb 5–10 times as much
heat as the electrons in the plasma sheet (e.g., Kaufmann and Paterson 2009).

In one of a few theoretical and modeling studies that try to explain Ti/Te , Schriver et al.
(1998) modeled ion and electron acceleration in the magnetotail by following trajectories
of thousands of particles in T89 magnetic field model (Tsyganenko 1989) and a constant
dawn-dusk electric field of 0.25 mV/m in the magnetotail. They obtained Ti/Te = 4–6. To
explain this ratio, they derived an expression of Ti/Te = (mi/me)

1/3(B ′
e/B

′
i )

2/3 where B ′ =
the magnetic field gradient where electron or ion first cross the neutral sheet. Hence, to
obtain the observed Ti/Te , they would require ions to cross the neutral sheet closer to Earth
than electrons.
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Fig. 17 (a) Scatter diagram of ion temperature (Ti ) versue electron temperature (Te) in the solar wind, mag-
netosheath, and plasma sheet. Ti/Te = 0.1,1,5,10, and 100 are indicated by the black lines. Ti , Te, Ti/Te ,
and energy spectrums of ion and electron energy fluxes (eV/(s-sr-cm2-eV)) observed by THEMIS-b as it
crossed the magnetopause (indicated by the dotted vertical lines) on (b) 20090423 and (c) 20090427. The
green curves indicate magnetosheath plasma while the black curves indicate the hot plasma leaking out
from the magnetosphere. The cool (warm) plasma sheet plasma are indicated by the blue (red) curves.

Ti , Te, Ti/Te , ion specific entropy Pi/N
5/3
i

(nPa-cm5) and electron specific entropy Pe/N
5/3
e (nPa-cm5)

versus the Y -distance to the magnetopause (positive Y for the magnetosheath and negative Y for the plasma
sheet) at (d) the duskside magnetopause and (e) the dawnside magnetopause. (From Wang et al. 2012)

4 Plasma Transport Within the Plasma Sheet

4.1 E × B and Curvature and Gradient Drifts

Three transport mechanisms that play significant roles in the plasma sheet and that have
successfully explained large-scale features in the plasma sheet are (1) E × B (electric) and
(2) curvature and gradient drifts (magnetic). For example, panels a–d in Fig. 15 show that
the quiet time or northward IMF ion T and n profiles have the following large scale features:
(1) density peaks along both flanks and the inner edge of the plasma sheet; (2) temperature
peaks at the dusk-midnight sectors at the inner edge of the plasma sheet (r = 8–10 RE); and
(3) temperature minima along both flanks (Wing and Newell 1998, 2002; Wing et al. 2005;
Johnson and Wing 2009). These large scale features have also been found with in situ ob-
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servations (Wang et al. 2001, 2006). These features can be attributed to two plasma sources:
(cold ions from the LLBL, and hot ions from distant tail) and three transport mechanisms:
(E×B and curvature and gradient drifts) (e.g., Spence and Kivelson 1993; Wing and Newell,
1998, 2002; Wang et al. 2001, 2006, 2011, Wing et al. 2005). Cold ions that enter the plasma
sheet from the flanks undergo E × B drift without significant cross-tail drift, resulting in
temperature minima and density maxima along both flanks. In contrast, the hot plasma sheet
ions E × B drift primarily sunward while curvature and gradient drifting westward, espe-
cially in the near-Earth region where the magnetic field is stronger (r < 10 RE), leading to
the temperature peak at the dusk-midnight sector at the inner edge of the plasma sheet. The
importance of the magnetic drift increases whereas the importance of E × B drift decreases
with decreasing distance from Earth. Once the plasma sheet particles reach the inner magne-
tosphere, having been somewhat energized in the process, curvature and gradient drifts be-
come dominant over E×B drift. As a result, the ions and electrons mainly move azimuthally,
with the ions moving westward while the electrons eastward. As they circle around the
Earth, some of these particles are lost by exiting through the magnetopause and by pre-
cipitating into the ionosphere (Gkioulidou et al. 2012; Wing et al. 2013). These particle
precipitations provide a way to infer plasma sheet population (e.g., Wing and Newell 1998;
Wing et al. 2005).

As shown in Fig. 15, relative to northward IMF, during southward IMF: (1) fewer so-
lar wind ions enter along the flanks and (2) the stronger convection and dawn-dusk electric
field leads to larger E × B drift. The differences mentioned so far in terms of transport
processes and plasma sheet properties between northward and southward IMF give rise to
the question: what happens when the IMF turns southward after a prolonged northward
IMF and the plasma sheet has been loaded with cold and dense plasma? Thomsen et al.
(2003) investigated this phenomenon and found that a strong ring current can ensue when
prolonged northward IMF is followed by strong convection due to southward IMF or a sud-
den increase in solar wind dynamic pressure. Basically, when IMF turns southward, the
preloaded cold-dense material in the plasma sheet is delivered to the inner magnetosphere,
resulting in enhanced ring current (Denton et al. 2005; Lavraud et al. 2006a; Lavraud and
Jordanova 2007). This has been referred to as “the calm before the storm” for the spe-
cial case of corotating interaction regions (Borovsky and Steinberg 2006). Lavraud et al.
(2006b) also studied the effect of prolonged northward IMF followed by southward IMF on
inner magnetosphere plasma properties. They found two cold dense ion populations at the
geosynchronous orbit: (1) at midnight and (2) near dawnside. The dawnside cold dense ions
at the near-Earth plasma sheet during active times or substorm growth phase have been pre-
viously observed (Wing and Johnson 2009; Wing and Newell 1998, 2002; Korth et al. 1999;
Denton et al. 2005) and modeled (Wang et al. 2004). It has been attributed to the stagnation
point where E×B drift and corotation is nearly balanced by the curvature and gradient drifts
(Friedel et al. 2001) and solar wind entry from the dawn flank. The midnight cold dense ions
can be attributed to the earthward injections, e.g., fast flows, of the plasma sheet ions.

Interestingly, Ashour-Abdalla et al. (2010) found that during northward IMF, the plasma
sheet can temporarily split into dawn and dusk halves in LSK simulation. They attributed
this division to the presence of flux ropes in the center of the tail possibly due to the localized
near-Earth reconnection.

Ion outflows during active times can significantly increase plasma sheet O+ population,
which can at times carry much of the energy (e.g. storm-time ring current) (e.g., Kistler et al.
2006; Keika et al. 2013; Maggiolo and Kistler 2014). Ion outflow rates have been found to
increase dramatically after onset (e.g., Tung et al. 2001; Wilson et al. 2004). Escaping O+
has higher fluxes in the 00–12 MLT (midnight-dawn-noon) sector than 12–24 MLT (noon-
dusk-midnight) sector (Redmon et al. 2012; Collin et al. 1988). More recently, Maggiolo
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and Kistler (2014) found that O+ density increases with decreasing distance from the Earth
and for magnetically active times and in the near Earth region, O+ density is higher at
postmidnight than premidnight. This may be related to the presence of cold dense ions in
the plasma sheet post-midnight sector after substorm onset (Wing et al. 2007; Wing and
Johnson 2009). Peterson et al. (2009) argued the importance of in-transit populations for
ionospheric outflows for the quicker than expected arrival time of the outflows in the plasma
sheet.

These outflows (combined with associated energization processes) could significantly
modify the background plasma and magnetospheric E × B convection (e.g., Winglee et al.
2002). Several important physical effects might be expected. The study of Karimabadi et al.
(2011) suggests that heavy ions only affect the reconnection rate when they are the primary
current carrier, but in the nonlinear stage, a proton-dominated current sheet can be replaced
by heavy ions in the surrounding plasma leading to reduced reconnection efficiency, reduc-
tion in the production of secondary islands, and broadening of the reconnection structures.
MHD simulations show that dayside O+ outflows would convect to the nightside and may
move the magnetotail X-line closer to Earth in order to maintain the same reconnection rate
on the dayside (e.g., Brambles et al. 2010; Wiltberger et al. 2010). On the other hand, night-
side O+ outflows may have the opposite effect, moving the magnetotail X-line further from
the Earth due to the increased plasma pressure (e.g., Garcia et al. 2010).

4.2 Turbulence

Plasma of solar wind origin is observed as distributed throughout the plasma sheet. Observa-
tions show that the cold dense ions can be found throughout the entire plasma sheet during
northward IMF (e.g., Terasawa et al. 1997; Øieroset et al. 2005; Wing and Newell 2002;
Thomsen et al. 2003; Wing et al. 2005, 2006; Lavraud et al. 2006b; Johnson and Wing
2009). However, the mechanism for transporting cold dense plasma from the flanks to the
midnight meridian (center of the plasma sheet) has not been clearly established or uniformly
accepted.

The plasma sheet has been observed to be turbulent, which can play some roles in the
plasma transport (Borovsky et al. 1997; Borovsky and Funsten 2003; Weygand et al. 2005).
One source of the turbulence may be velocity shear instabilities (Borovsky et al. 1997).
Entry of cold particles from the flanks establishes a spatial density gradient pointed from
midnight toward the flanks. Turbulent flows in this spatial gradient thus result in diffusive
particle transport from the flanks toward midnight. Wang et al. (2010) estimated diffusion
coefficients associated with turbulent flows from Geotail observations. They performed a
simulation that shows that diffusive transport due to turbulence can move cold particles from
the flank to the midnight meridian to form a CDPS with density increase rates consistent with
the statistical Geotail results. As such, turbulence is an important process that is intrinsic to
the quasi-stable state of the tail and boundary layer (Antonova 2005), as well as its stability
(Stepanova et al. 2011).

Ionospheric velocity measurements inferred from SuperDARN also suggest that even un-
der steadily driven conditions, there are significant ionospheric velocity fluctuations (Bris-
tow 2008). They occur for all local times, though are largest in the afternoon sector at auroral
latitudes, and the prenoon polar cap. The level of fluctuation seems to be independent of sub-
storm/nonsubstorm conditions. The average time for a significant fluctuation is on the order
of ten minutes for all latitudes and local times, and they obey a power law distribution for
at least part of its range. The ionospheric fluctuations could be a remote indicator of plasma
sheet turbulence, and useful for studies of plasma sheet transport. The convection velocity
fluctuations are also observed in the lobes by Cluster (Förster et al. 2007).
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4.3 Entropy and Interchange Instability

Section 3.3 discusses the concept of total entropy, S, and specific entropy, s, and their im-
portance to the solar wind plasma entry problem. These two entropy parameters are also
relevant for the study of plasma transport within the plasma sheet. S is an important pa-
rameter for identifying when and where the magnetospheric plasma is interchange unsta-
ble. In particular, flux tubes with reduced S relative to the surrounding plasma may be
interchange unstable, which can lead to earthward plasma transport at high speed, com-
monly known as fast flows (e.g., Pontius and Wolf 1990) that redistribute plasma into a
more stable magnetospheric configuration (Gold 1959; Sonnerup and Laird 1963; Hill 1976;
Chen and Wolf 1999).

Statistical studies have shown fairly definitively that, in the magnetotail, S is not con-
served along a typical Earthward convective path—-S decreases with decreasing distance
from Earth (Erickson and Wolf 1980; Garner et al. 2003; Kaufmann and Paterson 2009;
Wing and Johnson 2009; Wang et al. 2009). Nonconservation of S can occur in nonadia-
batic processes such as wave-particle interactions, heat flux, gradient/curvature drifts (Tsy-
ganenko 1982; Kivelson and Spence 1988; Wang et al. 2001, 2004; Wolf et al. 2009; Wing
and Johnson 2009; Kaufmann and Paterson 2008) and deviation from Earthward-directed
E × B drift (Kaufmann et al. 2004). However, while these processes may explain the tail-
ward gradient of S during relatively quiet times, they are probably not sufficient to explain
the tailward gradient inferred from observations during periods of enhanced convection.
For example, simulations of Lemon et al. (2004) that include electric shielding and gra-
dient/curvature drifts show that strong adiabatic Earthward convection of plasma from the
mid-tail region leads to intense stretching of the magnetic field that is almost certainly un-
stable physically.

If the localized process leads to field-line reconfiguration (reconnection), then the change
of S is likely more related to the change of flux tube volume than to changes in s within that
volume. Erickson and Wolf (1980) and others have pointed out that reconnection, substorms,
and other processes that reduce the plasma content of flux tubes will reduce S (e.g., Pontius
and Wolf 1990; Borovsky et al. 1998b; Chen and Wolf 1993; Kaufmann and Paterson 2006;
Wing and Johnson 2009), which could explain the statistically observed tailward gradient
in S. S and s can also change when plasma is added to the flux tube, e.g., through solar wind
plasma entry or ionospheric outflow (e.g., Johnson and Wing 2009).

Birn et al. (2006a, 2009), Kaufmann and Paterson (2006), and Wing and Johnson (2009)
discussed S changes in flux-tube reconfiguration in magnetic field reconnection process
in which the closed field line splits into two parts: (1) a newly closed field line albeit with
reduced length and (2) a tailward convecting plasmoid. The newly closed field line has much
lower S and V compared to those in the original flux tube, while the remainder resides in
the newly formed plasmoid.

An earthward fast flow can attain velocity greater than 400 km/s and has been asso-
ciated with a bubble, which is a magnetotail flux tube having lower density, pressure,
and S than surrounding flux tubes (e.g., Angelopoulos et al. 1994; Sergeev et al. 1996;
Nakamura et al. 2005). Herein, the term fast flow includes bubbles, bursty bulk flows (BBF)
and flow burst (shorter duration than BBF). Fast earthward flows are more frequently ob-
served during magnetically active times, have been associated with substorm onsets, and
their occurrence frequency reaches a peak at the start of the recovery phase (e.g., Naka-
mura et al. 2002; Angelopoulos et al. 1994; Baumjohann et al. 1990; McPherron et al. 2011;
Sergeev et al. 2008; Slavin et al. 2002). Fast flow observations and simulations often show
two parts: (1) the head where Bz is large (the dipolarization front) and (2) the tail. The



Review of Solar Wind Entry into and Transport Within the Plasma Sheet

pressure inside the bubble is smaller than that outside the bubble. This pressure gradient
leads to the field-aligned current with region-1 polarity, whose particle precipitation signa-
ture in optical images often appears as an auroral streamer. Thus, many studies pair auroral
streamers with fast flows (e.g., Sergeev et al. 2004; Nakamura et al. 2001; Lyons et al. 1999;
Sanchez et al. 2012).

There is no clear picture of the earthward fast flows at distances r < 10–12 RE.
It appears that many fast flows slow down at r < 10–12 RE (e.g., McPherron et al.
2011; Panov et al. 2010a) and many do not reach the inner magnetosphere or geosyn-
chronous orbit (e.g., Ohtani et al. 2006; Sergeev et al. 2012; Kim et al. 2012). Observa-
tions and theory suggest that in the final stage of the bubble earthward motion, the fil-
amentary bubble executes a damped oscillation about an equilibrium (interchange oscil-
lation) as the bubble slows down and eventually comes to a stop (interchange oscilla-
tion) (Chen and Wolf 1999; Panov et al. 2010b, 2013; Wolf et al. 2012). In Rice Con-
vection Model-Equilibrium (RCM-E) simulations, flux tubes do not generally reach the
inner magnetosphere, unless their total entropies have been reduced (Lemon et al. 2004;
Zhang et al. 2008), and their depth of penetration is determined by the severity of the en-
tropy reduction (Yang et al. 2012).

In Birn et al. (2009) simulations, after the reconnection, the newly closed field line, which
has smaller total entropy and flux tube volume than the surrounding flux tubes, can initiate
the unstable growth of ballooning and interchange instability, resulting in the earthward
propagation of the flux tube. These bubbles would move earthward until their S equals that
of their neighbors (Wolf et al. 2009). The more depleted the flux tube, the closer to Earth
it can penetrate. This view has been supported in some recent observational studies (e.g.,
Dubyagin et al. 2011).

Recently, Birn et al. (2011) showed that as bubbles move earthward, vortices of return
flow develop and the bubbles also fragment, developing cross-tail structuring in the later
stages. This process is displayed in Fig. 18. Initially, reconnection at X = −8 (simulation
scale; X = −10 corresponds to XGSM = −23 Re) leads to fast earthward flows through
interchange instability generated by buoyancy forces. In Figs. 18a and 18d, the blue patch
that is aligned with the X axis near midnight corresponds to fast earthward flow of flux
tube with depleted S (BBF), which brakes in the inner magnetosphere at about X = −2
(simulation scale). Some time later, the earthward flow near midnight is reversed as shown
in Figs. 18b and 18e. Additionally, two secondary earthward fast flow channels develop
eastward and westward of the initial fast flow. Small scale structuring develops. Finally, the
flow subsides and the entire region in the inner magnetosphere has overwhelmingly low
entropy plasma (blue), as shown in Fig. 18c. This final configuration suggests that the BBFs
have successfully carried the low-entropy plasma from the magnetotail into a large region
in the inner magnetosphere.

5 Summary and Conclusion

This paper reviews our current understanding of the plasma transport from the solar wind to
the magnetotail and transport within the magnetotail. Four solar entry mechanisms are ex-
amined for northward IMF solar wind entrees: (1) double cusp reconnection (e.g., Song
and Russell 1992), (2) KHI (e.g., Otto and Fairfield 2000), (3) KAW (Lee et al. 1994;
Johnson and Cheng 1997), and (4) IP (Lemaire 1977; Lemaire and Roth 1978). In order to
determine which of these mechanisms plays the most significant roles and under what con-
ditions, we examined four observational constraints: (1) plasma sheet filling rate; (2) dawn-
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Fig. 18 Total entropy, S, (a),
(b), (c), and flow in the X–Y

plane (d), (e), and (f) at three
different times in Birn et al.
(2011) MHD simulation. (From
Birn et al. 2011)

dusk asymmetries; (3) specific and total entropies; and (4) ion-to-electron temperature ratio
(Ti/Te).

It turns out that all four mechanisms are capable of filling the plasma sheet with cold
dense plasma. The entry rate from each mechanism is quite similar and consistent with
the observed filling rate. The observed plasma sheet densities, temperatures, velocities, and
magnetic fields during northward IMF seem to agree well with those found in OpenGGCM
MHD simulations of double cusp (or lobe) reconnection.

In situ and remote observations of the cold component (magnetosheath/solar wind origin)
ions at the plasma sheet flanks near the magnetopause reveal that the cold component density
and temperature are higher on dawn flank than on the dusk flank. In situ observations show
that while on the duskside, the ion hot (magnetospheric origin) and cold component temper-
atures are isotropic, on the dawnside, the ion cold component appears to have been heated
in the direction perpendicular to the magnetic field and the electrons have been heated in the
direction parallel to the magnetic field. These observations are consistent with the expected
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signature of KAW interaction with particles. A recent survey of Alfvén waves in the mag-
netosheath and magnetopause found that the Alfvén wave spectral energy density is higher
at dawn–morning sector than at dusk–afternoon sector. Inside the magnetosphere, along the
flanks, on the duskside, the ions are frequently observed to have two components whereas
on the dawnside, the ions are frequently observed to have one component. The hot com-
ponent has higher temperature on the duskside than the dawnside because of the curvature
and gradient drifts. In contrast, the cold component has higher temperature on the dawnside
than the duskside. As a result, on the duskside, the hot and cold components are often easily
identified. In contrast, on the dawnside, the hot and cold component temperatures are often
so close to each other that the ions often appear to have one component with a broad peak.

The higher density of the cold component on the dawnside magnetotail may result from
the dawn-dusk asymmetry of the magnetosheath ion density. The magnetosheath ion den-
sity has been observed to be higher on the dawnside than the duskside and the asymmetry
appears to increase away from noon. The higher density of the cold component of the dawn-
side magnetotail may also result from a dawn-dusk asymmetry of the entry rate. An MHD
simulation shows that KH growth rate is higher on the dawn flank than the dusk flank for
a Parker spiral solar wind orientation, which is the prevalent solar wind orientation. An ex-
pected signature of the impulsive penetration mechanism is a dawn-dusk asymmetry due to
first order drift of the plasmoids/jest inside the magnetosphere and to a possible preference
of the blobs/jets to form in the dawn magnetosheath, during radial IMF.

The entry of solar wind/magnetosheath plasma reduces the specific entropy, s, of the
plasma sheet ions. The cold component s increases by a factor of 5 from the flanks to the
midnight meridian. So, whatever mechanism that transports the cold ions from the flanks to
the midnight meridian has to explain this increase in s.

Ti/Te appears to be roughly conserved when the magnetosheath particles are transported
across the magnetopause into plasma sheet even though Ti , Te , si and se all increase sig-
nificantly. If the adiabatic equation is T V (γ−1), then Ti and Te would increase according
to the flux tube volume, V , and Ti/Te can be conserved. However, the increases of si and
se suggest non-adiabatic heating during entry. The fluctuation in Ti/Te also indicates non-
adiabatic processes.

Within the magnetotail, E × B and curvature and gradient drifts play important roles
in the plasma transport and can explain the large-scale observed features of the n, T , p

profiles. Turbulence can also play a significant role, particularly in transporting cold plasma
from the flanks to the midnight meridian. Total entropy, S, and fast flows can play significant
roles in the sunward transport. Many fast flows do not reach the inner magnetosphere, but
simulations show that fast flows would only travel inward until its total entropy matches that
of the ambient plasma.
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