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Abstract12

The basic structure and dynamics of the primary electric current systems in the13

Earth’s magnetosphere is presented and discussed. In geophysics, the word current is used14

to describe the flow of mass from one location to another, and its analogue of electric cur-15

rent is a flow of charge from one place to another. An electric current is associated with16

a magnetic field, and they combine with the Earth’s internally-generated dipolar magnetic17

field to form the topology of the magnetosphere. The concept of an electric current is re-18

viewed and compared with other approaches to investigating the physics of the magneto-19

sphere. The implications of understanding magnetospheric current systems is discussed,20

including paths forward for new investigations with the robust set of observations being21

produced by the numerous scientific and commercial satellites orbiting Earth.22

1 Introduction23

The common definition of a current is a flow of fluid. This is a ubiquitous occur-24

rence in the geosciences. One example is molten rock motion inside the Earth, which25

can take many millenia to complete their loop and return to their original location [e.g.,26

Jellinek and Manga, 2004; Korenaga, 2008]. Another example is ocean currents, which27

are flows that take centuries to circulate around the globe, often making several depth28

changes as temperature and salinity are altered along the path [e.g., Gordon, 1986; Di-29

jkstra and Ghil, 2005]. A third example is groundwater flow through cracks in the rock,30

which takes a very complicated route through surface water reservoirs and perhaps the at-31

mosphere before a loop through the hydrological cycle is completed [e.g., Bierkens, 2015;32

Fan, 2015]. A fourth and final example is air currents such as the Jet Stream or the Trade33

Winds, which are really segments of the large-scale atmospheric circulation system [e.g.,34

Emanuel et al., 1994; Egger et al., 2007; Payne and Magnusdottir, 2016].35

Currents can be related to the forces acting on the fluid and, therefore, currents can36

be a critical diagnostic in examining the physical processes at work in the natural world.37

Moreover, the resulting change in the state of the system often influences those original38

forces. This implies that current system analysis is a nonlinear problem in which both39

negative and, sometimes, positive feedback mechanisms complicate the answer.40

The currents mentioned above, however, are all electrically neutral fluids, for which41

the word current refers to a net shift of mass from one location to another within the sys-42

–2–This article is protected by copyright. All rights reserved.



tem. Electric currents are somewhat different and more narrowly defined. Specifically, an43

electric current refers to a net flow in charge from one location to another within the sys-44

tem. The mass flow, especially for electric currents dominated by electron motion, could45

be insignificant, but the influence on the system could still be dramatic. While both neu-46

tral and electric currents are related to forces acting on the fluid, the specific forces in-47

volved can be rather different, and, therefore, electric currents deserve their own special48

consideration.49

Nearly everyone in the world comes into regular contact with electric currents. The50

most common form is the electric power distribution grid; any time an electrical plug is51

inserted into a live socket, electric currents flow through the wires. When the plug is very52

close but not fully within the socket, occasionally a spark can be seen jumping across53

the small air gap between them. A force is there and the electric current wants to flow,54

once the resistance is small enough to allow it. Power lines, however, come in pairs, and55

the current into the plug along one prong is matched by an equal current out of the plug56

along the other prong. Eventually, the electric current completes a circuit back to the volt-57

age source. Similarly, a lightning stroke is a rapid transfer of charge from the cloud to the58

ground (or vice versa), carving a channel through the air with such suddenness that the air59

lights up in a flash and a pressure wave causes a thunderous noise. This transfer of charge60

is just part of a larger current system, the global atmospheric electric circuit, closed by the61

small but persistent fair-weather current in the other direction [e.g., Bering, 1995; Rycroft62

and Harrison, 2012].63

While power grid electric currents are confined to a narrow channel, i.e., the wire,64

electric currents in outer space are under no such confinement restrictions and often ex-65

pand into vast volumes. The main limiter on their size is the location and intensity of the66

related forces acting on the charged particles. For example, in astrophysics, rotating pul-67

sars generate intense radially directed currents associated with a disk-like magnetic topol-68

ogy around them [e.g., Kuijpers et al., 2015]. Within our solar system, the scenario is re-69

versed. The Sun emits a supersonic, electrically charged, magnetized gas called the solar70

wind and near the ecliptic plane (although sometimes skewed far from it), there exists an71

azimuthal current loop flowing clockwise for one solar cycle and then counterclockwise72

the next [e.g., Winterhalter et al., 1994; Smith, 2001].73
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Near-Earth space is also a place to find electric currents. Ever since the invention74

of magnetometers sensitive enough to detect perturbations to the Earth’s field on the or-75

der of a percent or better, currents that are related to the magnetic fields through Ampere’s76

law have been known to exist in the near-Earth space [e.g., Gillmor, 1997]. The Earth has77

a strong internally-generated dipolar magnetic field that extends into outer space around78

the planet. Because of the existence of the solar wind and the interplanetary magnetic79

field (IMF) associated with it, this dipolar configuration is compressed on the dayside80

and elongated on the nightside. Several current loop systems were identified early on in81

the space age as the basic topology of the magnetosphere was discovered [e.g., Heikkila,82

1984]. Eventually numerical models were able to reproduce this basic structure and cur-83

rent systems could be readily identified and isolated [e.g., Siscoe et al., 2000]. Lately,84

new multi-spacecraft missions such as Cluster, THEMIS (Time History of Events in the85

Magnetosphere-Ionosphere System), Swarm, and MMS (Magnetospheric MultiScale) have86

allowed for a deeper and more sophisticated approach to understanding the structure and87

dynamics of current systems around Earth.88

While there have been several recent topical reviews of magnetospheric electric cur-89

rents [e.g., Ebihara and Ejiri, 2003; Phan et al., 2005; Daglis, 2006; Lotko, 2007; Keiling,90

2009; Walsh et al., 2014; Ganushkina et al., 2015; McPherron, 2015; Kepko et al., 2015;91

Lhr et al., 2017] and even some Commentaries outlining the next steps in current system92

research [e.g., Lockwood, 2016; Liemohn et al., 2016; Dunlop et al., 2016], these are either93

focused on a subset of magnetospheric currents or have been pitched at a high level and94

are only for knowledgeable researchers in those particular fields. It is useful, therefore, to95

compile a more general review that appeals to a broader and less specialized audience.96

This review addresses this need for an introductory primer on magnetospheric current97

systems. In fact, it will build directly from Ganushkina et al. [2015] for a more detailed98

description of current understanding and recent advancements. The present paper focuses99

on schematics of the large-scale, global nature of current systems in the magnetosphere,100

their general structure in the typical magnetosphere, and basic properties of their dynamics101

during active times.102

2 What Is a Current? B-v vs. E-J Paradigm103

Electric current is defined as a flow of charge transported by particles. The density104

of electric current J (the charge per second that flows across a unit area perpendicular to105
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the flow direction) at any point in space r and in time t is given in general form as106

J(r, t) =
∑
i

qi

∫
v fi(r, v, t)d3v, (1)107

where qi is the particle charge for the i-species, v is the particle velocity and fi is the dis-108

tribution function. The sum is taken over all the species in the plasma.109

The current density is present in one of Maxwell’s equations (Ampere’s law), which110

relates the magnetic field B with the current density J:111

∇ × B = µ0(J + ε0
∂E
∂t
), (2)112

where µ0 is the permeability of free space, ε0 is the permittivity of free space and E is the113

electric field.114

As follows from Equation 1, a current exists nearly everywhere where plasma is115

present. In the Earth’s magnetosphere, the paths of the currents are not fixed and there116

is a non-zero current essentially everywhere throughout the whole volume. For static con-117

ditions, if the plasma pressure is anisotropic, the current density perpendicular to the mag-118

netic field J⊥ can be written following Parker [1957]:119

J⊥ =
B

B2 × [∇p⊥ + (p‖ − p⊥)
(B · ∇)B

B2 ], (3)120

where p‖ and p⊥ are plasma pressure, parallel and perpendicular to the magnetic field, re-121

spectively. This equation is valid if a quasi-static equilibrium exists (force-balanced state)122

and inertial terms can be neglected. Equation 3 can be simplified for isotropic pressure p123

as124

J⊥ =
B × ∇p

B2 . (4)125

Figure 1 demonstrates schematically the consequences following the Equation 4 as126

the appearance of a current when plasma pressure gradient is present. Figure 1a shows127

some radial distribution of plasma pressure in the near-Earth magnetosphere in Gaussian128

form selected for simplicity (Earth is at the center of coordinates). Due to the shape of the129

pressure distribution, the pressure gradients will be of the same magnitude but with dif-130

ferent directions (Figure 1b). If the magnetic field in the magnetopshere is considered to131

be dipolar in the zeroth order approximation, then the magnetic field intensity decreases132

as ∼ 1/r3 with radial distance r as in Figure 1c. The azimuthal electric current will flow133

eastward at distances earthward from the pressure peak and westward at distances tailward134
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from the pressure peak. As it can be seen, even if the pressure gradients are similar, the135

westward current is larger that the eastward current due to the decrease of the magnetic136

field. In spite of the apparently complex physics, nearly all current systems discussed be-137

low can be understood using simple MHD static force balance (Equation 4). This equation138

emphasizes the importance of plasma pressure gradients for electric currents and predicts139

that intense currents must exist at sharp boundaries between different plasma populations.140

In the formulation of magnetohydrodynamics (MHD), however, electric field and145

current density become a secondary set of variables to the dominant pair of magnetic field146

and bulk velocity. Maxwell’s equations relate these values and the standard MHD equa-147

tion set includes B and v rather than E and J among the state variables. Many researchers,148

however, discuss the physics of the magnetosphere in terms of E and J rather than B and149

v. Lui [2000] discussed the benefits of addressing magnetospheric dynamics through the150

E-J paradigm, determining that there are several key physical processes that are particu-151

larly well suited for study in this approach, such as particle acceleration, plasma waves,152

and breaking of the frozen-in magnetic field condition. These differing views prompted153

Parker’s writing of his "alternative paradigm" paper [Parker, 1996], detailing the assump-154

tions implicit in the E-J paradigm and arguing in favor of the B-v paradigm. This argu-155

ment has been restated several times since then [e.g., Parker, 2000; Vasyliunas, 2001,156

2005]. For example, Vasyliunas [2001] demonstrated that the MHD formulation, under157

the right assumptions and initial conditions, yields a result in which bulk flow produces158

electric fields but not vice versa. One of the assumptions of the E-J paradigm is that of159

stationarity, that in order to discuss a current system, the 3D electric current configuration160

forms instantaneously to match the associated magnetic field topology. This isn’t really a161

problem, though. The magnetic fields and currents are directly related without a time de-162

lay, so the instantaneous magnetic field topology must be consistent with the instantaneous163

current configuration. The assumption being applied here is that the current should close164

in a simple formed loop. Physics dictates that closure must happen, but the loop might be165

very complicated and pass through many of the simplistically defined current systems be-166

fore returning to its location of origin. That currents close in simple, well-defined loops is167

not actually a requirement of the E-J paradigm; the currents can have any level of com-168

plexity to their eventual closure. Unfortunately, this assumption is often associated with169

the E-J paradigm and is perceived as a weakness of this approach. Interestingly, magnetic170

fields are also physically dictated to close in loops, and magnetic field lines can be just as171
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Figure 1. Schematic representation for the appearance of a current when a plasma pressure gradient is

present in the Earth’s magnetosphere: (a) Plasma pressure distribution with a peak, (b) Presence of the plasma

pressure gradients, (c) Magnetic field decrease with radial distance, (d) azimuthal currents in eastward and

westward directions.
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complicated as current loops. Indeed, the concept of an open magnetic field line implies172

that it does not close on itself within the system being considered. In summary, both ap-173

proaches are far more complex than the basic diagrams drawn to represent the magnetic174

field topology or the current system configuration in space.175

So, why study electric currents and draw simple diagrams of current systems? The176

short answer is because it is useful for many researchers to do so. Developing an under-177

standing of electric current systems flowing in near-Earth space has offered insight into178

the structure, dynamics, and dominant physical processes throughout the epoch of magne-179

tospheric physics discovery. Since the beginning of the field, researchers have been dis-180

cussing the flow of electric currents in near-Earth space. The histories by Stern [1989]181

and Gillmor [1997] document this usage of current system analysis, including scientists182

as early as Gauss [Gauss, 1839] in the early-to-mid 1800s considering the possibility of183

electric currents in space altering the magnetic field observed on the ground. Carrington184

[1860] connected auroral displays with magnetometer perturbations during the superstorm185

that now bears his name, and Stewart [1882] made the connection that solar illumination186

ionizes the upper atmosphere to allow for electric currents to flow in this region. In his187

famous terrella laboratory studies of Sun-Earth connections, Birkeland [1908, 1913] pos-188

tulated that field-aligned currents existed to connect the solar wind to the Earth’s iono-189

sphere, leading to the aurora. Since then, an understanding of a suite of current systems190

flowing in near-Earth space has arisen, associated with the topology of the magnetosphere,191

as detailed in numerous reviews of the topic [e.g., Stern, 1976, 1977, 1996; Fairfield,192

1977; Potemra, 1979; Heikkila, 1984; Akasofu, 1984; Mauk and Zanetti, 1987].193

This review is not written to convince the reader of the correctness or rightness of194

one paradigm over the other. The argument for the B-v paradigm has been made [e.g.,195

Vasyliunas, 2001] and many find that to be a useful framework for addressing magne-196

tospheric physics. This review is written to consolidate our understanding of magneto-197

spheric current systems in a way that is easily accessible for those just starting in the field198

of space physics, or even for those outside of the field. It presents the basic structure of199

the main current systems in the magnetosphere, the typical dynamics of these current sys-200

tems during active periods, and the physical processes governing these configurations and201

temporal changes.202
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3 Main Current Systems203

The distortion of the terrestrial internal magnetic field due to the interaction with the204

solar wind and formation of the magnetosphere is accompanied by electric currents which205

flow in the magnetosphere. These currents are important constituents of the dynamics of206

plasma around the Earth. They transport charge, mass, momentum and energy and they207

themselves generate magnetic fields which distort significantly pre-existing fields.208

When solar wind comes close to the Earth, it can not easily penetrate the Earth’s209

internally generated magnetospheric magnetic field. The magnetopause, a surface bound-210

ary separating the two different regions, is formed. The kinetic pressure of the solar wind211

compresses the terrestrial magnetic field on the dayside and this is associated with mag-212

netopause current flowing across the magnetopause. On the nightside, magnetic field is213

stretched and a long magnetotail is formed. The magnetotail current exists there, one part214

of it flowing in the center of the tail across the magnetosphere from dawn to dusk and the215

other making two loops, above and below the magnetotail center, closing the central cur-216

rent through the magnetopause.217

The magnetospheric plasma consists mainly of ions and electrons which come from218

the solar wind and the terrestrial ionosphere. In the Earth’s magnetospheric magnetic219

field, particles with keV (kiloelectron volt) energies gyrate around and bounce along mag-220

netic field lines and move (drift) around the Earth in a matter of hours. Westward drift of221

ions and eastward drift of electrons, along with their gyration motion in a region with a222

pressure gradient, results in a net charge transport and corresponding ring current flowing223

around the Earth.224

There exist also currents flowing along magnetic field lines, field-aligned currents,225

mainly carried by electrons, which connect the magnetospheric currents with ionospheric226

currents. Several current systems are present in the conducting Earth’s ionosphere but227

their detailed description is beyond the scope of the present review.228

As the Earth’s magnetosphere responds to changes in solar activity, the main mag-229

netospheric current systems can undergo dramatic changes with new transient current sys-230

tems being generated. The key currents of the magnetosphere are presented in the sections231

below.232
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3.1 Chapman-Ferraro Magnetopause Currents233

The idea that the Earth’s own magnetic field diverts the solar wind that leads to234

forming a cavity, that is referred as magnetosphere, where the solar wind does not have235

direct access was suggested well before the spaceflight era by Chapman and Ferraro [1931]236

and confirmed by Explorer 10 and 12 measurements [e.g., Cahill and Amazeen, 1963].237

The typical values of undisturbed solar wind speed in the vicinity of the Earth is about238

400 km per second. This speed of the solar wind is supersonic since it exceeds the ve-239

locities of fast plasma waves whcih are about 50-100 km per second. The magnetosphere240

is an obstacle immersed in the supersonic solar wind flow and, therefore, the bow shock241

is formed in front of it, similarly as the shock is formed when an aircraft is moving in242

the atmosphere with the speed that exceeds the velocity of sound waves. This shock front243

slows down, compresses, and heats the solar wind plasma. The region between the mag-244

netosphere and the shock front is called the magnetosheath. As a result of the deceleration245

at the shock, the flow in the magnetosheath is not supersonic. The speed of the solar wind246

increases when it moves around the magnetosphere, from the subsolar point to the flanks247

of the magnetosphere.248

For the magnetosheath plasma, the particle pressure is of key importance, whereas249

inside the magnetosphere, plasma is more tenuous and the magnetic pressure plays a ma-250

jor role. The magnetopause separates those two regions and an extensive current, called251

the Chapman-Ferraro current, flows across it. Figure 2 presents a schematic picture of the252

Chapman-Ferraro dayside magnetopause currents. In equilibrium, the magnetic pressure253

inside the magnetopause pB =
B2

2µ0
, where µ0 = 4π · 10−7H/m is the permeability of254

free space, is equal to the sum of thermal and magnetic pressures in the magnetosheath,255

which is, in turn, equal to the dynamic pressure of the solar wind p = ρswu2
sw , where256

ρsw is the mass density of the solar wind and u2
sw is the solar wind flow speed upstream257

of the bow shock. This balance defines the location of the magnetopause. If we assume258

the dipole magnetic field for simplicity, its strength as a function of radial distance r is259

B(r) = BE (
RE

r )
3, where BE = 3 · 10−5T is the magnetic field at the equator on the Earth’s260

surface and RE is the Earth’s radius of 6371 km. The magnetopause force balance gives261

the distance rmp to the nose of the magnetopause, or subsolar point, rmp

RE
= (

B2
E

2µ0ρswu2
sw
)1/6.262

In reality, the magnetic field is compressed on the dayside and the magnetopause is a cur-263

rent layer which produces the distortion of the dipole magnetic field. The magnetic field264

just inside the magnetopause is about two times larger than that of a dipole. The modified265
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equation for the magnetopause distance is rmp

RE
= 21/3(

B2
E

2µ0ρswu2
sw
)1/6. On average, the nose266

of the magnetopause is located at about 10 RE on the dayside. The magnetopause distance267

is inversely proportional to the solar wind dynamic pressure to the 1/6th power. If the ac-268

tivity of the Sun increases and the dynamic pressure of the solar wind becomes higher,269

the magnetopause current intensifies and the magnetopause moves closer to the Earth.270

When the solar wind pressure is ten times larger than the typical values, the magnetopause271

can come as close as 6.5 RE . Away from the nose, the current magnitude decreases as272

the magnetopause moves farther from the Earth where the magnetic field is weaker [e.g.,273

Coroniti and Kennel, 1972; Petrinec and Russell, 1996]. At the high latitudes, there ex-274

ist co-called cusps (in both the northern and southern hemispheres) of the magnetosphere275

[e.g., Hedgecock and Thomas, 1975], they mark the separation between the magnetic field276

lines going sunward and tailward. The magnetic field reaches its minima near the cusp re-277

gions, and the solar wind plasma can penetrate up to the top of the atmosphere there. The278

magnetopause current flows around the cusps as shown in Figure 2.279

The generation of the magnetopause current can be understood if we consider the283

trajectories of magnetosheath protons and electrons and their interaction with the geo-284

magnetic field. The best illustration can be found in Kivelson and Russell [1995], Figure285

9.2. When they move to the regions with larger magnetic field, they are forced to return to286

the magnetosheath after only a half of gyration. Protons and electrons gyrate in opposite287

directions around the magnetospheric field, therefore, their motion within the boundary288

results in a current. As the magnetic field within the boundary is oriented predominantly289

northward, the current will flow from dawn to dusk (see Figure 2) across the equatorial290

magnetopause and from dusk to dawn across the high-latitude magnetopause tailwards of291

the cusp openings. Although this simple scenario predicts the magnetopause current sheet292

thickness to be of order of one ion gyroradius, the observations from the International293

Sun-Earth Explorer (ISEE) spacecraft [e.g., Le and Russell, 1994] and Cluster satellites294

[e.g., Haaland et al., 2004] showed that it is of ∼5-10 ion gyroradii (several hundred km).295

This larger thickness is due to the effect of kinetic instabilities smearing out the thin cur-296

rent sheet. The magnetopause currents form closed loops across the dayside part of the297

magnetosphere (see Figure 2), with an average current density of 20 nA/m2. The magne-298

topause surface current density can be related to the plasma pressure jump across mag-299

netopause using Equation 4. For 2 nPa of pressure on the magnetosheath side of magne-300

topause (we assume that there is no plasma inside the magnetopause), which is close to301
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Figure 2. The Chapman-Ferraro dayside magnetopause currents are shown as a green-shaded surface on a

simple wire diagram of the magnetopause. The Earth is the small sphere at the axis origin and the Sun is to

the lower left.
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the solar wind dynamic pressure, and for 60 nT of the magnetic field inside the magne-302

topause layer, the surface current density is 0.03 A/m.303

3.2 Tail Current with Closure via Return Current on the Magnetopause304

Magnetic field observations made by the Interplanetary Monitoring Platform (IMP)305

1 satellite [Ness, 1965; Speiser and Ness, 1967] revealed that the Earth’s magnetosphere306

forms a long tail with stretched magnetic field lines on the nightside that extends far anti-307

sunward, even beyond the Moon’s orbit at 60 RE . It was found that the thin sheet of cur-308

rent flows in this magnetotail in the region where the magnetic field changes its direction309

(near-equatorial plane). This current divides the magnetotail into two regions with almost310

uniform magnetic field of opposite direction. Such structure was confirmed by numerous311

studies [e.g., Bame et al., 1967; Fairfield et al., 1979; Owen et al., 1995; Tsyganenko et al.,312

1998]. A special importance of the cross-tail current sheet comes from the fact that it is a313

region where instabilities arise leading to a magnetospheric substorm [e.g., Hones, 1979;314

Lui, 1991; Baker et al., 1996].315

After coming to the magnetopause, the magnetotail current must flow somewhere316

further and Axford et al. [1965] realized that it closes via the magnetopause above and be-317

low the relatively strong magnetic field regions of the tail, forming a system in a shape of318

the Greek letter θ, called a return current. Figure 3 presents the schematic view of the tail319

current with closure via return current on the magnetopause. The magnetic field above the320

equatorial current sheet is directed earthward and it is anti-earthward below the current321

sheet. Such configuration obviously produces a southward magnetic field at the Earth’s322

location, which can compete in its strength with the magnetic field of the symmetric ring323

current during geomagnetic storms, at least during the early main phase [Maltsev, 2004].324

Another intensively debatable question is how close the tail current comes to the Earth325

on the nightside while still being considered a tail current according to the conventional326

definition. Ganushkina et al. [2015] reviewed the existing definitions of the cross-tail cur-327

rent. Mainly, the tail current is defined as a nightside equatorial westward current outside328

6.6 RE , closing on the magnetopause, flowing in the region of the stretched magnetic field329

lines and isotropic plasma pressure, carried by particles with energies <20 keV. Starting330

from early measurements [Ness, 1965; Speiser and Ness, 1967], the magnetic field in the331

near-Earth tail lobes was estimated as about 20 nT. For typical plasma sheet parameters332

of number density n ∼ 0.3cm−3, ion temperature Ti ∼ 4.2keV and electron temperature333
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Figure 3. The tail current with closure via return current on magnetopause shown in light blue on the wire

diagram of the magnetopause, as in Figure 2.

341

342

Te ∼ 0.6keV , the current density is 30mA/m. If we take into account that the current334

sheet is long, the current density can be given as 30A/km or 2 · 105 A/RE which means335

that 106 A is carried in each of 5RE of the tail.336

It should be mentioned that, although, on a global magnetopsheric scale, the tail cur-337

rent is the persistent and stable system, on a smaller scale it contains several very dynamic338

currents (e.g. dipolarization front currents [e.g., Liu et al., 2013] and small scale field-339

aligned currents [e.g., Sergeev et al., 1996; Nakamura et al., 2001; Takada et al., 2008]).340

3.3 Region 1 Field-Aligned Currents343

Currents in the Earth’s magnetosphere can flow not only perpendicular but also344

parallel to the magnetic field. These field-aligned currents were first suggested [Birke-345

land, 1908] to explain the variations of magnetic field measured on the ground in the po-346

lar regions and several theories were further developed [e.g., Alfvén, 1950; Fejer, 1961;347
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Cole, 1963]. The measurements of the magnetic field onboard the low altitude polar orbit-348

ing Triad Satellite [Zmuda et al., 1966; Zmuda and Armstrong, 1974; Iijima and Potemra,349

1976a] confirmed the existence of the current system of oppositely directed, but closely350

located concentric sheets. The Triad magnetometer provided three components of the351

magnetic field in the northern polar regions: (1) radially downward and nearly parallel352

to the main geomagnetic field; (2) transverse to the main geomagnetic field in the mag-353

netic east-west direction; and (3) transverse to the main geomagnetic field in the magnetic354

north-south direction. Distinct variations with large amplitudes were observed mainly in355

the transverse east-west magnetic direction. These disturbances were observed at high in-356

variant latitudes, between 60 and 80 degrees, statistically coincident with the visual au-357

roral oval. When Triad was in the premidnight sector, the magnetic disturbances were in358

the eastward direction, whereas in the postmidnight sector, they were directed westward.359

The measured magnetic field was, first, increasing and, then descreasing, indicating the360

existence of the close, oppositely directed currents. If we use the right-hand rule for the361

observed magnetic field disturbances (see equation 2), our thumb will indicate the direc-362

tion of the flowing current associated with these disturbances. To be consistent with the363

observed magnetic field variations, the current should flow along the magnetic field line364

(field-aligned current) and in the following pattern: away from the ionosphere in the pole-365

ward boundary of the magnetic disturbance region and into the ionosphere at the equator-366

ward boundary in the pre-midnight sector; and in the direction into the ionosphere at the367

polar boundary and away from the ionosphere at the equator boundary in the postmidnight368

sector.369

Iijima and Potemra [1976a] separated the field-aligned currents into Region 1 and370

Region 2 currents, where Region 1 currents were the poleward currents and Region 2371

were the equatorward currents. Further from the Earth, the evidence of the existence of372

the field-aligned currents has been also found (see, for example, the review of Ganushkina373

et al. [2015] and references therein). Recently, the detailed maps of the field-aligned cur-374

rents have been produced using the magnetic field measurements from the Iridium satellite375

constellation [e.g., Anderson et al., 2000, 2005] and later with the Iridium project upgrade376

to the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AM-377

PERE) [e.g., Clausen et al., 2012; Anderson et al., 2014; Coxon et al., 2014]. It was found378

that the current systems are much more structured and dynamic than the statistically de-379

rived current patterns of Iijima and Potemra [1976a]. The Region 1 current magnitudes380
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from integrated AMPERE current distributions were found in the range from 0.1 MA to381

several MAs.382

Field-aligned currents play an important role in the coupling between the magneto-383

sphere and the ionosphere [e.g., Siscoe et al., 1991]. Figure 4 presents the schematic view384

of the Region 1 field-aligned currents. Part of the Region 1 currents is on open field lines385

and shown as connected to the dayside magnetopause in Figure 4 and it is driven by the386

solar wind, which acts as a generator [e.g., Iijima and Potemra, 1982; Stern, 1983; Siscoe387

et al., 1991; Xu and Kivelson, 1994; Cowley, 2000] possibly by dayside reconnection. The388

analogy was made with the action of a dynamo which is an electromotive force (emf) de-389

veloped in a magnetic field around a circuit, part of which is in motion relative to the rest.390

As was demonstrated by Stern [1983], for an open magnetosphere, the circuit consists of391

two field lines, each with one end in the ionosphere and the other end in the solar wind.392

In the Earth’s frame, the moving part of the circuit is the solar wind, and the current flow393

in the circuit is due to polarization drifts (see, for example, Figure 8 of Stern [1977]).394

Another part of the Region 1 currents is on closed field lines and it is connected395

to the plasma sheet, boundary layer and the magnetopause on the nightside (Figure 4).396

The exact physical processes responsible for the formation of this nightside part of Region397

1 field-aligned currents are still unclear. Their formation can be due to processes taking398

place in the boundary layer [e.g., Lotko et al., 1987; Ohtani et al., 1988] and in the plasma399

sheet [e.g., Ohtani et al., 1990; Antonova and Ganushkina, 1997; Wing and Newell, 2000;400

Xing et al., 2009]. Based on the magnetosphere-ionosphere current continuity, the field-401

aligned current j‖ (positive if flowing into the ionosphere) is related to the magnetic field402

and plasma pressure in the magnetosphere [Grad, 1964; Vasyliunas, 1970; Tverskoy, 1982]403

as404

j‖ =
Bi

Be
b · (∇W × ∇P), (5)405

where W =
∫

ds
B is the magnetic flux tube volume, ds is the element of magnetic field line406

length, B is the magnetic field along the field line and the integration is taken between407

the two conjugate points, P is the plasma pressure, Bi and Be are the magnetic fields in408

the ionosphere and equatorial plane, respectively, b is the magnetic field direction, and409

gradients are evaluated in the equatorial plane. The formation of a field-aligned current410

requires the existence of a hot plasma pressure gradient along the isosurfaces of the mag-411

netic flux tube volume W , azimuthal plasma pressure gradient. The direction of this gra-412
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Figure 4. Region 1 field-aligned currents, shown as the red bands, including the two possible closure paths:

directly to the magnetopause and via the far-tail plasma sheet.

422

423

dient determines the flow direction of the field-aligned current. If the azimuthal gradient413

is directed outward indicating that the pressure peaks are not around midnight but close to414

dawn and dusk, Region 1 field-aligned current can be generated in the plasma sheet. The415

presence of this gradient necessary for generation of the Region 1 field-aligned current in416

the plasma sheet was demonstrated by Antonova and Ganushkina [1997] based on mod-417

eling and by Xing et al. [2009] based on observations. That is, pressure gradients in the418

pre- and post-midnight sectors in general match the formation of Region 1 field aligned419

currents, as defined by Equation 5. So, at least some portion of Region 1 currents passes420

through the plasma sheet, as drawn in Figure 4.421

3.4 Symmetric ring current (eastward and westward) including cut ring currents424

on the dayside425

Early studies in magnetospheric physics introduced a current flowing around the426

Earth in the clockwise direction with the shape of a ring, or, rather, a toroid [Strmer,427

1907; Schmidt, 1917]. The concept of this ring current played a significant role in the ini-428

tial understanding of the geomagnetic storms [Chapman and Ferraro, 1931, 1941]. The429
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current flowing around the Earth in the clockwise direction will depress the magnetic field430

at the Earth’s surface, since the direction of its magnetic field is opposite to the Earth’s431

internal magnetic field. The measured disturbances of the ground magnetic field during432

geomagnetic storms were attributed to the ring current increase and decrease [Akasofu and433

Chapman, 1961; Kamide and Fukushima, 1971; Kamide, 1974]. The early measurements434

of the ring current particles were made onboard the Orbiting Geophysical Observatory435

(OGO) 3 [e.g., Frank, 1967] and Explorer 45 [e.g., Smith and Hoffman, 1974] satellites.436

The first complete observational evidences of the ring current composition and structure437

came from the Active Magnetospheric Particle Tracer Explorers/Charge Composition Ex-438

plorer (AMPTE/CCE) satellite which was in elliptical orbit with 9 RE apogee. The ob-439

tained radial plasma pressure profiles in the magnetosphere contained pressure increas-440

ing Earthward with a peak around 3 RE and then decreasing towards the Earth [Lui et al.,441

1987; Spence et al., 1989; Lui and Hamilton, 1992; De Michelis et al., 1997]. This feature442

is consistent with the two ring currents, one flowing around the Earth clockwise (west-443

ward) outside of the pressure peak and the other anticlockwise (eastward) inside of the444

pressure peak (see Equation 4 and Figure 1). Figure 5 presents the schematic view of the445

symmetric ring current. The light-brown current near the Earth flows eastward and the446

light-blue current flows westward. The derived current densities for the eastward ring cur-447

rent were typically about 2 nA/m2 whereas westward ring current can be of ∼1-4 nA/m2
448

during quiet times and of ∼7 nA/m2 during storm times but can be also as large as 50449

nA/m2 [e.g., Vallat et al., 2005]. The large-scale structure of the ring current was later450

confirmed by numerous studies. They include, for example, the analysis of the magnetic451

field data from the ISEE, AMPTE/CCE and Polar missions Le et al. [2004], and from the452

Combined Release and Radiation Effects Satellite (CRRES) [Jorgensen et al., 2004]; by453

the remote sensing of energetic neutral atoms (ENAs) emitted from the ring current from454

ISEE-1 spacecraft [Roelof , 1987] and Imager for Magnetopause-to-Aurora Global Explo-455

ration (IMAGE) and Two Wide-angle Imaging Neutral-atom Spectrometers (TWINS) mis-456

sions [Pollock et al., 2001; Brandt et al., 2002; Buzulukova et al., 2010a; Goldstein et al.,457

2012]. The most recent Van Allen Probes mission provided extensive new observations of458

the ring current [e.g., Zhao et al., 2015, 2016; Gkioulidou et al., 2016; Kistler et al., 2016;459

Menz et al., 2017].460

The traditional toroidal shape of the ring current has been questioned based on the464

fact that on the dayside there are two magnetic field minima above and below the equa-465
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Figure 5. The symmetric ring current (eastward and westward, in brown and blue, respectively) including

the cut ring currents on the dayside (in yellow). The viewing perspective is the same as in Figure 2 but now

zoomed in closer to the Earth.

461

462

463
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torial plane. On the nightside, the magnetic field lines have only one minimum. This466

structure of the magnetic field determines the drift trajectories of particles. Antonova and467

Ganushkina [2000] and Antonova [2003, 2004] have suggested that the ring current does468

not go around the Earth as one system but splits into two branches in the dayside magne-469

tosphere and forms the high-latitude continuation of the ordinary ring current. This cur-470

rent was named the cut-ring current (CRC). Figure 5 presents the schematic view of the471

cut ring current shown by the yellow ribbon. The initial verification of the existence of472

such a current was done by analyzing the radial profiles of plasma pressure gradients ob-473

tained from the THEMIS-B satellite data [Antonova et al., 2009] but an extensive analysis474

of the global plasma pressure distribution is still required.475

The ring current system containing eastward and westward currents has been consid-476

ered symmetric but from the observational point of view, the ring current is never purely477

symmetric [Jorgensen et al., 2004; Le et al., 2004]. This system is symmetric in a sense478

that all the current goes around the Earth and it is a closed system but it is almost al-479

ways asymmetric in terms of the current density. The current density is not the same at480

the different locations around the Earth. It can be more symmetric during quiet times but481

during storm times it is asymmetric, especially during the storm peak [e.g., Liemohn et482

al., 2001]. The symmetry can be restored during storm recovery phase though not always483

fully [e.g., Ebihara and Ejiri, 2003; Kozyra and Liemohn, 2003; Daglis, 2006; Ganushkina484

et al., 2015].485

3.5 Partial Ring Current and Region 2 Field-Aligned Currents486

The magnetosphere itself is asymmetric due to solar wind-magnetosphere interac-487

tions resulting in the compression of the magnetic field lines on the dayside and stretching488

on the nightside. During disturbed times, more plasma is injected and transported from489

the nightside plasma sheet to the inner magnetosphere. Due to this process, the plasma490

pressure distribution in the inner magnetosphere becomes highly asymmetric with a gra-491

dient in the azimuthal direction which is reflected in the spatial asymmetry of the ring492

current. The concept of the partial ring current and its closure to the ionosphere was sug-493

gested by Alfvén in 1950s (see the review by Egeland and Burke [2012]). In-situ satellite494

observations showed a fairly symmetric ring current during geomagnetically quiet condi-495

tions and an asymmetric current distribution during storm times, symmetrizing again dur-496

ing the storm recovery phase [e.g., De Michelis et al., 1999; Korth et al., 2000; Ebihara et497
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al., 2002; Lui, 2003; Le et al., 2004]. As was mentioned in Section 3.4, the westward ring498

current that the partial ring current is a part of can be as intense as 50nA/m2 in current499

density.500

The azimuthally localized perpendicular ring current cannot be closed in the inner501

magnetosphere. It must flow along a field line to complete a closure of the current [Va-502

syliunas, 1970; Wolf , 1970]. At the distances where partial ring current flows, the direc-503

tion of azimuthal plasma pressure gradients is Earthward and slightly towards midnight,504

which corresponds to the generation of Region 2 field-aligned currents (Equation 5). Ac-505

cording to the classification by Iijima and Potemra [1976a], they flow equatorward of the506

Region 1 currents, directed outward from the ionosphere near dawn and into the iono-507

sphere around dusk. According AMPERE experiment [e.g., Coxon et al., 2014], the mag-508

nitudes of Region 2 field-aligned current are of several M A but they tend to be smaller509

than Region 1 with the peak of the ratio between Region 1 and Region 2 being ∼1.15.510

Observations of energetic neutral atoms (ENAs) emitted by a charge-exchange between en-511

ergetic ring current ions and neutrals in the Earth’s exosphere were successfully used for512

the reconstruction of the three-dimensional pressure distribution and the current systems513

related to the high pressure region [Roelof , 1989; Roelof et al., 2004; Roelof and Skinner,514

2000; Brandt et al., 2004, 2008]. It was demonstrated that the partial ring current is con-515

nected to the Region 2 field-aligned currents. The theory of the generation of Region 2516

field-aligned currents was also developed [Tverskoy, 1982; Heinemann, 1990; Heinemann517

and Pontius, 1991]. Figure 6 presents the schematic view of the partial ring current and518

its connection to the Region 2 field-aligned currents by purple-colored ribbon.519

In Figure 6, one more current system is shown in orange and it is the so-called ba-522

nana current [Liemohn et al., 2013a, 2015]. If the plasma pressure distribution is not sym-523

metric (see Figure 1) and has a peak localized both radially and azimuthally, a magneti-524

zation current will flow around this peak. The banana current is the part of the current525

that flows around the localized pressure peak and accounts for all of the asymmetric east-526

ward current. According to Liemohn et al. [2013a], the banana current can flow at 4-5527

RE and be of several M A during storm times but its intensity can drop to small numbers528

(< 0.1M A) during extended quiet periods. Due to the decrease of the magnetic field with529

radial distance, the outer westward current is always larger than the eastward current, and530

this unbalanced magnetization current closes through the ionosphere as the partial ring531
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Figure 6. Region 2 field-aligned currents and partial ring current, shown in purple, and the banana current,

shown in orange. The view here is shifted to be from the evening sector.

520

521
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current (see Equation 4 and Figure 1). This current system was noted by Roelof [1989]532

and Roelof et al. [2004] in current loop calculations derived from the ENA images.533

4 Dynamics of current systems534

Thus far, the focus has been on the static structure of geospace current systems.535

While this is useful to understand the general morphology of the magnetosphere and flow536

of electric current through near-Earth space, it is only the beginning of the story. The537

magnetosphere is highly susceptible to changes in the upstream solar wind conditions im-538

pinging on the system. A southward interplanetary magnetic field leads to dayside mag-539

netic reconnection, erosion of the dayside magnetic field as it is opened and then moved540

over the polar caps to the nightside magnetosphere. This transfer results in a loading of541

the magnetotail lobes with additional magnetic flux, which increases the pressure on the542

plasma sheet. Eventually, magnetic reconnection occurs in the nightside as well, closing543

the field lines and allowing them to begin their transfer back to the dayside. This sunward544

return flow is also known as the E × B magnetospheric convection, driven by the magnetic545

pressure imbalance initially caused by the dayside reconnection with the IMF. This cycle,546

known as the Dungey cycle [Dungey et al., 1961], is associated with dramatic yet system-547

atic changes in the current systems throughout the magnetosphere. It is useful to discuss548

the dynamics of current systems, at a very general and phenomenological level, as a func-549

tion of geomagnetic activity. In the following sections, we present the main systematic550

dynamics of current systems most common in the magnetosphere.551

4.1 Interplay between dayside Chapman-Ferraro magnetopause currents and552

Region 1 field-aligned currents553

As the IMF turns southward (or becomes more intensely southward), the dayside554

magnetopause is eroded by magnetic reconnection. This stripping away of the dayside555

magnetic flux brings the magnetopause closer to Earth. The mapping of the magnetopause556

to its footpoints is, therefore, different, with the cusps shifted to more equatorward lati-557

tudes (see, for example, the recent study of Le et al. [2016]). This means that there is less558

surface area in the subsolar magnetopause region for the low-latitude eastward component559

of the Chapman-Ferraro currents. Moreover, transport of magnetic flux from the dayside560

to the nightside, along with flow increases in the high-latitude ionosphere, is associated561

with an increase in the Region 1 field-aligned current system. The net result is an increase562
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in the size of the Region 1 system and a decrease in size of the Chapman-Ferraro current563

system. This change is shown in the two schematics presented in Figure 7.564

The equatorward shift of the cusp regions and the decrease in spatial scale of the565

Chapman-Ferraro currents leads to a nonlinear feedback on the reconnection causing this566

situation. Siscoe et al. [2004] presented a study comparing four possible explanations of567

this internal limiting of the dayside reconnection rate. The first model suggests a weak-568

ening of the magnetic field near the reconnection site related to the enlarged Region 1569

field-aligned currents, as first described by Hill et al. [1976] for the shape and dynamics570

of Mercury’s magnetosphere. The second model hypothesized that the equatorward ad-571

vancement of the cusps creates a dimple at the magnetopause [e.g., Raeder et al., 2001;572

Ober et al., 2006; Kivelson and Ridley, 2008] that limits the contact between the IMF and573

Earth’s magnetic field. The third model envisions a change in the topology of the mag-574

netopause and bow shock [e.g., Merkin et al., 2003, 2005], with the surfaces becoming575

flatter and farther from each other, allowing more room for the solar wind to flow around576

the planet, which alleviates pressure for reconnection. The fourth model invokes the J × B577

force from the Region 1 field-aligned currents to help balance the pressure of the incom-578

ing solar wind [Siscoe et al., 2002], moving the primary "point of impact" between the579

solar wind and magnetosphere away from the subsolar reconnection site. All four of these580

mechanisms relate to a growth of the Region 1 field-aligned current system and a shrink-581

age of the Chapman-Ferraro current loop, which is the scenario shown in Figure 7. The582

difference is that each has a slightly different aspect of that interplay which is the domi-583

nant cause of the nonlinearity.584

Another way to think about this nonlinear negative feedback, and eventual satura-585

tion [e.g., Hairston et al., 2003] of the interaction, is with the scale size of the interaction586

region between the solar wind and magnetosphere. Burke et al. [1999] showed that, for587

moderate driving conditions, the interplanetary electric field scales linearly with the iono-588

spheric cross polar cap electric potential difference, indicating that there is a characteristic589

width of the reconnection region on the dayside magnetopause of ∼ 4-5 RE . At more in-590

tense solar wind conditions, the nonlinear feedback becomes important and this scale size591

is systematically reduced. Others have also explored this scale size and reached a simi-592

lar conclusion about the interaction region on the dayside magnetopause [e.g., Phan et al.,593

2001; Lopez et al., 2010; Lopez, 2016; Komar et al., 2015].594
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Figure 7. Interplay between dayside Chapman-Ferraro magnetopause currents and Region 1 field-aligned

currents. As geomagnetic activity increases from (a) to (b), the Region 1 current system increases at the

expense of the Chapman-Ferraro current system.
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596

597

4.2 Turning of IMF Bz from southward to northward: Region 1 and NBZ dayside598

field-aligned currents599

In addition to the Region 1 and Region 2 field-aligned currents, Iijima and Potemra600

[1976b] reported another large-scale field-aligned current system located at the noon sec-601

tor poleward of the Region 1 current system. This current was called a cusp current since602

it is close to the magnetic cusp. Later, the most poleward dayside field-aligned current603

at noon oriented zonally and forming a pair with Region 1 current which is adjacent to604

it was called the Region 0 current [Iijima et al., 1978; Heikkila, 1984; Erlandson et al.,605

1988; Ohtani et al., 1995], and the current distributed inside the polar cap was called the606

NBZ current [Iijima et al., 1984]. The Region 0 current strongly depends on the IMF BY607

component. In the northern hemisphere the Region 0 current flows mainly out of the iono-608

sphere for positive IMF BY , and into the ionosphere for negative IMF BY . In some sense,609

the Region 0 current is not a separate current system, since it is always paired with the610

Region 1 current. At noon, both Region 0 and Region 1 currents are associated with the611

zonal convection driven by dayside reconnection off the noon meridian depending on the612

IMF orientation.613

The NBZ current can be considered as a separate current system and it is very dif-614

ferent from the Region 0 current. It was named as the NBZ current due to its appearance615
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Figure 8. Turning of IMF Bz from southward to northward: the Region 1 and the NBZ dayside field-

aligned current system forms (gray ribbon), with the Chapman-Ferraro current expanding away from the cusp

region and the Region 1 current system moving farther downtail.

626

627

628

during strong northward IMF Bz [Iijima et al., 1984]. Figure 8a presents the Region 1616

field-aligned current with the Chapman-Ferraro current during the absense of the strong617

northward IMF Bz and Figure 8b demonstrates the appearance of the NBZ dayside field-618

aligned current system (gray ribbon). The NBZ current flows into and out of the iono-619

sphere at dusk and at dawn, respectively. The NBZ system is related to the sunward con-620

vection in the middle of the polar cap during northward IMF BZ [Maezawa, 1976] and the621

reconnection between the IMF and the lobe magnetic field is considered as the most likely622

cause [Erlandson et al., 1988]. As it is shown in Figure 8b, the NBZ dayside field-aligned623

current system forms with the Chapman-Ferraro current expanding away from the cusp624

region and the Region 1 current system moving far downtail.625

4.3 Substorm current wedge development629

Magnetospheric substorms cause a strong magnetic field disturbance in the magneto-630

sphere, especially on the nightside. The current system responsible for this disturbance631

was proposed in the early studies [Boström, 1964; Atkinson, 1967; Akasofu and Meng,632

1969; Meng and Akasofu, 1969; Bonnevier et al., 1970; Rostoker et al., 1970; McPherron633

et al., 1973a,b; Clauer and McPherron, 1974] and called the Substorm Current Wedge634

(SCW). Figure 9 presents the schematic view of the SCW development. The SCW is635
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thought of as a deviation of a part of the equatorial tail current (Figure 9a) to the iono-636

sphere during the substorm with the downward field-aligned current on its dawn side and637

the upward current on the dusk side (Figure 9b). The direction of these field-aligned cur-638

rents is the same as for the large scale Region 1 system (Section 3.3 and Figure 4).639

The locations of the SCW’s upward and downward currents coincide approximately640

with the west and east boundaries, respectively, of the auroral bulge which forms in the641

nightside auroral oval during substorm onset [e.g., Untiedt et al., 1978; Baumjohann et al.,642

1981; Sergeev et al., 1996]. The SCW is a very dynamic current system, it broadens az-643

imuthally and radially after formation and fades with the substorm recovery [e.g., Nagai,644

1982; Lopez and Lui, 1990; Jacquey et al., 1993; Ohtani et al., 1998]. The SCW can be645

localized entirely on the duskside or dawnside during the initial stage of the expansion646

phase [Bonnevier et al., 1970; Opgenoorth et al., 1980].647

The SCW is a rather simplified representation of the current system associated with648

substorms. In reality, this system consists of multiple wedges with different scales and649

intensities as was shown by observational [e.g., Ohtani et al., 1990; Sergeev et al., 2011]650

and modelling [e.g., Birn et al., 1999; Yang et al., 2012; Birn and Hesse, 2013] studies.651

Moreover, the intensity of the secondary wedges can be significant and a SCW can be652

formed without the substorm development [Birn et al., 1999, 2004]. This complicated pic-653

ture makes the exact definition of the SCW system a difficult task. Figure 9 is, therefore,654

a simplistic schematic showing the basic current closure path during the existence of SCW655

phenomenon.656

4.4 Storm-time transitions for tail, PRC, symmetric RC and Region 2 field-aligned659

currents660

The current systems in the near-Earth nightside region of the magnetosphere go661

through a systematic progression of intensity and location changes during magnetic storms.662

Figure 10 presents a schematic view of these storm-time transitions of the tail current,663

partial ring current, and symmetric ring current systems, using the color schemes of Sec-664

tion 3. The panel (a) shows a typical main phase configuration, the panel (b) is an illustra-665

tion of current system locations near storm peak, and the panel (c) shows a typical recov-666

ery phase current system formation.667
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Figure 9. The substorm current wedge development, with the SCW field-aligned currents shown in pink

diverting some of the tail current through the auroral zone ionosphere.

657

658

During a magnetic storm, hot charged particles move from the tail, through the inner668

magnetosphere, and out to the dayside magnetopause [e.g., Vasyliunas, 1970; Williams,669

1987; Wolf et al., 1997; Daglis, 1999, 2001; Ebihara and Ejiri, 2003; Kozyra and Liemohn,670

2003; Daglis, 2006; Wolf et al., 2007; Egeland and Burke, 2012; Ganushkina et al., 2015].671

The current systems in this region change according to the variation in plasma pressure672

and magnetic field pressure (see Section 3.5). Quite a few studies have parsed the current673

in the near-Earth nightside magnetosphere into different current systems [Alexeev et al.,674

1996; Shi et al., 2008; Asikainen et al., 2010; Patra et al., 2011]. These studies, however,675

do not separate and distinguish contribution from the partial ring current, instead letting676

it be part of the symmetric ring current and tail current. Because the partial ring current677

is asymmetric like the tail current, it is most likely embedded within the tail current in678

these studies. The storm-time evolution of currents can be revealed using magnetospheric679

modeling since simultaneous in-situ measurements of all current systems are not possible.680

It was found that, initially, the tail current dominates the total current magnitude [Alexeev681

et al., 1996; Shi et al., 2008; Asikainen et al., 2010; Patra et al., 2011; Sitnov et al., 2010;682

Liemohn et al., 2013a; Stephens et al., 2013; Liemohn et al., 2015; Yang et al., 2015] as683

the geospace driving conditions start to ramp up and the hot particles in the plasma sheet684

begin to move sunward. The banana current then rises as the peak of the plasma pressure685

moves inward. Finally, the partial ring current develops into the dominant current system686
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as the plasma pressure peak in the inner magnetosphere reaches very large values (tens of687

nPa).688

The relative intensity of the current systems depends on the exact pressure profile689

with radial distance and magnetic local time. In general, it goes like this. During the early690

main phase, there isn’t much of a peak, so neither the partial ring current nor the banana691

current are very large, and the tail current dominates (Figure 10a). As the pressure starts692

to increase and the peak moves inward, the steep inner edge gradient and shallow outer693

slope gradient means that most of the non-tail westward current is closed via an eastward694

magnetospheric current around the plasma pressure peak, i.e., by a banana current. There-695

fore, the partial ring current remains relatively small during the early main phase and the696

banana current rivals the tail current in peak and/or integrated magnitude. Later in the697

main phase (Figure 10b), the plasma pressure peak moves even further inward, adiabati-698

cally energizing the plasma and creating steeper pressure gradients on the outer slope of699

the pressure crescent. Moreover, this inward shift puts the plasma pressure in a region700

where the magnetic field difference is larger between the inner and outer pressure gradi-701

ent regions. Because of the B−1 dependence of the cross-field current density, this larger702

magnetic field difference results in a proportionally larger increase in the westward asym-703

metric current density compared to the eastward current density. So, more of the westward704

current must close via field-aligned currents through the ionosphere, i.e., as partial ring705

current, instead of around the pressure peak as a banana current. Throughout all of this706

time, the symmetric ring current is relatively small because most particles are on open707

drift paths and the plasma pressure distribution is highly asymmetric. It is only in the late708

recovery phase (see Figure 10c) that the plasma pressure becomes relatively uniform in lo-709

cal time around the planet, merging the localized pressure peaks into one continuous pres-710

sure torus encircling Earth and giving rise to a strong westward symmetric ring current. A711

weaker eastward ring current is also produced in the inner pressure gradient slope.712

5 Synthesis715

The sections above discussed the usefulness of electric current system analysis and716

presented schematics of the large-scale configuration and dynamics of these systems. Be-717

low, these individual aspects of the geospace environment are brought together in a dis-718

cussion about their impact on our understanding of magnetospheric physics and the chal-719

lenges still remaining about current system analysis.720
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Figure 10. Storm-time transitions for the tail, banana, partial ring current, symmetric ring current and

Region 2 field-aligned currents.

713

714
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Each current system has a magnetic field topology associated with it and its own in-721

fluence on the geospace system. There are several current systems that pass through the722

ionosphere. These currents influence the electrostatic potential distribution in the iono-723

sphere and, mapping along field lines, the magnetosphere. Field-aligned currents are often724

referred to in the classic definition of Region 1 and Region 2 Birkeland currents [Iijima725

and Potemra, 1976a]. In Figures 4 and 6 we showed the full current system loop that726

closes these field-aligned segments. These two current systems are particularly important727

because of this ionospheric segment and their connection to the intensity and pattern of728

the electric potential distribution. The Region 1 current system varies quickly and dramat-729

ically with IMF strength and orientation [e.g., Lockwood et al., 1990; Ridley et al., 1998],730

continually changing in its intensity and location relative to the dayside Chapman-Ferraro731

current system and the tail current system. The Region 2 current system, which closes the732

partial ring current loop, has a longer modification timescale [e.g., Horton et al., 2003,733

2005; Ohtani and Uozumi, 2014] because of its relationship to plasma pressure distribu-734

tions in the near-Earth plasma sheet and inner magnetosphere, and continually changes735

its intensity and location relative to the symmetric ring current and tail current systems.736

This mismatch in Region 1 and Region 2 field-aligned current response timescales leads737

to two phenomena: undershielding, manifested as a penetration of the high-latitude electric738

potential distribution down to low latitudes [e.g., Southwood and Wolf , 1978; Fejer et al.,739

1990; Fejer and Scherliess, 1997, 1998; Burke et al., 1998; Papitashvili et al., 1999; Rid-740

ley and Liemohn, 2002], which can dramatically change the equatorial ionosphere [e.g.,741

Spiro et al., 1988; Abdu, 1997; Dabas et al., 2006; Mannucci et al., 2008, 2009]; and over-742

shielding, most often associated with a supercorotation flow on the nightside [e.g., Pi et743

al., 2000; Peymirat et al., 2000; Wei et al., 2010] and the development of a predawn plas-744

maspheric shoulder [e.g., Goldstein et al., 2002, 2003; Liemohn et al., 2004; Huba and745

Sazykin, 2014]. The closure of the partial ring current is particularly important, since at746

certain times and places it flows into a region of low ionospheric conductance which re-747

sults in relatively large electric fields. One such place is in the evening sector, where the748

downward current is equatorward of the main auroral oval of electron precipitation. The749

poleward closure of this current results in large poleward electric fields, driving sunward750

flows called Sub-Auroral Polarization Streams (SAPS) [Foster and Burke, 2002]. These751

strong flows rearrange the midlatitude ionosphere, creating storm enhanced density (SED)752

structures and perhaps supplying the high-latitude tongues of ionization and polar cap753
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patches [e.g., Gonzales et al., 1978; Foster et al., 1998, 2007; Sojka et al., 2004; David754

et al., 2011]. This perturbation of the electric field pattern can become nonlinear as the755

hot particles in the magnetosphere respond to the changes with altered drift paths [e.g.,756

Wolf , 1970; Fok et al., 2001; Liemohn et al., 2004, 2005, 2006]. This feedback loop can757

be weak or strong depending on the conductance in the ionospheric closure region and up-758

stream driving conditions [e.g., Liemohn and Brandt., 2005; Zheng et al., 2006; Buzulukova759

et al., 2010b; Cramer et al., 2013; Katus et al., 2015] and depending on the intensity of the760

partial ring current system relative to other near-Earth nightside current loops.761

The other current systems discussed above are purely magnetospheric in their clo-762

sure path. Therefore they do not influence the electrostatic potential. They do, however,763

help shape the magnetosphere through their associated magnetic fields. The Chapman-764

Ferraro current is directly connected to the dayside magnetospheric topology [e.g., Dungey765

et al., 1961; Siscoe et al., 2000], the tail current to the magnetotail lobe structure, and the766

banana current and eastward and westward symmetric ring current loops to the inflation767

of the dipole in the inner magnetosphere. The Region 1 and Region 2 current systems768

are at the transitions between these other loops, with the Region 1 loop in between the769

Chapman-Ferraro current system and the tail current system [e.g., Tanaka, 1995; Siscoe770

et al., 2002] and the Region 2 loop in between the tail current and the symmetric ring771

current [e.g., Iijima et al., 1990; Tsyganenko, 1995, 2000; Chun and Russell, 1997]. Un-772

derstanding the relative strength and location of each electric current system is, therefore,773

vital to accurately predicting the variations of the magnetic field related to them and the774

associated space weather effects on satellites and on the ground. For instance, the inflation775

of the magnetic field corresponding to the near-Earth current systems such as the ring and776

tail currents alter the drift paths of the relativistic electrons changing the location and in-777

tensity of radiation belts. Energetic electrons trapped in the radiaiton belts are the major778

source of damaging space weather effects on satellites. Another example is the strength of779

Geomagnetically Induced Currents (GIC) on the ground determined by the horizontal geo-780

electric field which is controlled by the magnetospheric and ionospheric currents and by781

the Earth’s conductivity. GIC can disrupt the transmission system operations with voltage782

collapse or damages of transformers.783

Note that identification of specific current systems from in situ spacecraft measure-784

ments is difficult. As recently reviewed by Ganushkina et al. [2015], Liemohn et al. [2016],785

and Dunlop et al. [2016], there are several methods for calculating current density from786
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spacecraft measurements. Taken alone, a current density value at a single point in the787

magnetosphere cannot be identified as part of a particular current system. Current den-788

sity values at multiple locations must be synthesized into a regional or global scenario of789

possible current closure. Even this may not produce a unique current system pattern, and790

numerical models can help connect the localized current density values into a synoptic791

mapping of current flow through geospace.792

On the other hand, the current constellation of satellites in the Heliophysics Great793

Observatory is relatively well-suited to address this issue. Specifically, there are several794

multi-spacecraft missions with both near-polar and near-equatorial elliptical orbits that795

provide, at certain times, the right distribution of measurements for global current sys-796

tem analysis. The Cluster mission [Escoubet et al., 2001] has four spacecraft in high-797

inclination, 4×19 RE orbit, regularly passing through the inner magnetosphere, outer mag-798

netosphere, and high-latitude magnetosphere for the past 16 years. The THEMIS mission799

[Angelopoulos et al., 2008; Sibeck and Angelopoulos, 2008], launched in 2007, originally800

had five spacecraft and now has three satellites in a highly elliptical low-inclination or-801

bit (∼12 RE apogee). This is complemented by two more low-inclination satellite sets,802

the two Van Allen Probes [Mauk et al., 2013; Stratton et al., 2013] in the inner magne-803

tosphere, launched in late 2012 with an apogee of 5.7 RE , and the four MMS spacecraft804

[Burch et al., 2016; Fuselier et al., 2016], launched in early 2015 with an apogee of ∼12805

RE , eventually moving to ∼25 RE . These four sets of spacecraft have different preces-806

sion rates and therefore change from similar local times of apogee, allowing for regional807

current system analysis, to vastly different local times, providing a global distribution of808

measurements for large-scale analysis. Another satellite constellation that is greatly con-809

tributing to our understanding of magnetospheric currents is the AMPERE, which uses810

the 66 commercial spacecraft of the Iridium constellation to produce field-aligned current811

maps every ∼10 minutes [Anderson et al., 2000, 2008; Clausen et al., 2012; Coxon et al.,812

2014]. While field-aligned current patterns and resulting ionospheric potential structures813

had been developed from the Defense Meteorological Satellite Program (DMSP) space-814

craft measurements [e.g., Weimer et al., 1996], the high time cadence of spatial maps from815

the AMPERE program is a major step forward in sampling the high-latitude ionosphere.816

These low-Earth orbiting satellites provide a highly complementary data set to the magne-817

tospheric missions, allowing for analysis of the current system connections and interplay818

between the ionosphere and magnetosphere.819
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Empirical models have been developed that quantify the average structure and dy-820

namics of current systems and magnetic fields in the magnetosphere [e.g., Mead and Fair-821

field, 1975; Tsyganenko, 1987, 1989, 1995; Hilmer and Voigt, 1995]. The schematics in822

this review largely follow the findings of these data-based functional algorithms of mag-823

netospheric configuration. They are not particularly good, however, at matching the ex-824

act field configuration for any specific time during strong geomagnetic activity, and so825

several event-oriented versions of these codes have arisen [e.g., Ganushkina et al., 2002,826

2004; Tsyganenko and Sitnov, 2005, 2007; Kubyshkina et al., 2008], yielding fairly accu-827

rate descriptions of the current systems during active times [e.g., Ganushkina et al., 2010;828

Stephens et al., 2016].829

Numerical modeling has finally reached the accuracy levels needed for comprehen-830

sive global-scale current systems analysis. This has not been the case until recently. For831

example, Ganushkina et al. [2010] noted that the tail current was too weak in the Space832

Weather Modeling Framework (SWMF) simulation results for a magnetic storm. The ac-833

curacy and reliability of global magnetospheric models has been improving, though [cf.,834

the data-model comparisons in Liemohn et al. [2011, 2013b]; Merkin et al. [2013], and835

several such global models are quite good at reproducing ground-based magnetometer per-836

turbations [e.g., Pulkkinen et al., 2013; Rasttter et al., 2014]. While the comparisons are837

not perfect, several models have reached a level of robustness and accuracy to provide re-838

alistic magnetic topology variations throughout active times.839

The time-varying nature of geospaces makes current system identification during840

highly disturbed intervals quite difficult. In fact, it could be that the concept of closure is841

violated on short timescales (i.e., minutes) and the schematic illustrations shown above are842

rather far from reality. During such times, the analysis should be limited to the regional843

level or to individual current segments.844

6 Final remarks845

We use the term current to describe a net flow of mass from one location to another.846

Similarly, an electric current is the net flow of charge from one location to another. While847

the basic concept is the same, the impact of electric currents is fundamentally different,848

because a net flow of electric charge has an associated magnetic field. That is, the forces849
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are different, with far-reaching impacts because of the long-range nature of electromag-850

netic effects.851

The review presented above covers the basic structure of electric current systems852

in Earth’s magnetosphere and the typical time variation of these currents with geomag-853

netic activity. It should be pointed out that these schematics are just illustrations. They854

show the typical configuration and sequence of location changes during a storm interval.855

The actual current systems of the inner magnetosphere could be much more complicated,856

with multiple pressure peaks leading to many small-scale current systems. The Earth’s857

magnetosphere is dominated by two elements: the internal dipolar magnetic field and the858

interplanetary magnetic field from the Sun. Everywhere that the IMF distorts the Earth’s859

dipole, there is an electric current flowing. As the IMF changes from its typical ecliptic-860

plane configuration to a more southward orientation, a direction that causes magnetic re-861

connection and energy transfer to the magnetosphere, the magnetic field topology changes862

and the associated current systems must also change. Through many studies over the past863

five decades, this structure and dynamics of the magnetic field and corresponding current864

systems have come to be understood. The above presentation compiles this understand-865

ing into a set of schematic illustrations depicting the standard configurations and expected866

transitions with geomagnetic activity.867

While it is very difficult to distinguish these current systems from single-point space-868

craft measurements, a constellation of craft could provide the necessary observations to869

identify and classify local current density values into large-scale current systems. Such a870

constellation exists now, with numerous near-equatorial-plane satellites in the Heliophysics871

Great Observatory right now, including the Van Allen Probes, THEMIS, and MMS. Fur-872

thermore, low-Earth-orbit satellites, such as the DMSP fleet and the AMPERE project,873

provide the best-ever measure of field-aligned currents and magnetosphere-ionosphere874

electrodynamic coupling. Finally, numerical modeling has reached a maturity level to ac-875

curately simulate the state of the magnetosphere, even during highly disturbed intervals,876

providing a synoptic view of the magnetic field topology and current system configura-877

tion on a global scale. Understanding current system structure and evolution allows us to878

better predict the geospace consequences of a developing space storm, as well as to better879

prepare for and mitigate the possible space weather hazards arising from this activity.880
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