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Figure 2.2 Schematic diagram of the magnetic field topology in the solar corona and
the associated coronal features. The solid curves with arrows are the magnetic field
lines.2

However, at other places in the corona, the Sun’s magnetic field does not loop, but
extends in the radial direction. In these regions, the hot plasma can easily escape
from the corona, which leads to the high-speed component of the solar wind. As
a result of this rapid escape, the plasma densities and associated electromagnetic
radiation are low, and consequently, these regions have been named coronal holes.
Typically, coronal holes are transient features that vary from day to day, but during
quiet solar conditions, extensive coronal holes can exist at the Sun’s polar regions.
In the polar regions, the magnetic field lines extend into deep space because the solar
magnetic field is basically dipolar, and hence, hot plasma can readily escape along
these field lines.

The Sun rotates with a period of about 27 days, but because the Sun’s surface
is not solid there is a differential rotation between the equator (25 days) and the
poles (31 days). This rotation and plasma convection act to produce intense electric
currents and magnetic fields via a dynamo action. However, the magnetic fields
that are generated display a distinct temporal variation. Specifically, there is an
overall increase and decrease in magnetic activity that follows a 22-year cycle,
which coincides with the change in polarity of the Sun’s magnetic poles. One of
the primary manifestations of solar magnetic activity is the appearance of sunspots,
which are dark regions on an active Sun (Figure 2.2). Sunspots, which can last from
several hours to several months, are located in the photosphere and are a result of
stormy localized magnetic fields (several thousand gauss). The stormy magnetic
fields choke the flow of energy from below, and consequently, sunspots are cooler

Schunk and  Nagy  (2000)
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Figure 2.6 Schematic diagram of the Sun–Earth system in the Sun’s ecliptic plane.
The solar wind is in the radial direction away from the Sun and the magnetic field lines
bend into spirals as the Sun slowly rotates.
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Figure 2.7 Schematic diagram of the three-dimensional structure of the current sheet
that flows in an azimuthal direction around the Sun. The inset at the top of the figure
shows the opposite polarities of the magnetic fields on the two sides of the current
sheet.9 (Courtesy of S.-I. Akasofu, Geophysical Institute, University of Alaska).

as the different folds of the skirt drape the various bodies in the solar system, they
are exposed to different IMF polarities. The polarity of the whole system reverses
at the beginning of each new 11-year cycle because of the reversal in polarity of the
Sun’s magnetic poles.

The formation of shocks in the interplanetary medium can have important conse-
quences for the various ionospheres because of the strong impulsive force associated
with them. Shocks can form when a fast solar wind stream overtakes a slower mov-
ing solar wind, as shown schematically in Figure 2.8. This figure shows the rotating
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Figure 12.3 Schematic diagram showing the electric and magnetic fields in the
vicinity of the Earth. The view is from the magnetotail looking toward the Sun. The
solar wind is toward the observer and north is at the top.1

and north is at the top. The charges on the polar cap boundary act to induce electric
fields on nearby closed field lines that are opposite in direction to the electric field
in the polar cap. These oppositely directed electric fields are situated in the regions
just equatorward of the dawn and dusk sides of the polar cap (Figure 12.3). As with
the polar cap electric field, the electric fields on the closed field lines map down to
ionospheric altitudes and cause the plasma to E × B drift in a sunward direction. On
the field lines that separate the oppositely directed electric fields, field-aligned (or
Birkeland ) currents flow between the ionosphere and magnetosphere. The current
flow is along B and toward the ionosphere on the dawn side, across the ionosphere
at low altitudes, and then along B and away from the ionosphere on the dusk side.

The net effect of the electric field configuration shown in Figure 12.3 is as follows.
Closed dipolar magnetic field lines connect to the IMF at the day side magnetopause.
When this connection occurs, the ionospheric foot of the field line is at the day side
boundary of the polar cap. After connection, the open field line and attached plasma
convect in an antisunward direction across the polar cap. When the ionospheric foot
of the open field line is at the night side polar cap boundary, the magnetospheric end
is in the equatorial plane of the distant magnetotail (Figure 12.2). The open field line
then reconnects, and subsequently, the newly closed and stretched field line convects
around the polar cap and toward the day side magnetopause. The direction of the
E × B drift in the ionosphere that is associated with the magnetospheric electric
field is shown in Figure 12.4. This figure displays electrostatic potential contours
in a magnetic latitude–local time coordinate system, with the magnetic pole at the
center. Note that the electrostatic potential contours coincide with the streamlines
of the flow when there is only an E × B drift. The flow pattern exhibits a two-cell
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Figure 12.4 Contours of the
magnetospheric electrostatic
potential in a magnetic
latitude-MLT reference frame.
The contours display a
symmetric two-cell pattern of the
Volland-type.2 The total
potential drop is 64 kV. Courtesy
of M.D. Bowline.

character, with antisunward flow over the polar cap and return (sunward) flow at
latitudes equatorward of the polar cap.

Magnetospheric electric fields are not the only source of ionospheric drifts and,
therefore, it is important to determine the relative contributions of the various
sources. A general expression for the cross-field transport of plasma was derived
in Chapter 5 (Equation 5.103). At altitudes above about 150 km, the ratio of the
collision-to-cyclotron frequencies is very small for all of the charged particles, and
the expression for the cross-field transport of plasma reduces to (Equation 5.98):

u′
j⊥ = E′ × B

B2 − 1
njej

∇pj × B
B2 + mj

ej

G × B
B2 , (12.1)

where u′
j⊥ = uj⊥ −un⊥ and E′ = E+un ×B. At ionospheric altitudes (300 km), the

magnetospheric electric field typically varies from about 10 to 200 mV m−1, which
corresponds to E × B drifts that vary from about 200 m s−1 to 4 km s−1. Also, at
these altitudes, typical values for the O+ density and temperature are 105 cm−3 and
1000 K, respectively. These values can be used to compare the three drifts in Equa-
tion (12.1). For O+, the gravity term (mjG/ej) is equivalent to an electric field of
the order of 10−3 mV m−1 and is, therefore, negligible. The pressure gradient term
(∇pj/njej) is equivalent to a 10 mV m−1 electric field when the pressure scale length
is of the order of 10 meters. In other words, the diamagnetic drift will only be impor-
tant for scale lengths less than 10 meters, and hence, is negligible. Finally, a neutral
wind of 200 m s−1 is equivalent to a 10 mV m−1 electric field at F region altitudes.

The above analysis indicates that the electrodynamic drift dominates the plasma
motion at altitudes above approximately 150 km. However, the net electrodynamic
drift is driven by both magnetospheric and co-rotational electric fields. Specifically,
the ionosphere at low and middle latitudes is observed to co-rotate with the Earth, and
this motion is driven by a co-rotational electric field . At high latitudes, the plasma
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Figure 12.5 Plasma drift trajectories in the polar region viewed in a magnetic
quasi-inertial frame. These trajectories are for a symmetric two-cell convection pattern
with co-rotation added. The potential drop across the polar cap is 64 kV, and
the circulation periods are tabulated at the bottom.3
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Figure 12.6 Contours of the horizontal drift speeds (left) and vertical drifts (right) for
the plasma convection pattern shown in Figure 12.5. The speeds are in m s−1. For the
vertical drifts, solid contours are for upward drifts and dashed contours are for
downward drifts. Courtesy of M.D. Bowline.

period of about two hours and, hence, it executes many cycles per day. Depending
on the location of the terminator, the plasma may drift entirely in sunlight, entirely in
darkness, or move in and out of sunlight many times during the course of a day. The
trajectory in panel B corresponds to trajectory 4 in Figure 12.5, and its circulation
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Fig. 33 Sketch of conductivity, electric field, and Hall and Pedersen currents in the auroral ionosphere. The
dots show the upward and the crosses the downward field-aligned currents. From Baumjohann and Treumann
(1996), ©Imperial College Press

field-aligned current that is driven by the parallel electric field component E∥ (Baumjohann
and Treumann 1996).

The large-scale field-aligned currents are traditionally divided into two classes: Region-1
and Region-2 currents. Region-1 currents flow at higher latitudes poleward of the Region-2
currents and close at the magnetospheric boundaries. Region-2 currents run at lower lati-
tudes equatorward of the Region-1 currents and close in the inner magnetosphere. In the
ionosphere these currents close through horizontal currents as shown in Fig. 33. Magne-
tospheric convection determines the orientation of the currents with Region-1 flowing out
of the ionosphere in the evening sector and into the ionosphere in the morning sector (see
Fig. 34). On the dayside these currents connect to the dayside magnetospheric boundaries
(e.g. Janhunen and Koskinen 1997). However, the nightside currents most likely originate
from the plasma sheet (Tsyganenko et al. 1993). The total current in this circuit is 1–2 MA
(3–6 · 1015 statA) (Paschmann et al. 2003).

The Region-2 currents flow equatorward of the Region-1 currents and in opposite direc-
tions. They flow into the ionosphere in the evening sector, and they flow out of the iono-
sphere in the morning sector (see Fig. 34). At high altitudes these currents merge with the
ring current in the inner magnetosphere. The total current in the Region-2 circuit is slightly
smaller than in the Region-1 current circuit, typically less than 1 MA. The slight overlap
of the two regions with the reversal of current directions shortly before midnight is called
the Harang discontinuity (Koskinen and Pulkkinen 1995) which may play an important role
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Figure 12.22 Schematic
diagram showing the different
particle precipitation regions in
the auroral oval for
southward IMF.23
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Figure 12.23 The auroral electron energy flux in the northern polar region for both
quiet (Kp = 1) and active (Kp = 6) geomagnetic conditions from an empirical
model.24

cap, soft precipitation in the cusp, and diffuse auroral patches in the morning oval.
For northward IMF, there are sun-aligned arcs in the polar cap (Section 12.9).

The energy flux and characteristic energy of the auroral electron precipitation
have been extensively measured via particle detectors on polar orbiting satellites and
several empirical models are currently available to describe these parameters.24, 25

Figure 12.23 shows representative auroral electron energy fluxes in the northern
hemisphere for both quiet (Kp = 1) and active (Kp = 6) magnetic conditions (see
Section 11.3).24 For quiet magnetic conditions, the largest energy fluxes occur in
the midnight–dawn sector of the auroral oval and the maximum energy flux is about
1 erg cm−2 s−1. For active magnetic conditions, the precipitation is more intense,
with the maximum energy flux reaching 8 ergs cm−2s−1. Also, for active magnetic







Images  of  dayglow  
and  nightside  aurorae  
on  Venus  emitted  by  

oxygen  at  UV  
wavelengths  based  on  
data  from  Pioneer  

Venus  Orbiter  (below,  
Phillips  et  al.  1986)



Aurora  on  Mars  were  detected  by  Mars  
Express  (Bertaux  et  al.2005)



Jupiter’s  polar  aurora  detected  in  
1979  by  Voyager  1  and  2  (below,  
L.  Broadfoot  et  al.,  B.  Sandel  et  
al.,  LPL,  UA).    Later  the  UV  aurora  
have  also  been  observed  with  the  
Hubble  Space  Telescope  (left).



From  Vasavada  et  al.(1999).    The  image  was  taken  by  NASA’s  
Galileo  spacecraft,  which  arrived  at  Jupiter  in  December,  1995  
and  launched  the  Galileo  probe  into  the  Jovian  atmosphere  

(artist  impression  right).    



Voyagers  1  and  2  detect  UV  aurora  
on  Saturn  (Broadfoot  et  al.1981,  

Sandel  et  al.1982).



Uranus  H2 aurora  based  on  Voyager  2  
observations  (above  left,  Broadfoot et  
al.1986,  Herbert  and  Sandel 1994,  
1999).    HST  images  of  Uranus  aurora  

(left,  Lamy et  al.2012).    


