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[1] Aurora is the result of the interaction between
precipitating energetic electrons and protons with the
upper atmosphere. Viewed from space, it generally occurs
in continuous and diffuse ovals of light around the
geomagnetic poles. Additionally, there are localized
regions of aurora that are unrelated to the ovals and
exhibit different morphological, spatial, and temporal
properties. Some of these localized aurorae are detached
from the oval poleward or equatorward of it. Others are
located within the oval and are brighter than the surrounding

diffuse aurora. Many of them occur only during preferred
solar wind conditions and orientations of the interplanetary
magnetic field. This review describes the different localized
aurorae and their particle sources in the plasma sheet, at the
plasmapause, or at the magnetopause. Their origin is still
not completely understood, and the study of aurorae can
teach a great deal about their underlying physical processes
of reconnection, electrostatic acceleration, or wave-particle
interactions.

Citation: Frey, H. U. (2007), Localized aurora beyond the auroral oval, Rev. Geophys., 45, RG1003, doi:10.1029/2005RG000174.

1. INTRODUCTION

[2] The best-known auroral features are the northern and

southern auroral ovals [Feldstein, 1963, 1973; Akasofu,

1966; Eather, 1973]. Viewed from space with a global

imager, they appear as diffuse, continuous, luminous bands

that surround both geomagnetic poles at ionospheric alti-

tudes. The ovals are the result of currents flowing contin-

uously in and out of the ionosphere [Iijima and Potemra,

1976]. These currents are driven by the continuous interac-

tion between the plasma from the Sun (solar wind) and the

plasma that is bound magnetically to the Earth. The currents

flow along geomagnetic field lines, and the ovals coincide

with the upward field-aligned current regions where elec-

trons flow into the ionosphere. Upon collisions these

electrons are energetic enough to transfer ionospheric atoms

and molecules into energetically excited states that may be

deexcited by emission of characteristic photons, thus creat-

ing the aurora. The global distribution of electrons and ions

moving into the ionosphere and creating auroral displays

can be well described with statistical models that take into

account geomagnetic conditions [Hardy et al., 1985, 1989].

Embedded in the auroral oval are discrete, small-scale

structures with sizes ranging from a few hundred meters

to a hundred kilometers that are in most cases east-west

aligned auroral arcs [Borovsky, 1993]. These discrete arcs

are more dynamic then the diffuse auroral oval itself and

change size, shape, and location within seconds or minutes.

[3] In addition to the auroral oval, there are also medium-

scale (several hundreds of kilometers) auroral features that

are either completely separated from the oval or at least

optically distinct (brighter) from their diffuse surroundings.

These aurorae appear as elongated arcs, spots, or patches of

light emission. When these features are located poleward or

equatorward of the oval, they are unlikely part of the global

field-aligned currents that are associated with the auroral

oval. Even when they are embedded and optically brighter

than the surrounding diffuse oval, they should have a

different physical cause that provides the increased flux or

energy of the precipitating electrons or ions.

[4] Many of these medium-scale aurorae were discovered

from space because a ground-based observer has to be at the

right location at the right time in order to see those features.

Some of these features were first described in the 1970s or

1980s using observations from the ISIS 2 and Viking

satellites. What has changed dramatically over the past

years is the almost continuous availability of coincident

solar wind data that now allow us to place recent observa-

tions into the context with the large-scale perspective of the

solar wind–magnetosphere-ionosphere interactions. This

resulted in statistical investigations of large numbers of

events and helped in determining the preferred external

conditions that favored or suppressed a particular auroral

display.

[5] In this review, we want to describe all auroral features

that are separated or distinct from the generally diffuse
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auroral oval, and we will call them localized aurora.

Publications about such localized aurorae are widely avail-

able throughout the scientific literature. Recent space mis-

sions provided a new wealth of data about localized aurorae;

we think it is time to review those features and summarize

their similarities, differences, and the current understanding

about their creation. We will describe these localized

aurorae morphologically and discuss the solar wind con-

ditions that are responsible for their occurrence. We will

also demonstrate how the careful investigation of such

auroral displays has led to a much broader understanding

of the physical processes that are acting within the magne-

tosphere or at the interface with the solar wind and that lead

to such localized aurorae. The present knowledge about, for

instance, reconnection or wave-particle interactions is in

large part based on results that were obtained studying such

aurora. We will also demonstrate that there are still uncer-

tainties about how these processes act in the universal solar

wind–magnetosphere-ionosphere interactions, and we will

provide suggestions and guidelines for some future research

directions.

[6] A dramatic change of the whole auroral oval occurs

during explosive energy releases on the nightside called

substorms. In this review, we will not discuss any aurora

that is related to a substorm as this topic is well beyond the

scope of this paper. Substorm features include auroral beads

and folds, substorm onset arcs, auroral bulges, westward

traveling surges, the double oval, omega bands in the

morning oval, poleward boundary intensifications, and

pulsating aurora. Concerning details about these features

we refer to previous reviews [Elphinstone et al., 1996;

Yahnin et al., 2006] and the extensive literature that was

published in connection with the eight International Sub-

storm Conferences that were held by the spring of 2006

[see, e.g., Syrjäsuo and Donovan, 2007]. We will also not

discuss global auroral phenomena like the shock aurora

[Zhou and Tsurutani, 1999] as the current review concen-

trates on localized phenomena.

[7] We start this paper with a description of some basic

plasma processes within the Earth’s magnetosphere and its

interaction with the solar wind that subsequently results in

aurora. We then describe instruments that were used to

observe the aurora from the ground or from space. Readers

familiar with these two topics can easily skip to section 4

where we will discuss the morphology and underlying

physics of the various kinds of localized aurorae.

2. SOME BASICS

[8] The solar wind is a continuous stream of ionized gas

(plasma) from the Sun that carries along a magnetic field as

it approaches Earth at an average speed of 400 km s�1. As

the Sun rotates underneath, the expanding interplanetary

magnetic field (IMF) is wound up into the so-called Parker

spiral [Parker, 1963] with a largely radial direction.

[9] The Earth’s magnetic field creates a cavity in the solar

wind (magnetosphere) that is bound by the magnetopause

where the internal and external total pressures (radiation,

dynamic, static, and magnetic) are in equilibrium. The solar

wind deforms the magnetosphere into a teardrop shape by

pushing the magnetopause inward at the sunward side and

stretching it out at the antisunward side (Figure 1). The

magnetopause is surrounded by the magnetosheath with

shocked solar wind plasma that has increased in density and

temperature but decreased in speed. Regions within the

magnetosphere are distinguished according to their plasma

properties. The most important regions for our topic are the

low-density and hot plasma sheet in the equatorial plane, the

cool plasmasphere that surrounds the Earth like a tire and

stretches out to about 5 Earth radii (RE) geocentric distance,

and the low-density lobes above and below the plasma sheet

in the tail.

[10] The most efficient process to transfer solar wind

plasma into the magnetosphere is the reconnection (or

merging) between magnetic field lines of the IMF and of

the Earth’s magnetopause. This process is most effective

when the field lines are antiparallel. It occurs in the low-

latitude region during external southward IMF and at high

latitude during northward IMF (see labels‘‘Low-Latitude

Reconnection’’ and ‘‘High-Latitude Reconnection’’ in

Figure 1). The plasma on the reconnected field lines (flux

tubes) is trapped and transported antisunward with the flow

of the solar wind. The motion of reconnected flux tubes and

the displacement of surrounding flux tubes constitutes

plasma convection at their ionospheric footprints that usu-

ally occurs in two closed cells on either side of the

antisunward flow.

[11] The cusp is a funnel-shaped region in the Earth’s

magnetosphere that is magnetically connected to the mag-

netopause [Burch, 1988; Smith and Lockwood, 1996].

Measurements by low-altitude spacecraft have shown how

the ionospheric footprint of the cusp changes in size and

position in response to external solar wind conditions

[Newell et al., 1989, 2004; Newell and Meng, 1994]. The

plasma properties in the cusp are an indicator of reconnec-

tion at the magnetopause [Onsager and Fuselier, 1994]. An

energy-latitude dispersion can be found in low-altitude

proton spectra, with more energetic protons on magnetic

field lines that map to the reconnection site. Therefore

higher-energy particles are found at higher latitudes for

northward IMF and at lower latitudes for southward IMF

[Woch and Lundin, 1992; Onsager et al., 1995; Onsager

and Lockwood, 1997]. The average proton energy in the

cusp is a few keV, and the electrons have energies of several

tens of eV [Burch, 1968].

[12] It is widely accepted that the particles in the cusp are

accelerated during reconnection between magnetopause and

IMF field lines. However, two still hotly debated issues are

(1) whether the reconnection process is continuous or bursty

[e.g., Haerendel et al., 1978] and (2) whether reconnection

happens only between field lines that are antiparallel

[Crooker, 1979] or between fields that are not strictly

antiparallel (component reconnection) [see, e.g., Sonnerup,

1974; Semenov et al., 1992; Moore et al., 2002].

[13] Antiparallel reconnection with a southward oriented

IMF predicts a reconnection region (so-called neutral line)
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that runs across the low-latitude dayside magnetopause. It

splits into two parts that move to midlatitudes if there is an

additional IMF By component involved [Fuselier et al.,

2003]. The r econnection region moves to high latitudes if

the IMF points northward. The reconnection site of com-

ponent reconnection does not move away from the subsolar

region to any great extent, and the neutral line runs tilted

across the dayside magnetopause (Figure 2).

[14] When energetic electrons travel along magnetic field

lines and are lost in the upper atmosphere (precipitate), they

interact with atoms and molecules and put them into

energetically excited states. Some of these excited states

Figure 1. Schematics of the magnetosphere with its major plasma regions, physical processes (in
green), and primary current systems (in red). Modified from an original image courtesy of C. T. Russell
and R. Strangeway.

Figure 2. Reconnection sites at the magnetopause for northward and southward IMF. The view is from
the Sun. Dashed lines are external magnetosheath, and solid lines are internal magnetospheric field lines.
(left) During northward IMF, reconnection occurs at high latitude, poleward of the cusp. During
southward IMF with some By component (middle) the antiparallel model predicts two split reconnection
regions at low latitude, while (right) the component reconnection model predicts a tilted neutral line.
Reproduced from Fuselier et al. [2003] with kind permission from Springer and Business Media.
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relax through the emission of characteristic photons, thus

creating what is generally considered the electron aurora.

Precipitating protons create secondary electrons, which, in

turn, excite the atmospheric atoms/molecules into the same

energetic states that are excited by primary electrons. In this

way, protons also create the so-called electron aurora

[Hubert et al., 2001]. Without additional information it is

therefore impossible to distinguish which energetic particles

excited a particular atomic/molecular emission [Frey et al.,

2003a; Galand and Lummerzheim, 2004].

[15] As precipitating protons interact with the atoms or

molecules of the upper atmosphere, they can grab an

electron (charge exchange) and become energetic hydrogen

atoms. These neutral atoms may emit photons characteristic

of hydrogen and create what we call the proton aurora. In

this respect the electron aurora is characteristic of the

atmospheric constituents, but the proton aurora is charac-

terized by the precipitating particles.

3. INSTRUMENTATION

[16] The largest global effort for a combined ground-

based observation of the aurora was performed during the

International Geophysical Year 1957–1958 when a large

number of all-sky cameras were deployed around the

auroral oval. With the advance of the space age in the

1970s and 1980s, however, space-based auroral observa-

tions became more important because they provided undis-

turbed (by clouds), global views of the aurora. Today almost

all space imagers operate in the ultraviolet part of the

spectrum because the lower atmosphere is completely

opaque at 100–180 nm wavelength and space-based obser-

vations do not suffer from light sources like large cities or

lightning. Additionally, the UV airglow background is

dramatically reduced compared to the intensity of auroral

emissions.

[17] The first successful space-based auroral systems

were imaging photometers on the ISIS 2 and DE 1 space-

craft that were mostly used to describe the large-scale

features of the aurora [Lui et al., 1975; Frank et al.,

1982]. The successive Swedish Viking and Japanese Ake-

bono spacecraft were capable of imaging in much faster

sequence than DE 1 [Murphree and Cogger, 1988; Oguti et

al., 1990]. The major advance in auroral imaging came

finally with the 1996 launch of Polar, the 2000 launch of

IMAGE, and the 2001 launch of TIMED. Polar carries the

Ultraviolet Imager (UVI) and the Visible Imaging System

(VIS) [Torr et al., 1995; Frank et al., 1995]. IMAGE carries

two separate instruments of the Far Ultraviolet (FUV)

imaging system: the Wideband Imaging Camera (WIC)

with a passband of 140–180 nm and the Spectrographic

Imager with the proton aurora and the 135.6 nm oxygen line

channels [Mende et al., 2000]. TIMED contains the Global

Ultraviolet Imager (GUVI) that uses a cross-track scanning

photometer design. It allows for better spectral and spatial

resolution than UVI and FUV, but it is limited to only one

full global view per day [Christensen et al., 2003], while

UVI and FUV have imaging cadences of 30 s and 2 min,

respectively.

[18] The major advance of IMAGE FUVover Polar UVI

is its capability to observe the electron and proton aurora

simultaneously and separately [Frey et al., 2001]. The

proton channel is aimed at the Doppler-shifted portion of

the hydrogen Lyman alpha line from energetic precipitating

protons and effectively suppresses the non-Doppler-shifted

Lyman alpha radiation of the geocorona. Precipitating pro-

tons have to be accelerated to at least 1 keV of energy for

their Doppler-shifted emissions to fall into the imager

passband [Gérard et al., 2001; Frey et al., 2003a].

[19] Particle detectors on low-altitude spacecraft like

FAST [Pfaff et al., 2001] or DMSP [Hardy et al., 1989]

provide another source of information about the aurora.

They detect the flux, pitch angle distribution, and energy of

electrons and protons that move along magnetic field lines

and are later lost in the upper atmosphere. They measure

particle spectra with high spatial and temporal resolution

and can provide them with respect to the auroral oval

location. Their major disadvantage is their inability to

distinguish between spatial and temporal processes.

4. LOCALIZED AURORA

[20] In the following sections we will discuss the indi-

vidual localized auroral phenomena. We start with the most

equatorward location in the subsolar region and will order

the phenomena according to increasing geomagnetic lati-

tude and local time toward midnight. Figure 3 shows

Figure 3. Schematics of the northern auroral oval
[Holzworth and Meng, 1975] together with average
locations of localized auroral features in a geomagnetic
latitude–local time grid. The subsolar region at local noon is
at the top of Figure 3, morning is to the right, and midnight
is at the bottom of the plot. The numbers at the individually
highlighted localized auroral features correspond to the
numbers of their respective sections in section 4.
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schematics of the auroral oval in the northern hemisphere

and marks the average location of the localized aurora. The

numbers on top of the auroral signatures correspond to the

numbers of the following sections. Table 1 summarizes

the individual phenomena and lists their major properties

in terms of location and size along with the external solar

wind conditions and physical processes that are responsible

for their occurrence.

4.1. Midday Subauroral Patches, Dayside Detached
Aurora, and Subauroral Proton Flashes

[21] Auroral transients 3�–5� equatorward of the dayside

auroral oval were first seen in images fromViking [Elphinstone

et al., 1993]. A solar wind pressure impulse was responsible

for the aurora that lasted for only 10 min. The apparent

poleward motion of the localized aurora was explained by

the launch of Alfvén waves from the compressed magneto-

pause. The shorter traveltime of Alfvén waves along field

lines well inside the magnetosphere compared to those close

to the magnetopause could explain the first appearance at

low latitude, the poleward motion, and the disappearance

when the required field-aligned current could not be further

supplied.

[22] These observations were largely forgotten until the

same phenomenon was described as midday subauroral

patches (MSP) from Polar UVI observations [Liou et al.,

2002]. It was realized that the patches followed the impact

of a solar wind shock, i.e., a sudden increase of the solar

wind dynamic pressure and total magnetic field strength.

Three cases were described, and their separation from the

oval, the limited extent in local time, and the possible

contribution of energetic protons were discussed.

[23] Two parallel investigations provided insight into the

properties of localized proton aurora that the authors called

dayside detached aurora (DDA) [Zhang et al., 2002] and

subauroral proton flashes (SPF) [Hubert et al., 2003]. Both

terms describe transient signatures of energetic proton

precipitation equatorward of the dayside auroral oval

(Figure 4). The transients last for 5–15 min, occur over a

few degrees in magnetic latitude within 60�–70�, and

extend over a few hours of local time in the range of 10–

14 hours. Both studies demonstrated that the transients

followed the impact of solar wind pressure pulses on the

dayside magnetopause with a possible 2-min delay with

respect to an initial brightening of the oval just poleward of

them. Hubert et al. [2003] estimated that the brightness of

the accompanying signature in the electron aurora could be

completely accounted for by the estimated proton flux.

However, Zhang et al. [2002] showed in situ measurements

of energetic proton fluxes (>10 keV) that were accompanied

TABLE 1. Basic Properties of Localized Aurora

Section Name

Location Size

Time,
min

Particles,a

keV

Solar Windb

Driver

Latitude,

deg
MLT,
hours

Latitude,
deg

MLT,
hours Bz By Pressure

4.1 MSP, DDA SPF 60–70 10–14 2–5 3–5 5–15 2–10, >10 positive any jump pressure pulse
4.2 South IMF cusp 58–70 10–16 1–3 3–6 10–200 0.1–0.2, 1–2 negative any high southward IMF
4.3 North IMF cusp 75–85 9–16 2–5 1–3 20–500 0.1–0.2, 1–2 positive any high northward IMF
4.4 1500 MLT spot 70–80 14–16 2–4 1–2 20–100 0.3–3, none any negative any region-1 current
4.5 afternoon

detached arc
60–70 14–20 1–5 1–4 30–120 1–10,c >20c positive positive any change Bz or By

4.6 HiLDA 73–88 10–18 2–6 1–2 20–700 1–5, none positive positive low strong By positive Bz

4.7 SAMPS 56–68 04–12 2–3 <1 30–2400 none, >20 any any any plasmasphere refilling
4.8 ECP 58–65 18–03 1–2 <1 100–200 >10,c 10–20c positive any ? storm recovery
4.9 Polar cap arc 70–90 20–04 10–40 <1 60–120 0.1–5, 1–20 positive any any reconnection

convection
4.10 Auroral streamer 60–70 20–03 3–5 <.1 5–10 1–10, 10–30 ? ? ? bursty bulk flow in tail
aFirst value given indicates electrons; second value indicates protons.
bAn entry of ‘‘any’’ means that no preferred value of this solar wind property was found that creates the aurora. It does still allow for a different

appearance of the aurora as in the case of the cusp aurora where a negative or positive By moves the aurora prenoon or postnoon.
cNote that the two flavors of detached arcs and ECP are either created by pure electrons or by pure protons. The two listed particle populations never

occur simultaneously.

Figure 4. Aurora images during a subauroral proton flash. Noon is at the top of the plots, and the proton
flash equatorward of the auroral oval lasts for about 10 min. Reproduced from Hubert et al. [2003].
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by electrons of similar energy (2–10 keV) but with sub-

stantial, 1 order of magnitude larger energy flux. They also

mentioned that almost all of their cases occurred under

northward IMF conditions, which may explain why several

other interplanetary shocks did not produce detached arcs.

[24] Both studies mentioned the separation of the proton

aurora from the auroral oval. They speculated about the

cause for the proton precipitation by the interaction of hot

ring current protons with enhanced electromagnetic ion

cyclotron (EMIC) waves [Anderson and Hamilton, 1993],

loss cone instability [Zhou and Tsurutani, 1999], or the

excitation of field line resonances [Kivelson and Southwood,

1986]. These topics were further investigated in a study that

first demonstrated a reasonable correlation of the local time

location of the precipitation with the orientation of the IMF

By component [Fuselier et al., 2004]. The EMIC instability

is driven by the anisotropy between the perpendicular and

field-parallel temperatures of the hot ring current protons.

After a compression of the magnetosphere the instability

becomes sufficiently strong to scatter the ring current

protons [Anderson and Hamilton, 1993]. Soon after, the

anisotropy decreases below a certain threshold, and the

instability is quenched. Such a scenario can well explain

the short duration of the DDA, and several cases demon-

strated the initial increase of the anisotropy as the major

factor for growth of the instability. It was further demon-

strated that the radial profile of the cold plasma density may

well explain the radial extent of the proton precipitation and

its separation from the dayside oval. The plasmapause

(around 3.8 RE in Figure 5) is generally considered as the

boundary between the high-density cold plasma in the

plasmasphere and the much lower hot plasma density in

the outer magnetosphere. If the temperature anisotropy of

the hot proton population were constant across this bound-

ary, then a reasonable decrease of the cold plasma density

can drastically reduce the instability growth rate. It is

therefore the gap between the plasmapause as the higher-

latitude boundary of the DDA and the magnetopause as the

region that maps to the dayside auroral oval (around 7 RE in

Figure 5) that is responsible for the clear separation of the

DDA from the oval [Fuselier et al., 2004].

[25] On one occasion a double detached aurora was

observed after a combination of sudden pressure increase

and northward turning of the IMF [Zhang et al., 2004]. The

high-latitude part was brighter and short-lived. The low-

latitude part was dimmer and lasted longer. They were

considered the result of multiple peaks in the energy

distribution of ring current ions that created them.

[26] All three terms (MSP, DDA, and SPF) describe the

same phenomenon, a transient, localized aurora equator-

ward of and separated from the dayside auroral oval. The

aurora is created by a mix of high-energy electrons and

protons that precipitated after a solar wind shock hit the

dayside magnetopause. The proton population is well

explained by the EMIC wave interaction with the hot ring

current protons. However, it still has to be investigated if the

energetic electrons are forced to precipitate by a similar

process or if they just maintain charge equilibrium with the

precipitating protons. Furthermore, it should be investigated

if and why a southward IMF efficiently suppresses the

creation of DDA.

4.2. Aurora at the Cusp Footprint During Southward
IMF

[27] Precipitating particles create aurora at the iono-

spheric footprint of the cusp [Shepherd, 1979]. The motion

of this aurora was first attributed to internal processes in the

tail of the magnetosphere [Eather et al., 1979; Eather,

1985]. Later, overwhelming evidence pointed to a close

relationship between the latitude of the cusp footprint and

the direction and magnitude of the IMF Bz component

[Mende et al., 1990; Sandholt et al., 1994, 1998a, 2002a;

Yeoman et al., 2002]. The cusp footprint is most likely

observed close to local noon [Newell et al., 1989]. However,

the magnetic local time location is strongly effected by the

IMF By direction [Moen et al., 1999; Frey et al., 2003b].

[28] Meridian scanning and all-sky cameras together

with ionospheric radar observations revealed the small- to

medium- scale properties of auroral arcs at the cusp footprint

[Sandholt et al., 1998a; McCrea et al., 2000; McWilliams et

al., 2001]. Arcs form at the equatorward boundary of the

auroral oval and move poleward with a speed comparable to

the ionospheric convection speed [Øieroset et al., 1997a;

Sandholt et al., 1998b]. These arcs are called poleward

moving auroral forms [Fasel, 1995]. Their accompanying

magnetic signatures are magnetic impulses [Mende et al.,

1990; Nishino et al., 1997], and their causes are called flux

transfer events [Russell and Elphic, 1979; Cowley, 1982;

Paschmann et al., 1982; Berchem and Russell, 1984;

Lockwood et al., 1989]. As the cusp footprint is shifted by

a negative By toward prenoon locations, the poleward

moving arcs from the cusp move toward later local times

and can be found at postnoon locations [Lockwood et al.,

2001; Sandholt et al., 2002b].

Figure 5. Comparison of proton aurora and plasmaspheric
emission profiles along the 12 hours local time meridian
during a subauroral proton event. The sunward edge of the
proton emission at an L value of 4.0 corresponds well with
the decrease of the plasmaspheric density at the plasma-
pause at L = 3.8 RE. Adapted from Fuselier et al. [2004].
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[29] The ground-based auroral observations were very

useful to determine the small-scale structure, but they were

always limited by the possibility that certain auroral features

moved out of the field of view of the instruments in response

to changes of the IMF direction [Sandholt and Farrugia,

1999]. This shortcoming can be resolved with space-based

imagers that allow for long-duration measurements with a

global view. In such a view and during southward IMF the

aurora at the cusp footprint appears as latitudinally thin and

extended in local time, is merged with the dimmer dayside

auroral oval, and is magnetically connected to the subsolar

magnetopause (Figure 6) [Fuselier et al., 2002; Frey et al.,

2003b].

[30] The proton aurora brightness at the cusp footprint

depends on the solar wind dynamic pressure. The aurora is

brighter than in the northward IMF cusp, though the

absolute brightness decreases during steady pressure [Frey

et al., 2003b]. This brightness decrease results from an

ongoing reconnection process that may deplete the magne-

tosheath plasma of the higher-energy ions that might be

accelerated to energies above the proton imager threshold.

The reason for the larger brightness during southward IMF

conditions compared to northward IMF is the much longer

length of the neutral line that allows more plasma access

across the magnetopause [Fuselier et al., 2002].

[31] The strong relationship between the cusp proton

aurora brightness and the IMF clock angle was demonstrated

with one event (Figure 7), when the IMF Bz changed

between northward and southward within 20 min [Lockwood

et al., 2003]. With the IMF change to a more southward

orientation the proton aurora brightness increased, indicating

a possible strong relationship between the efficiency of the

reconnection and the aurora brightness. The proton aurora

was brightest for strictly southward IMF when antiparallel

reconnection in the subsolar region occurs. For intermediate

IMF clock angles of 90� < q < 180� the aurora was less

bright, indicating that the less efficient component recon-

nection process might be occurring in that regime [Throp et

al., 2005].

[32] Observations from space provide evidence that is

more consistent with the component reconnection scenario

[Fuselier et al., 2002]. There are, however, also cases when

Figure 6. Proton aurora at the cusp footprint during southward IMF. The bright proton aurora extends
over many hours of local time and its equatorward boundary (five points highlighted in the bottom left
image) maps along magnetic field lines (using the Tsyganenko-96 model) to a broad region at the low-
latitude magnetopause. Reproduced from Fuselier et al. [2002].
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a discontinuity in precipitation patterns was observed

[Petrinec and Fuselier, 2003], which points to a split neutral

line during antiparallel reconnection. Ground-based obser-

vations for one event suggest the possibility of antiparallel

reconnection leaving a �500 km wide gap in the aurora

[Sandholt and Farrugia, 2003; Sandholt et al., 2004].

[33] A continuously proceeding reconnection process is

difficult to observe with just one spacecraft as generally the

encounter with the magnetopause and the energized plasma

lasts only for a few seconds [Phan et al., 2004]. Remote

signatures of the reconnection process can be used as a

much better signature of the reconnection properties. Pole-

ward moving arcs or echoes in radar signals are always used

to identify the reconnection process as pulsed [Øieroset et

al., 1996; Milan et al., 1999, 2000a; Lockwood et al., 2001].

On the other hand, very similar observations of cusp

Figure 7. Global images of the proton aurora together with maps of ionospheric convection. The cusp
footprint at local noon is at the top of each frame. The vector in the top right of each frame is the
orientation of the IMF and demonstrates the change in proton aurora brightness and shape with the IMF
change from north to south and back. Reproduced from Lockwood et al. [2003] with permission from the
European Geosciences Union.
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properties with more than one satellite or during consecu-

tive orbits of spacecraft have been interpreted as signatures

of continuously occurring reconnection [Onsager et al.,

1995] at least in a global sense with the possibility of local

changes of location but not of magnitude [see, e.g., Zhang et

al., 2005a].

[34] The cusp footprint in the ionosphere is not fixed in

location, neither in latitude nor in local time. Several studies

investigated the latitude dependence on the magnitude of

the IMF Bz, and with different data sets, different average

positions were obtained (Figure 8). In addition, during

constant negative Bz magnitude a smooth equatorward

motion of 0.02�–0.03� min�1 nT�1 was found [Yeoman et

al., 2002; Frey et al., 2003b]. During values of �10 to 0 nT,

there seems to be a linear relationship between the magni-

tude of Bz and the cusp footprint latitude [Newell et al.,

1989; Sandholt et al., 1994; Frey et al., 2003b]. However,

during an event with large negative IMF Bz < �20 nT a

nonlinear saturation effect with an asymptotic value at 58.2�
fit the observed latitudes best [Zhang et al., 2005a]. This

behavior is the result of the nonlinear change of the Earth’s

magnetic field strength versus altitude.

[35] The smooth transition of the latitude footprint is a

result of the low-latitude reconnection that erodes originally

closed magnetic field lines [Burch, 1973] and moves the low-

latitude magnetopause closer to Earth [see, e.g., Semenov et

al., 1997; Mühlbachler et al., 2004]. The general shape of

closer field lines is very similar to those reconnected

earlier, and a motion inward will only minimally change

the angle between the magnetosheath and the magneto-

spheric field lines. Therefore antiparallel reconnection is

still expected to occur at that location. The inward motion

of the magnetopause will then allow for reconnection with

magnetospheric field lines that are subsequently connected

to lower latitudes.

4.3. Aurora at the Cusp Footprint During Northward
IMF

[36] Ground-based observations of the cusp aurora during

northward IMF are only possible from a few high-latitude

sites [see, e.g., Sandholt, 1991; Øieroset et al., 1997b].

These observations revealed the much higher latitude of the

northward compared to the southward IMF cusp aurora that

is also obvious in particle measurements [Newell et al.,

1989]. During intermediate IMF orientation both types of

cusp aurora were observed simultaneously [Sandholt et al.,

1998a], consistent with model predictions [Reiff and Burch,

1985]. The persistence for several tens of minutes of what

they called cusp/mantle aurora after an IMF switch from

southward to northward led Sandholt et al. [1996] to

speculate that the responsible lobe reconnection could occur

in a quasi-steady mode.

[37] The very short periods with darkness at the cusp

footprint (about 1 month around winter solstice) made

space-based UV observations of the cusp aurora more and

more important as those allow the year-round investigation

[Garbe et al., 1993]. Such observations affirmed the previ-

ously known local time shift with By to prenoon (postnoon)

locations during negative (positive) By in the northern

hemisphere [Milan et al., 2000b]. They also demonstrated

the clear separation between the dayside auroral oval and

the northward IMF cusp aurora poleward of it at the iono-

spheric footprint of high-latitude reconnection.

[38] The proton aurora imager FUV significantly extended

these observations because the nonexistent background made

cusp proton aurora identification much easier compared to

the electron aurora on top of the dayglow. The first investi-

gation using this instrument established a very close rela-

tionship between the solar wind dynamic pressure and the

brightness of the cusp aurora [Frey et al., 2002]. It also led to

an estimate of up to 30% contribution of the proton precip-

itation to the total energy flux into the cusp.

[39] Extended periods with strongly northward IMF

allowed for a very detailed investigation of the proton

aurora at the cusp footprint [Frey et al., 2002, 2003d].

The prolonged stable solar wind conditions allowed for the

mapping of the proton spot boundaries into the magneto-

sphere without much uncertainty in the solar wind propa-

gation and with the certainty that the magnetosphere had

reached the equilibrium with the external medium. The field

lines mapped to the high-latitude magnetopause (Figure 9),

and the authors suggested that the spot-like proton aurora is

the optical signature of antiparallel reconnection at this

location. This scenario does not just explain the different

morphology of the cusp proton aurora as an extended region

on the oval during southward IMF and a spot-like region

poleward and separated from the dayside oval during

northward IMF [Fuselier et al., 2002, 2003]. It also explains

the relationship between the proton aurora brightness and

the solar wind dynamic pressure p = rv2. A larger mass

density r of the solar wind provides more protons, and a

larger bulk speed v increases the average initial proton

energy that will push more protons into the sensitivity

region of the instrument after the solar wind had entered

Figure 8. Cusp latitude location versus the magnitude of
the southward IMF component. A linear relationship holds
for values between 0 and �10 nT. A quasi-exponential
function fits the values better for Bz < �10 nT. Modified
from Zhang et al. [2005a].
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Figure 9. Mapping of the equatorward boundary of the cusp proton aurora spot into the magnetosphere. The field lines
(right) from the three selected points (white squares) map to the (left) high-latitude magnetopause (projection) where
antiparallel reconnection happens during northward IMF conditions. Adapted from Frey et al. [2002].

Figure 10. Solar wind and cusp proton aurora observations during a prolonged period of northward
IMF: (a) solar wind dynamic pressure, (b) IMF Bz and By, (c) maximum and mean spot brightness in
kilorayleigh, (d) spot maximum and center geomagnetic latitude, (e) spot local time location. The spot
peak and mean brightnesses (Figure 10c) are correlated to the solar wind dynamic pressure (Figure 10a).
The spot local time location (Figure 10e) follows the IMF By (shaded line in Figure 10b). During the later
hours of steady IMF Bz (solid line in Figure 10b) and dynamic pressure, the spot brightness and central
and poleward latitudes (solid and shaded lines in Figure 10d) are remarkably steady implying quasi-
steady reconnection. Reproduced from Frey et al. [2003d] with permission from Nature Publishing
Group.
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the magnetosheath and the plasma is accelerated in the

reconnection process [Cerisier et al., 2005]. An increased

temperature of solar wind protons provides a similar bright-

ness increase [Chang et al., 2002].

[40] During one period of continuous proton spot obser-

vations the Cluster spacecraft by chance crossed the high-

latitude magnetopause and observed diverging proton jets

accelerated by antiparallel reconnection [Phan et al., 2003].

The jets were observed on field lines that were linked to the

bright spot in the ionosphere and with energy fluxes

consistent with the spot brightness. Therefore they provided

direct evidence that the spot represents the remote signature

of high-latitude reconnection.

[41] The long persistence of the proton spot further

allowed for an investigation of the steadiness of the under-

lying process. Reconnection processes that are responsible

for solar flares, for instance, show a very intermittent

behavior [Hudson and Ryan, 1995]. Some observations that

fit the pulsed reconnection scenario (see section 4.2) could

point to an intrinsic characteristic that energy is always

released intermittently in reconnection and that it is never

continuous or steady.

[42] More than 9 hours of uninterrupted spot observations

(Figure 10) were interpreted as being related to a continuous

reconnection process [Frey et al., 2003d]. The spot followed

closely changes in IMF By with changing magnetic local

time (MLT) locations, another proof that the reconnection

site moves along the magnetopause and that, when viewed

globally, reconnection never stops. During several of these

hours the external solar wind conditions were very stable

and accompanied by a remarkably stable spot location and

brightness. These results suggest that reconnection for

northward IMF is a directly driven process that is contin-

uous as long as the driving conditions are steady. The same

event was further analyzed with in situ measurements by

low-altitude spacecraft and ionospheric radar measurements

with a confirmation of all previous conclusions [Chang et

al., 2004].

[43] Multiple magnetopause observations by the Cluster

spacecraft of impulsive energy-dispersed ion injections with

recurrence times of 8–10 min [Bosqued et al., 2005] could

be interpreted as resulting from pulsed reconnection. How-

ever, detailed proton aurora and upstream solar wind obser-

vations suggested that the variable solar wind dynamic

pressure caused changes in the reconnection rate or location.

A similar result was obtained when fluctuations of the

proton aurora brightness and periodic variations of high-

latitude plasma flow could be related to density fluctuations

in the solar wind [Provan et al., 2005]. All those observa-

tions supported the view that antiparallel reconnection

during northward IMF is continuous and quasi-steady as

long as the solar wind conditions remained stable.

[44] It is remarkable that for both southward and north-

ward IMF conditions the average local time change of the

cusp aurora location was 0.120–0.127 hours per nT of By

[Frey et al., 2002, 2003b]. In contrast to the good correla-

tion between the cusp latitude and the magnitude of the

negative Bz, no such strong correlation was found for

northward IMF [Frey et al., 2002]. The position of the

northward IMF reconnection site must be rather fixed and

cannot move to field lines with footprints at different

latitude as in the case of southward IMF.

[45] The first comprehensive study identified the proton

spot first and then analyzed the corresponding solar wind

conditions [Frey et al., 2002]. Another investigation first

identified favorable solar wind conditions and then checked

for the occurrence of the spot [Bobra et al., 2004]. It was

only found in about 16% of the potential cases. Bobra et al.

also found no dependence on Bx, which is somehow

surprising as northward IMF combined with a negative Bx

should favor reconnection in the northern hemisphere. They

confirmed a known behavior that the cusp is located at lower

latitude for negative dipole tilts than for positive dipole tilts

[Burch, 1972]. Bobra et al. further found the expected

prenoon location for negative By but a large spread in local

time for positive By (Figure 11). This spread was explained

with more intense ion precipitation in the dawn sector due to

ion drift paths within the magnetosphere that preferentially

intersect the magnetopause in this sector. However, this

particular result warrants further investigation.

[46] The mapping of the proton aurora can be used to

estimate the size of the reconnection region (length of the

X line) [Fuselier et al., 2002]. The X line length was

estimated to be 10–25 RE and 3–5 RE for southward and

northward IMF, respectively [Phan et al., 2003]. The longer

X line during southward IMF allows for a 2–5 times higher

total plasma transfer during reconnection and explains the

larger size and brightness of the cusp aurora during south-

Figure 11. Observed versus predicted magnetic local time
(MLT) location of the proton aurora spot. The general trend
of prenoon locations for negative By (shaded squares) and
postnoon locations for positive By (solid squares) can be
seen, although there is considerable spread in MLT
locations for positive By. Reproduced from Bobra et al.
[2004].

RG1003 Frey: AURORA BEYOND OVAL

11 of 32

RG1003



Figure 12
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ward IMF compared to northward conditions [Frey et al.,

2003b]. It is also consistent with the previously reported

ratio of 1.75 between the ion number fluxes during south-

ward and northward IMF [Newell et al., 1989].

[47] The reconnection during northward IMF is expected

to occur at high latitude in both hemispheres and should

create cusp aurora simultaneously. However, it was only

after the availability of auroral observations by Polar UVI in

the south and IMAGE FUV in the north that this concept

could be proven [Østgaard et al., 2005]. The cusp aurora

appeared at different local times (1000–1200 MLT in the

north and 1200–1700 MLT in the south) consistent with

and opposite By control in both hemispheres. The >5�
different latitudes were attributed to the effect of the dipole

tilt angle that shifted the reconnection site in the south to

higher latitudes than in the north.

[48] Comparisons of physical measurements and model

simulations will play an increasing role in future geophysical

research. Fortunately, proton aurora observations of the cusp

aurora have already been used to evaluate the accuracy of a

global MHD model of the magnetosphere’s response to

sudden changes of solar wind conditions [Berchem et al.,

2003]. The comparison showed a very good agreement

between intensification in the auroral emissions and enhance-

ments of plasma flow into the ionosphere as predicted by the

three-dimensional global simulation (Figure 12). It further

reproduced the enhanced flow of ions with increased solar

wind dynamic pressure that can produce brighter proton

aurora. The simulation confirmed that the observations are

consistent with continuous antiparallel magnetic reconnec-

tion even during changes of the IMF direction and solar wind

pressure. However, transient patterns in the simulation results

can also be caused by sporadic reconnection at different sites,

and component reconnection may broaden the merging

region. During one particular event the simulation could

reproduce most of the proton aurora features except a sub-

auroral proton flash (section 4.1) because the model did not

contain a ring current. This example illustrates one of the

model deficiencies and how observations can help to point

out directions for improvement.

[49] It should be noted that the aurora at the cusp

footprint (as actually all aurora) should not be a unique

feature on Earth. Every magnetized planet forms a magne-

tosphere during the interaction with the interplanetary

medium, and there should always be two regions close to

the magnetic poles that allow for the most direct entry of

external plasma. Whenever this plasma is energetic enough

to efficiently excite the atoms/molecules of the planetary

upper atmosphere, a cusp aurora should be observed.

Indeed, the Hubble Space Telescope observed cusp aurora

on both Jupiter [Pallier and Prangé, 2001, 2004] and

Saturn [Gérard et al., 2004]. The features appeared as

dynamic as they are on Earth. The brightness on Jupiter

was larger than could be expected from pure magnetosheath

particle precipitation. The increased brightness was

explained by additional acceleration, and its periodicity

pointed to a pulsed reconnection with a period of 40–

50 min [Bunce et al., 2004].

[50] There is overwhelming evidence that the high-

latitude antiparallel reconnection is continuous and even

quasi-steady. Many observations during low-latitude recon-

nection point to an intermittent process. It is unlikely that

the process changes behavior with position. However, if the

dynamic pressure of the shocked solar wind drives low-

latitude component reconnection, it can provide the pulsed

appearance. On the other hand, the magnetosheath proper-

ties are different with low-velocity, high-density plasma at

the low-latitude magnetopause and high-velocity, low-

density plasma at the high latitude. Furthermore, some

structures in precipitating particle fluxes (and aurora appear-

ance) can be interpreted as temporal or as spatial structures

[see, e.g., Trattner et al., 2002, 2005]. This contradiction

certainly demands more investigation.

4.4. The 1500 MLT Auroral Hot Spot

[51] A bright aurora on top of the oval in the early

afternoon hours was first described with ISIS 2 observations

[Cogger et al., 1977]. This aurora is more intense for negative

IMF By than it is for positive values [Murphree et al., 1981;

Shue et al., 2001]. Particle flux measurements confirmed the

local enhancement of electron precipitation [Evans, 1985;

Newell et al., 1996b]. Electrons with energies of 0.3–3 keV

pointed to a field-parallel acceleration that was most likely

the result of a fairly direct solar wind–magnetosphere inter-

action. Ion fluxes, on the other hand, were, on average,

negligible. UV images from Viking resolved this feature into

several periodic bright spots in the 1400–1600 MLT range

[Lui et al., 1989]. The timescales for transient intensification

and motions of these spots were consistent with alternating

field-aligned currents that could be created in the magneto-

spheric boundary layer by the Kelvin-Helmholtz instability

[Sandholt et al., 1990; Vo and Murphree, 1995]. There is no

relationship between the afternoon spot and a possible

precursor of substorm onset [Liou et al., 1997a]. Compared

to the brightness of the auroral oval, the afternoon spot

dominates in summer and does not distinguish itself much

in winter or spring (Figure 13) [Newell et al., 1996b; Liou

et al., 1997b]. The 1400–1600 MLT region in the auroral

oval coincides with the most intense region 1 upward

field-aligned currents [Iijima and Potemra, 1978] that also

Figure 12. Comparison of the observed proton aurora and model simulations. (left) IMAGE FUVobservation in magnetic
latitude and local time coordinates. The insets show the IMF clock angle viewed from the magnetotail. (right) Simulated
plasma flows into the ionosphere in both hemispheres as viewed from above the North Pole as predicted by the MHD
simulations. Red colors represent observed bright proton aurora and simulated intense precipitation. During northward IMF
(1151 UT) an extended proton spot with a connection to the auroral oval is observed. During horizontal IMF (1159 UT),
two spots can be seen, while during strong southward IMF (1205 UT) the extended aurora is seen. Reproduced from
Berchem et al. [2003] with kind permission from Springer and Business Media.
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peak in summer. This points to a strong relationship

between the spot and the upward current, which may also

explain the electron acceleration.

[52] The combination of auroral observations with parti-

cle measurements allowed for the determination of the most

likely source region for the afternoon spot [Liou et al.,

1999]. The vast majority of events connected the bright

auroral spot with the plasma sheet or its poleward boundary.

This is in contrast to the earlier work that attributed the spot

to the Kelvin-Helmholtz instability at the magnetopause and

may indicate an internal process as the driver for this

localized enhanced aurora.

4.5. Afternoon Detached Auroral Arcs

[53] Auroral arcs equatorward of the afternoon oval were

first detected by the ISIS 2 photometers [Anger et al., 1978].

They were called detached arcs because one or both ends

were disconnected from the diffuse auroral oval. The arcs

occurred in excess of 25% observing probability around

1800 MLT. Their occurrence was not related to strong

geomagnetic disturbances but with subsiding substorm

activity. They were less intense than the auroral oval, and

their spectral appearance suggested electrons with a higher

energy than those that create the diffuse aurora [Moshupi et

al., 1979]. These arcs occurred after an IMF change from a

long period of southward to northward orientation. Moshupi

et al. suggested that the responsible electrons originated in

the plasma sheet and were left behind after a poleward

retreat of the auroral oval. Coincident particle observations

showed trapped populations of electrons with energies

between 1 and 10 keV but insignificant proton precipitation.

It was suggested that the pitch angles of the residual plasma

Figure 13. Maps of the averaged monthly auroral emission as a function of magnetic latitude and local
time. The 1500 MLT hot spot and the morning ‘‘warm’’ spot are especially distinct from the surrounding
oval in July. Reproduced from Liou et al. [1997b].
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sheet population would be scattered into the loss cone by

electron cyclotron resonance in the cold plasma region

outside of the plasmapause [Wallis et al., 1979]. A coinci-

dent observation with an ionospheric radar revealed a

structure within the detached arc with several narrow and

periodic ionization enhancements in latitude [Vondrak et al.,

1983]. The arcs were also detected in ground-based obser-

vations of the red 630 nm emission, and radar data were

consistent with a mix of low- and high-energy electron

precipitation [Mendillo et al., 1989].

[54] Such detached afternoon arcs were also observed in

the proton aurora (Figure 14) [Immel et al., 2002]. They

were strongest in the 1500–1700 MLT range. Without any

airglow background contamination these proton aurora

images showed the clear connection of the arcs to the oval

close to noon. The much longer view of the northern

hemisphere, compared to ISIS 2, also revealed the very

clear temporal separation of these arcs, which were origi-

nally part of the oval and peeled off. Particle measurements

in the opposite hemisphere exhibit a complete lack of

electron precipitation but high-energy protons with spectra

extending beyond the high-energy limit of the detector

(30 keV). Combining the images of the proton and electron

aurora allowed for a comparison of the brightness with

expected values [Hubert et al., 2001]. The in situ particle

measurements provided enough high-energy proton flux to

completely account for the electron aurora signal without

the need for additional electron precipitation [Bisikalo et al.,

2003].

[55] The detached proton arcs appear when either Bz or By

changes from negative to positive (Figure 15) [Burch et al.,

2002]. During such a Bz change the auroral oval contracts

poleward. During a change of By the afternoon oval moves

poleward. In both cases an apparently preexisting arc in the

equatorward part of the afternoon oval [Ono et al., 1989]

will be left at its original latitude and separate from the oval

if their particle sources are different. Coincident particle

measurements confirmed the pure high-energy proton pre-

cipitation into the detached arcs that was very different from

the low-energy protons over the main auroral oval. Unfor-

tunately, the spatial resolution of the proton aurora imager is

not good enough to see such a preexisting arc within the

oval. Ground-based observations could help verify this

assumption.

[56] The appearance of these detached proton arcs seems

to follow an apparently well-established sequence of events

[Burch et al., 2002]. During either a substorm or storm, ions

are injected at the nightside and drift around the dusk side.

On their way toward noon some of these ions precipitate

into an arc along the equatorward part of the main auroral

oval. A rapid change of the IMF Bz or By from negative to

positive values causes the oval to contract or shift poleward

[Burch et al., 1985; Cowley et al., 1991]. The original

proton arc remains mostly at its location, and a gap develops

between it and the oval. As no new ions are injected from

the nightside, the proton arc ceases slowly from the later

local time region toward the dayside.

[57] If one accepts this sequence of events, then the

remaining question is what exactly causes these protons to

precipitate. These arcs occur after major geomagnetic dis-

turbances in a location that maps to the midafternoon sector

from geosynchronous orbit out to the magnetopause. This

region is filled with cold eroded plasmaspheric material, and

its interaction with the hot plasma sheet or ring current may

well be the process that triggers the precipitation [Burch et

al., 2002]. This theory could only be partially supported as

coincident particle spectra at geosynchronous orbit showed

a mix of high-energy protons of the ring current and very

low energy protons of plasmaspheric origin.

[58] Predicted by numerical modeling for many years

[e.g., Grebowsky, 1970], plasmaspheric tails or plumes were

first observed by the EUV instrument on IMAGE [Sandel et

al., 2001]. Following a minor geomagnetic storm on 18 June

2001, the plasmasphere was eroded, and the plasmapause

moved inward closer to Earth. A distinct plasmaspheric

plume had formed in the afternoon sector as a result of

enhanced sunward convection and corotation flows across

the dayside [Spasojević et al., 2004]. A northward turn of

the IMF decreased the magnetospheric convection, and

corotation flows began to dominate in the inner magneto-

sphere. As a result the plasmaspheric plume started to

corotate into the afternoon sector. The northward turn of

Figure 14. Simultaneous images of the proton and
electron aurora of an afternoon detached arc. The proton
aurora signal (bottom left panel) along a meridian confirms
that 20 keV protons (bottom right dashed line) could create
the entire electron aurora signal (bottom right solid line)
without additional electron precipitation. Reproduced from
Immel et al. [2002].
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the IMF also created a detached proton arc. This arc mapped

to the location of the plasmaspheric plume, thus creating the

logical link between the two (Figure 16).

[59] The link between the plasmaspheric plume and the

detached afternoon arc suggests that the proton precipitation

may be caused by resonant interaction between energetic

ring current protons and EMIC waves that are preferentially

generated in regions of cold plasmaspheric plasma [Fraser

and Nguyen, 2001]. Ring current ions drifting sunward

around dusk may develop an anisotropic particle distribu-

tion (field-parallel and perpendicular ion temperatures be-

come different) after magnetospheric compression. Such

anisotropic proton distributions can become unstable in

the region of the cold plasma of the plume where the EMIC

instability threshold is lowered, and the interaction can thus

scatter protons into the loss cone [Spasojević et al., 2005].

[60] It was noted that the detached arcs were relatively

rare and often associated with a high solar wind dynamic

pressure. Given the long continuous global observation by

IMAGE FUV, this is in stark contrast to the 25% observa-

tion probability by ISIS 2. This may indicate that the proton

aurora imager is just not sensitive enough to detect a large

portion of detached arcs. However, it could also be that

high-energy protons create just a small number of these

arcs. High-energy electrons may be responsible for a larger

number of these arcs. Another possibility is that the proton

arcs occur only after substantial geomagnetic disturbances.

[61] We summarized the detached electron and proton

arcs here in one section because most of their morphological

and temporal characteristics show strong similarities. One

completely uncertain issue is the particle population that

causes both phenomena. The early measurements report the

almost complete lack of protons, while the later reports

show a complete lack of precipitating electrons. In this

regard, electron or ion cyclotron waves could be the cause

for the particle precipitation and could divide the two kinds

of arcs into separate groups.

[62] The early observations mention the possibility of a

conjugate event in the particle data, when optical observa-

tions were only possible in one hemisphere and the particle

measurements were about 30 min apart [Wallis et al., 1979].

These optical observations were biased toward the northern

hemisphere where almost all detached arcs were recorded.

Particle measurements, however, showed many additional

incidences in the southern hemisphere, which suggests a

conjugate phenomenon. The final proof of this hypothesis

with two independent and simultaneous detections has still

to be collected.

4.6. High-Latitude Dayside Aurora (HiLDA)

[63] The first comprehensive report about large-scale

auroral features in the high-latitude dayside region (now

termed High-Latitude Dayside Aurora or HiLDA) used

images from the Viking spacecraft [Murphree et al.,

1990]. Arcs or spot-like features were found poleward and

clearly separated from the continuous auroral oval between

70� and 85� magnetic latitude. Sometimes these features

stretched over 2 hours in local time within 1000–1400 MLT,

and they were definitely different from the aurora at the

cusp footprint during northward IMF (section 4.3). They

only appeared during times of northward IMF with addi-

tional negative Bx and positive By components. These

features lasted up to 20 min. They moved poleward and

extended eastward and westward. Murphree et al. noted that

Figure 15. Development of a detached arc after a change of the IMF By from negative to positive. The
afternoon auroral oval is shifted poleward, and a presumably preexisting proton arc separates from the
oval. Reproduced from Burch et al. [2002].
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there was a time delay of 10–20 min between the change of

the IMF into the favorable orientation and the appearance of

the high-latitude aurora.

[64] Two possible mechanisms for these auroral features

were discussed, namely, impulsive penetration of magneto-

sheath particles through diffusive processes along the mag-

netopause or field-aligned currents that are driven by

magnetopause reconnection [Murphree et al., 1990]. Some

of the properties of the high-latitude aurora could be

explained by impulsive penetration; however, the iono-

spheric signature should be independent of the IMF By

direction, which it obviously was not [Sibeck et al., 1987].

Reconnection, on the other hand, could also not completely

explain the behavior of the aurora. The eastward or west-

ward motion of the features could well be related to the flow

direction of reconnected field lines and thus supported a

relationship to reconnection [Murphree et al., 1990]. It was

also reported that the aurora was located where ion fluxes

have decreased to a low level and a burst of relatively high

energy electrons (�1 keV) occurred [Elphinstone et al.,

1993]. The appearance of one particular auroral spot was

explained by the sudden increase in the IMF Bz [Ohtani et

al., 1997]. Ohtani et al. too related the aurora to high-

latitude reconnection but recognized that it was located

poleward of the cusp footprint.

[65] These single-event cases were expanded in a study

with 73 hours of HiLDA observations by IMAGE FUV

[Frey et al., 2003c] and in a second study covering more

than 2 years [Frey et al., 2004a]. The spots only occurred in

the electron aurora images and were completely absent in

the proton aurora. One of the major results of the studies

was the clear demonstration of a relationship between a low

solar wind density (and thus pressure but not solar wind

speed) and the occurrence of the localized aurora. Almost

all HiLDA observations were made when the solar wind

density was well below the average density of 4 cm�3

(Figure 17). The vast majority of the spots were observed at

postnoon local time. Long observations over several hours

revealed a slow poleward and eastward motion of the spots

that may have been related to an increase in the Bymagnitude.

Several of the spots showed repeated brightness changes with

periods between 30 and 70 min.

[66] There was a 20–60 min time delay between the drop

of the solar wind density and the first brightening of the spot

above background level. This long time delay eliminated

any possible uncertainty in the solar wind propagation from

an upstream monitor (ACE, Wind, or Geotail) to the most

likely impact on the ionosphere. Such an uncertainty is of

the order of 3–8 min, much less than the observed 20–

60 min delay. No obvious change in solar wind properties

could be related to the time of first appearance of the bright

spot, which pointed to an internal magnetospheric process

rather than a solar wind–driven process.

[67] Two of the HiLDA observations coincided with

passes of the FAST satellite just on top of the spot, and

one is presented in Figure 18. The magnetic field distur-

bance perpendicular to the background magnetic field and

the spacecraft velocity vector (green line, Figure 18a)

indicate disturbances caused by two major field-aligned

current regions. The more equatorward region of measure-

ments between 1842:00 and 1843:30 (positive slope) shows

a downward current region, which coincides with the cusp

precipitation. Poleward of this, there is an upward current

region (1843:30–1848:00 UT, negative slope) without any

proton precipitation and a signature of an inverted V-like

electron precipitation after 1846 UT.

[68] Field lines from the cusp location as determined from

the FAST measurements mapped very close to the high-

latitudemagnetopause [Frey et al., 2003c]. This is an expected

result for northward IMF conditions (see section 4.3).

Magnetic field lines from the HiLDA spot, however, did

not come close to the magnetopause but mapped far down

into the tail. This indicated that the localized aurora is only

indirectly related to high-latitude reconnection.

[69] Another major result of these studies was the dem-

onstration of a strong preference of spot occurrence for

positive dominating IMF By and positive Bz. The general

Parker spiral geometry of the IMF at Earth’s orbit creates

predominantly Bx and By components of equal magnitude

but opposite orientations together with a smaller Bz of either

sign. Averaging over 3 years, these preferred IMF orienta-

tions produce two maxima for the clock angle q = arctan(By,

Bz) at ±90� and for the azimuth angle f = arctan(Bx, By) at

�45� and +135� (Figure 17). The HiLDA spots, however,

occur predominantly during other IMF orientation than the

most likely ones, namely, clock angles of 70� and azimuth

angles of �30�.
[70] These preferred IMF orientations together with the

preference of low solar wind density led to a detailed study

of the seasonal dependence of HiLDA [Frey et al., 2004a].

The most important result was the almost complete absence

of HiLDA in fall/winter. There is a maximum of HiLDA

occurrence in the northern summer months when the

Figure 16. Contour plot of the plasmapause (circles) and
the mapped proton arc (diamonds) in the geomagnetic
equatorial plane. The coincidence of both features creates
the link between the plasmaspheric plume and the afternoon
arc. Reproduced from Spasojević et al. [2004].
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phenomenon could be observed for many hours and some-

times repeatedly during the same day. In contrast, HiLDA

spots were absent in fall/winter, although the general solar

wind conditions were favorable for long times during the

study interval of 2000–2002.

[71] Model calculations with the assimilated mapping of

ionospheric electrodynamics technique [Richmond and

Kamide, 1988] put the observations into the large-scale context

of the high-latitude field-aligned currents (Figure 19). During

northward IMF with a strong positive By and negative Bx a

downward field-aligned current is driven by high-latitude

reconnection. Ionospheric convection is enhanced, and the

strong positive By rotates the usual two-cell convection pattern

with two convection cells in the morning and afternoon

regions by almost 90� [Le et al., 2002]. A clockwise convec-

tion cell forms on the dayside, circulating within the polar cap

on open field lines. The second cell with counterclockwise

convection forms at the nightside circulating across the polar

cap boundary. This convection pattern then drives a current

circuit with downward field-aligned current in the cusp region,

Pedersen current in the ionosphere, and the upward field-

aligned current in the polar cap in the center of the dayside

convection cell over the HiLDA spot.

[72] Investigation of the HiLDA occurrence with regard

to measurements by the Iridium satellites revealed a very

close dependence between the occurrence of HiLDA and

the magnitude of the field-aligned currents [Korth et al.,

2004]. The HiLDA spots were observed whenever the peak

current density into the ionosphere was higher than

0.7 mA m�2 and the solar wind density was less than

4 cm�3. During other periods of similar external conditions,

HiLDA spots were not observedwhen either the field-aligned

current density was too low or when the solar wind density

was too high. This behavior is consistent with a magneto-

spheric relationship between the field-aligned current density

in the ionosphere and the density and thermal energy of the

source region in the magnetosphere [Knight, 1973].

[73] The whole process of HiLDA generation appears to

result from a combination of several effects. The two most

important ionospheric/magnetospheric properties that are

different in summer and winter are the ionospheric conduc-

tance and the dipole tilt angle. Newell et al. [1996a] found

that discrete aurorae occur primarily in darkness. They

attributed this to the ionospheric feedback mechanism,

which will draw more field-aligned current and hence more

Figure 17. Summary histograms of solar wind conditions
as measured by ACE between 2000 and 2002 (gray lines)
and the comparison with solar wind parameters during the
observation of HiLDA (solid lines). Summary of the (a) IMF
clock (q = arctan(By, Bz)), (b) azimuth (f = arctan(Bx, By)),
and (c) elevation (a = arctan(Bz, Bx)) angles in the geocentric
solar magnetospheric (GSM) coordinate system. All angles
were binned in 2� bins. (d) Solar wind density binned into
0.2 cm�3 bins. The distributions of general solar wind
properties are different from the properties during HiLDA
observation. Adapted from Frey et al. [2004a].
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precipitating electrons from regions where electron precip-

itation locally enhanced the ionospheric conductivity. The

preferred HiLDA occurrence in summer must have a

different cause because the large-scale ionospheric conduc-

tance is already enhanced by the solar illumination.

[74] The largest positive dipole tilt angles occur in

northern summer, and ionospheric properties that respond

to changes in the dipole tilt are the distributions of the

ionospheric electric potential and field-aligned currents

[Papitashvili et al., 1994]. The upward field-aligned current

from the HiLDA spot is located at high latitude in the center

Figure 18. FAST measurements and FUVobservations of a HiLDA spot. The background International
Geomagnetic Reference Field was subtracted from the FAST magnetic field measurements. (a) Three
components of the remaining magnetic field disturbance along the background field (red), perpendicular
to the background field and the spacecraft velocity vector (green) and along the spacecraft track (blue).
The green line represents the magnetic field disturbance that is created by field-aligned currents with a
positive (negative) slope for a downward (upward) current. (b) Ion energy spectrogram in the loss cone.
(c) Electron energy spectrogram. (d) Electron pitch angle distribution. Energy fluxes of (e) electrons and
(f) ions, mapped to 100 km altitude. Count rates in the six consecutive (g) electron and (h) proton aurora
images along the footprint of FAST. Reproduced from Frey et al. [2003c].
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of the dominating clockwise convection cell [Crooker and

Rich, 1993; Eriksson et al., 2002]. The positive IMF Bz and

negative Bx components favor reconnection tailward of the

northern cusp [Luhmann et al., 1984], with a possible By-

related shift toward the dusk flank, and drive a downward

current into the dayside cusp. The high ionospheric con-

ductance from solar EUV illumination of the northern polar

cap then allows the downward current in the cusp to connect

with the upward current poleward of it and drive larger

field-aligned currents in summer than in winter.

[75] The impact of the low solar wind density may be

twofold. If the solar wind density decreases, the magneto-

sphere expands in order to maintain pressure balance with

the external solar wind plasma medium. This expansion,

combined with the reduced supplement of fresh plasma

through diffusion, will reduce the number of available

current carriers to maintain the upward current. In order to

keep the current flowing [Siscoe et al., 2001] the system sets

up a parallel potential that accelerates the few existing

electrons into the ionosphere and subsequently creates the

HiLDA at the footprint. The other possible impact of the

low solar wind density is the reduction of the Alfvén Mach

number and a lower plasma beta in the magnetosheath

adjacent to the reconnection site. The reduced Mach number

enhances the strength of the dusk convection cell [Crooker

et al., 1998] and thus the strength of the upward current at

the HiLDA footprint. The lower plasma beta is considered

favorable for the onset of reconnection and can create a

stronger downward current into the cusp.

[76] The occurrence of HiLDA is well explained with the

creation of large field-aligned currents by the dominating

positive IMF By component and the low solar wind density.

A corresponding southern auroral signature still has to be

confirmed that should show a preferred occurrence during

negative By combined with a positive Bx. It should also

preferably occur during southern summer.

4.7. Subauroral Morning Proton Spots

[77] On a number of occasions the IMAGE FUV proton

aurora imager detected very localized spots of enhanced

Doppler-shifted Lyman alpha emission in the low-latitude

morning sector (Figure 20). These subauroral morning

proton spots (SAMPS) were well separated from the auroral

oval with about 300 km diameter and could last for several

hours with modulated brightness [Frey et al., 2004b].

Coincident low-altitude particle measurements showed

high-energy proton precipitation with negligible electron

contribution.

[78] There was no obvious relationship between the spot

occurrence and any preferred solar wind conditions. How-

ever, the spots always occurred during the recovery after

geomagnetic storms when the Dst index had relaxed to

about 1/5 of its minimum value at the peak of the storm. In

addition, there was a very strong relationship between the

geomagnetic latitude of SAMPS and the minimum Dst of

the previous storm. The lowest latitudes were found after

the strongest storms with an impressive correlation coeffi-

cient of 0.98 (Figure 21).

[79] Over their lifetime these spots corotated with an

average between 70 and 95% of the full corotation speed.

A clear relationship was found between the L shell of the

SAMPS location and the corotation speed of the spot. For

spots at lower L shell (lower magnetic latitude), greater

corotation speeds around 95% are found. For larger L shells

(higher latitude) the corotation drops below 80%.

Figure 19. (a) WIC image and track of the FAST satellite
through the 1846:39 UT image on 24 May 2001 for the data
shown in Figure 18. The short solid line in Figure 19a
represents the track from 1 min before to 3 min after the
image exposure. (b) Assimilated mapping of ionospheric
electrodynamics model calculations of field-aligned currents
for the time of the FAST pass through the bright localized
emission. Solid contours indicate downward current; dashed
contours show upward currents. The HiLDA spot is located
at the strongest upward field-aligned current. Reproduced
from Frey et al. [2003c].
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[80] Simultaneous images of the plasmasphere by

IMAGE-EUV revealed a relationship between the SAMPS

and structures of the plasmapause (Figure 22). In two

instances the mapped SAMPS coincided with a notch and

a shoulder in the plasmasphere. The 88% corotation speed of

the spot agreed well with the simultaneous 94% corotation of

the plasmaspheric shoulder. This value is consistent with the

observed range of 70–90% plasmasphere corotation [Sandel

et al., 2003; Adrian et al., 2004]. This result and the

previously mentioned relationship between the L shell and

corotation are both caused by the reduced influence of the

corotation electric field at greater distances (larger L shell)

that reduces the corotation coupling between the Earth and

the larger-distance magnetospheric regions [Burch et al.,

2004].

[81] The mapping of SAMPS into the region of plasma-

pause modulation gives rise to the assumption that they are

caused by the expansion of the plasmasphere after the

strong erosion during a geomagnetic storm [Singh and

Horwitz, 1992; Sandel et al., 2003], when there are still

enhanced fluxes of trapped ring current ions. As the cold

plasma of the plasmasphere corotates and interacts with the

ring current, the lower-limit ion energy is lowered allowing

a larger fraction of the ring current ion distribution to locally

interact with EMIC waves. The resonance then causes

particle precipitation locally either at the density increase

at the plasmapause or within single flux tubes of increased

cold plasma density that may be too small to be resolved in

EUV images but could explain the very localized appear-

ance in the proton aurora images [Carpenter et al., 2002].

[82] There are still several open questions regarding the

physics behind the SAMPS. The interaction of ring current

ions with EMIC waves is just one possibility. There are

many more processes involved in the plasmasphere expan-

sion after storms, and the correct wave-particle process can

only be determined by coincident wave measurements by

high-altitude spacecraft. The morphological difference be-

tween the elongated afternoon arcs and the very localized

Figure 20. Examples of subauroral morning proton spots marked by arrows. (top) Proton aurora images
captured on two different days. (bottom) Simultaneous proton (left) and electron (right) aurora images.
Adapted from Frey et al. [2004b].
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morning spots is another topic of future investigation. Why

does the same wave-particle interaction act over a large

region in the afternoon and a very localized region in the

morning?

4.8. Evening Corotating Patches (ECP)

[83] Evening corotating patches (ECP) were investigated

together with the afternoon detached arcs [Moshupi et al.,

1977], though they have very different properties [Moshupi

et al., 1979]. While afternoon arcs remain at the same

magnetic local time, meaning that they move to different

geographic positions, patches stay at their original geo-

graphic location and corotate with the rotating Earth. The

same patches were observed in consecutive orbits of ISIS 2,

which implies that their lifetime is more than 2 hours, longer

than the lifetime of the arcs. Patches are much more

infrequent than the arcs with less than 6% detection prob-

ability. Their spectral characteristics require higher-energy

electrons than in the auroral oval, though they are brighter

than the afternoon arcs but still dimmer than the diffuse

aurora. The patches occur preferentially in the 1800–

2200 MLT sector, though one patch group was seen as far

away as 0400 MLT.

[84] ECP have a clear correspondence to weaker geo-

magnetic activity as measured by Kp [Moshupi et al., 1979],

and the patches also occur during Dst increases seen during

geomagnetic storm recovery. The patches are located at

lower latitude than the arcs, and coincident plasma measure-

ments suggested their location close to the plasmapause.

The interaction of drifting electrons with cold plasma

through electron cyclotron wave resonance was suggested

as a possible mechanism for the patch precipitation [Wallis

et al., 1979]. During magnetic storms, energetic electrons

can be injected at the nightside, and it can take of the order

of 10 hours for them to drift around the morning and noon

toward the evening sector. The small size, multiplicity, and

corotation of the patches requires then multiple extensions

or indentations at the corotating plasmapause where the

enhanced cold plasma density can create such waves.

[85] Similar patches of a few hundred kilometers diam-

eter were seen in ground-based all-sky images of the 630 nm

emission [Mendillo et al., 1989]. Their slow apparent

westward drift was equivalent to a slightly slower than full

corotation speed. In addition to a slightly increased electron

precipitation into them, particle measurements in the same

region showed a sharp increase of ion precipitation. Com-

pared to evening detached arcs, ion precipitation appeared

more important in these patches.

[86] During quiet geomagnetic conditions, ECP appeared

and stayed within the view of a ground-based all-sky

camera for several hours (Figure 23) as they were approx-

imately corotating with the observation site [Kubota et al.,
Figure 21. (top) Relationship between the SAMPS
latitude and the minimum Dst of the previous geomagnetic
storm. (bottom) Relationship between the SAMPS corota-
tion speed and the L shell of the SAMPS location.
Reproduced from Frey et al. [2004b].

Figure 22. Two examples of 10 min integration EUV
images of the plasmasphere that were mapped into the
geomagnetic equatorial plane with the Sun to the left and
morning local time at the top. The dynamic range was
exaggerated to show the (top) notch and (bottom) shoulder
in the plasmapause. Simultaneously observed SAMPS (five
images over 10 min) were also mapped into the equatorial
plane along the magnetic field lines originating in them
(squares shown on the right frames). The size of the squares
represents the diameter of the magnetic flux tubes
originating in the spots with the larger area for field lines
starting at higher latitude (bottom right). The SAMPS
locations map to modulations of the plasmapause. Repro-
duced from Frey et al. [2004b].
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2003]. The patch appearance in the ground-based observa-

tions of electron aurora but their absence in the proton aurora

together with particle measurements by a low-altitude space-

craft confirmed the lack of precipitating protons and a likely

energy of the electrons above 10 keV. An earlier pass by the

Akebono satellite confirmed the location of the plasmapause

at approximately the same latitude as the later observed

patches. The patches can therefore well be the result of an

interaction at the plasmapause [Newell, 2003]. As the

plasmapause bulges outward at the dusk sector, its cold

plasma may interact with the drifting high-energy electrons.

The pitch angle of the electrons may be scattered into the

loss cone, and this interaction will create aurora at their

magnetic footprint. A confirmation with simultaneous

(ground or space based) observation of the corotating

patches and corresponding modulations of the plasmapause

would be the final evidence for such a relationship.

[87] This scenario, however, may contradict recent obser-

vations of patches and arc-like features created by proton

precipitation [Zhang et al., 2005b]. The patches showed up

in the proton aurora and in the electron aurora as well

(Figure 24). Simultaneous low-altitude particle spectra,

however, showed the complete absence of electron precip-

itation and precipitating protons with energies around 10–

20 keV. As the electron patches these proton patches were

concentrated in the region of 1900–0100 MLT. The major

difference was their much lower magnetic latitude (45�–
55�) when compared to the electron patches (58�–65�).
Nevertheless, this may not be an important difference

between these two kinds of patches. The proton patches

occurred during the main phase of major magnetic storms

with Dst in the range of �460 to �130 nT, and Zhang et al.

established a linear relationship between the Dst and the

latitude location. The electron spots were observed after

magnetic storms withDst between�6 and�49 nT [Moshupi

et al., 1979], and accordingly, they showed up at higher

latitude. Unfortunately, the GUVI images did not allow for a

determination, of whether these patches corotated and for

how long the individual patches lived. Moshupi et al.

adopted the view that the interaction between the hot ring

Figure 23. All-sky images of ECP in six different wavelengths. The patches are most obvious in the
557.7 nm, 427.8 nm, and 844.6 nm frames of the electron aurora that are created by high-energy
electrons. However, they are absent in the 486.1 nm image of the proton aurora and in the 630.0 nm
image that would be created by low-energy electrons. Reproduced from Kubota et al. [2003].

Figure 24. Images of (a) a nightside detached aurora
(NDA) patch in the proton aurora and (b–d) three different
wavelengths of electron aurora as observed from space by
TIMED GUVI. The original data were mapped into a
geomagnetic grid together with the track of a low-altitude
spacecraft that determined pure proton precipitation at the
location of the patch. Reproduced from Zhang et al.
[2005b].
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current ions and the cold, dense plasmasphere caused pitch

angle scattering of the protons into the loss cone.

[88] These latest patch observations confirmed the previ-

ous conclusion that ion precipitation may be an important

factor in the evening/night subauroral region [Mendillo et

al., 1989]. What still has to be investigated is the relationship

between the electron and proton patches. Do completely

different processes create the electron and proton patches or

are they just two different flavors of the same general

physical process? Are they just the extension of their siblings

in the afternoon detached arcs? Obviously, the plasmasphere

or its plumes play an important role in all proposed mech-

anisms, and coordinated observations are required to support

or disprove any relationship.

4.9. Polar Cap Arcs (Theta Aurora)

[89] Auroral arcs within the polar cap have received many

different names, mostly transpolar arcs, polar cap arcs, Sun-

aligned arcs, or theta aurora. These arcs stretch over

hundreds to thousands of kilometers in the Sun-Earth direc-

tion (with a possible tilt), are sometimes connected at one or

both ends to the auroral oval, and can appear simultaneously

in both hemispheres. They occur during quiet geomagnetic

conditions, develop with a certain time delay (30–60 min)

during northward IMF conditions, and may last up to 30 min

after a southward IMF change (Figure 25). Static arcs in the

northern hemisphere develop in the dawn (dusk) sector of

the polar cap during positive (negative) IMF By. Some

dynamic arcs cross the magnetic pole and move dawnward

(duskward) for negative (positive) IMF By. Low-energy (up

to a few keV) electrons with negligible or only weak proton

contribution create these arcs. Historical accounts together

Figure 25. Schematic diagrams showing the time
evolution of theta aurora under different IMF conditions:
(a) Bz > 0 and By � 0, (b) Bz > 0 and By > 0 followed by a
southward turn, and (c) Bz > 0 and By < 0 followed by a
dawnward turn. Modified from Chang et al. [1998].

Figure 26. Simultaneous images with a theta aurora in one
hemisphere but not in the other one. (a) Original images
from the northern hemisphere with a theta aurora. (b) Images
of the southern hemisphere without a theta aurora. (c) Two
of the northern images mapped to a geomagnetic grid.
(d) Particle data from two low-latitude satellites that
confirm the presence of precipitation in the north but the
absence of strong precipitation in the south. The mapped
images (Figure 26c) also show the tracks of two DMSP
spacecraft that detected the (e) opposite plasma drifts on
both sides of the theta aurora. Reproduced from
Østgaard et al. [2003].
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with a description of the arc morphology and the state of

knowledge around 1997 have been summarized in an

excellent review by Zhu et al. [1997]. For brevity we refer

to that review and the references therein and concentrate on

new observations made since then.

[90] The large-scale electrodynamics around polar arcs

has long been a controversy, with observation supporting

the location at the convection reversal within one convec-

tion cell, between convection cells, or within convection

patterns with 2–6 convection cells. The same confusion

exists about the magnetospheric configuration on open or

closed field lines and their origin in the magnetosheath or

the plasma sheet. This may actually indicate that polar cap

arcs are actually created by different mechanisms [Zhu et

al., 1997; Eriksson et al., 2005].

[91] Statistical studies confirmed the occurrence of theta

aurora during northward IMF and the motion according to

the direction of the IMF By [Rodriguez et al., 1997;

Cumnock et al., 2002; Kullen et al., 2002]. There is new

controversy about the solar wind conditions as many

observations show the creation of polar cap arcs during

northward IMF [e.g., Kullen et al., 2002], but some suggest

they form after the southward turn or By polarity change

after long periods of northward IMF [Chang et al., 1998].

[92] The recent more sophisticated models (mostly

MHD) allow for a comparison between observations and

model predictions. Such a prediction is the twisting of the

plasma sheet after an IMF By switch and the motion of the

closed field line region from one tail flank to the other. Such

a result is consistent with the cross-polar motion of trans-

polar arcs [Kullen and Janhunen, 2004]. Such IMF changes

also produce a bifurcation of the tail lobes and create field-

aligned current patterns that can create the transpolar arcs

[Naehr and Toffoletto, 2004].

[93] One early observation showed theta aurora simulta-

neously in both hemispheres [Craven et al., 1991]. The

independence from Bx of theta aurora observations in the

north was also suggestive of equal occurrence in both

hemispheres [Cumnock, 2005]. However, new observations

showed the theta aurora only in one hemisphere [Østgaard

et al., 2003, 2005]. In that case the nonconjugacy was

explained with a different efficiency of lobe reconnection

depending on the IMF Bx (Figure 26). During northward

IMF, reconnection should be favored in the northern hemi-

sphere during negative Bx and should be able to more

efficiently drive the magnetospheric convection and strong

field-aligned currents that create bright theta aurora. In the

opposite hemisphere the effect is less efficient, and the

transpolar arc is either completely suppressed or dim below

the sensitivity limit of the instruments. Particle measure-

ments above these arcs have also shown the existence of ion

precipitation into these arcs, and estimates with optical data

give a �5% contribution of protons to the total energy flux

into these arcs [Hubert et al., 2004].

4.10. Auroral Streamer

[94] North-south aligned thin arcs in the midnight region

of the oval were long considered phenomena of the sub-

storm process [Rostoker et al., 1987]. It was suggested that

they are created by energetic electrons that drift earthward

in the plasma sheet into the more dipolar magnetosphere

where they may be scattered into the loss cone. This view

was later refined when bursty bulk flows (BBF) were

identified as an important component of the substorm

initialization and were related to north-south aligned aurora

that develops later in the substorm expansion [Henderson et

al., 1998]. These BBF are transient, high-speed (up to

1200 km s�1), azimuthally narrow plasma flow channels

that are often observed in the near-Earth plasma sheet

[Baumjohann et al., 1990; Angelopoulos et al., 1992].

Though these highly structured events last only on the order

of 10 min, they are an important means of plasma transport

in the plasma sheet [Angelopoulos et al., 1994].

[95] Later it was realized that north-south aligned thin

arcs (auroral streamers) also occur during extended periods

of continuous geomagnetic activity without substorms

[Sergeev et al., 1999]. They initially develop at the

poleward boundary of the auroral oval and propagate

equatorward, thereby often detaching from the poleward

boundary (Figure 27). When they reach the equatorward

boundary of the oval, they often decay by evolving into a

patch of diffuse aurora. As the narrow plasma bubbles in

the BBF move earthward, their magnetic footprint in the

ionosphere moves equatorward, thus producing the thin

(tens of kilometers) north-south aligned aurora [Sergeev et

al., 2000].

[96] Mostly because of their short lifetimes of only 5–

10 min the characteristics of the particle precipitation have

long been an open issue [Amm and Kauristie, 2002]. Only

recently have coordinated observations become available,

which point to energetic electrons and protons [Sergeev et

al., 2004].

[97] High-resolution ground-based auroral observations

established the close relationship between auroral streamers

and BBF observed in the magnetotail [Zesta et al., 2000;

Kauristie et al., 2003]. It was also shown that these stream-

Figure 27. Auroral streamers as observed from space.
Simultaneous Geotail spacecraft observations of BBF in the
plasma sheet indicate their relationship to streamers at the
footprint of the spacecraft, marked by the plus symbol.
Reproduced from Sergeev et al. [2000].
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ers create an auroral electrojet (electric current) in the

ionosphere [Lui, 2000]. Large electrojets are related to

substorms, but there may be a continuous behavior with

full substorms as one extreme and nonsubstorm streamers as

the other [Grocott et al., 2004].

[98] Generally, BBF are considered an internal process of

the magnetosphere. If a flux tube with lower particle density

and plasma pressure than the ambient plasma is embedded

into the magnetotail, the dawn-to-dusk electric field is

enhanced inside these ‘‘bubbles’’ [Pontius and Wolf,

1990]. Consequently, the earthward drift of the plasma

inside the bubble is stronger than elsewhere and may well

result in the observed BBF [Nakamura et al., 2001].

However, there is also the view that the BBF and streamers

are directly driven by variations of the solar wind [Lyons et

al., 2000]. Though the connection between BBF and auroral

streamers is reasonably well established, the exact physical

process that starts the BBF is still under discussion [Newell,

2000]. Another open issue is where and how exactly the

earthward plasma flow breaks and how and where it is

finally diverted [Kauristie et al., 2003].

5. OTHER LOCALIZED AURORA

[99] The following sections list a few more localized

aurorae. These aurorae will not be reviewed in great detail

because their exact nature may not be known or because

there already exists an extensive review. We list them just

for completeness.

5.1. Stable Auroral Red Arcs (SAR)

[100] Stable auroral red (SAR) arcs are subvisual, rela-

tively featureless, slowly changing bands of red light that

can extend across the whole sky. They occur at high

altitudes and simultaneously in the midlatitude region of

both hemispheres. Their dominant emission is the 630 nm

duplet of atomic oxygen. The source for these arcs is the

slow energy loss of the ring current ions as they bounce

within the Earth’s magnetic field. However, the exact

sequence of physical processes that feed these arcs is still

a matter of debate and has been extensively reviewed by

Kozyra et al. [1997].

5.2. Type D Auroral Arcs

[101] Type d arcs occur at low latitude and are completely

red in color [Vallance Jones, 1971]. They are more dynamic

and brighter than SAR and appear to be created by higher-

energy electrons [Rassoul et al., 1993]. Many events of low-

latitude aurora [e.g., Shiokawa et al., 1997] after big

geomagnetic storms may fall into this category. Their exact

nature is still unclear. They may just be brighter SAR after

very strong geomagnetic disturbances.

5.3. Morning ‘‘Warm Spot’’

[102] Similar to the auroral hot spot at 1500 MLT, there

exists a ‘‘warm spot’’ in the 0600–0900 MLT region

[Newell et al., 1996b]. This spot is weaker than the aurora

in the afternoon but also occurs preferably during the

summer months [Liou et al., 1997b]. Its location coincides

with the local maximum of the upward field-aligned current

(region 2 here). The source of this aurora is hot electrons

that were injected at midnight, drift around the morning

sector, and precipitate in the prenoon region.

5.4. Localized Aurora on Mars

[103] A very localized aurora was recently discovered on

Mars [Bertaux et al., 2005]. In contrast to the previously

described cusp aurora on Jupiter and Saturn (section 4.3) the

Mars aurora cannot show a similar global appearance

because of the lack of an internal magnetic field. However,

there are regions with a substantial crustal magnetic field,

most likely the remnants of a disappeared internal field. The

Mars aurora is highly concentrated near strong crustal

magnetic field sources, and reconnection between the solar

wind and the crustal magnetic field can explain the creation

of this aurora by accelerated electrons with peak energies

ranging from 100 eV to 2.5 keV [Brain et al., 2006].

6. CONCLUSIONS

[104] Localized aurorae occur anywhere in the whole

polar region: inside, on top of, and outside of the auroral

oval. They are distinguished by their location and morphol-

ogy, and most of their names reflect their appearance

instead of the physical process that is responsible for their

creation. Considerable progress in our understanding of

these processes has been achieved with the recent auroral

space missions Polar UVI, IMAGE FUV, and TIMED

GUVI. The combination of space-based optical observa-

tions with the continuous monitoring of the solar wind and

many in situ measurements of particles, currents, and

electric/magnetic fields by low-altitude spacecraft leads to

the discovery of new phenomena (like SAMPS) and a huge

increase of our understanding of previously known local-

ized aurorae. However, there are still many unsolved issues

that require more investigation. The most important unan-

swered questions and future prospects for investigation are

the following.

[105] 1. The exact nature of the reconnection process at

the magnetopause and the topology of the reconnecting field

lines are still unknown. While there is general agreement

that reconnection creates the particle precipitation into the

cusp and the aurora at its footprint, it is still puzzling why it

sometimes appears as continuous or even steady and at

other times bursty and pulsating. Other uncertainties exist

about the transition between or the coexistence of antipar-

allel and component reconnection. The future Magneto-

spheric MultiScale (MMS) mission will address the

microphysics of the reconnection process. The aurora at

the cusp footprint is a good signature of the reconnection

process and may help to remotely investigate it.

[106] 2. Most of the low-latitude localized aurorae appear

to be related to wave-particle interactions at the plasma-

pause. The types and sources of the interacting waves are

still speculative. It is especially confusing that some of these

interactions seem to produce only pure proton or pure
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electron precipitation. Why are specific waves created under

seemingly identical solar wind conditions? Why and when

exactly does the original process selectively accelerate only

one kind of charged particles? Only a combination of high-

altitude measurements of the waves, low-altitude measure-

ments of precipitating particles, and optical observations of

the plasmapause and the localized aurora can really help

solve these mysteries.

[107] 3. A third process besides reconnection and wave-

particle interaction that can accelerate particles is the

creation of a magnetic field-parallel electric field. Small-

scale fields are responsible for the creation of individual

arcs within the auroral oval. There is, however, evidence

also that some of the medium-size localized aurora is

created by quasi-static electric fields (e.g., 1500 MLT hot

spot and HiLDA). It is still unclear where exactly and how

these fields are created and maintained over long time

periods. The combination of auroral observations with

measurements within the acceleration region (for instance,

with the Cluster satellites) can help to solve this problem.

[108] 4. If our understanding of the original physical

processes is correct, then many localized aurorae should

have conjugate counterparts in both hemispheres. If this is

not the case, then these aurorae may hold the key to deepen

our understanding of the process or even disprove several of

our hypotheses. Some phenomena should also show offsets

in conjugate locations depending on the orientation of the

IMF. If these offsets can be confirmed, then our view of the

original process may be correct. If these offsets cannot be

found or are even opposite to our expectation, then our

understanding of the physics may be incorrect.

[109] 5. Localized aurora is the result of enhanced particle

precipitation and field-aligned currents into a small region

of the ionosphere, which should modify ionospheric prop-

erties like density, conductivity, and temperature. This

enhanced energy input further creates ionospheric currents

and plasma convection. Models of the ionosphere need to

include such phenomena for a proper simulation of the

ionospheric state.

[110] Localized aurorae are the result of physical pro-

cesses in the magnetosphere. Our understanding of these

processes has greatly improved over the past few years.

However, there are still unresolved issues about the solar

wind–magnetosphere interaction and the magnetosphere-

ionosphere coupling. It is hoped that further scientific

research into these localized aurora phenomena will resolve

many of these mysteries over the next few years and will

help to further improve our predictability of space weather

effects.
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