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[1] Solar wind fast streams emanating from solar coronal holes cause recurrent, moderate
intensity geomagnetic activity at Earth. Intense magnetic field regions called Corotating
Interaction Regions or CIRs are created by the interaction of fast streams with upstream
slow streams. Because of the highly oscillatory nature of the GSM magnetic field z
component within CIRs, the resultant magnetic storms are typically only weak to
moderate in intensity. CIR-generated magnetic storm main phases of intensity Dst <
—100 nT (major storms) are rare. The elongated storm “recovery” phases which are
characterized by continuous AE activity that can last for up to 27 days (a solar rotation)
are caused by nonlinear Alfven waves within the high streams proper. Magnetic
reconnection associated with the southward (GSM) components of the Alfvén waves is the
solar wind energy transfer mechanism. The acceleration of relativistic electrons occurs
during these magnetic storm “recovery” phases. The magnetic reconnection associated
with the Alfvén waves cause continuous, shallow injections of plasma sheet plasma into
the magnetosphere. The asymmetric plasma is unstable to wave (chorus and other modes)
growth, a feature central to many theories of electron acceleration. It is noted that the
continuous AE activity is not a series of substorm expansion phases. Arguments are also
presented why these AE activity intervals are not convection bays. The auroras during
these continuous AE activity intervals are less intense than substorm auroras and are
global (both dayside and nightside) in nature. Owing to the continuous nature of this
activity, it is possible that there is greater average energy input into the magnetosphere/
ionosphere system during far declining phases of the solar cycle compared with those
during solar maximum. The discontinuities and magnetic decreases (MDs) associated with
interplanetary Alfven waves may be important for geomagnetic activity. In conclusion, it
will be shown that geomagnetic storms associated with high-speed streams/CIRs will have

the same initial, main, and “recovery” phases as those associated with ICME-related
magnetic storms but that the interplanetary causes are considerably different.

Citation: Tsurutani, B. T., et al. (2006), Corotating solar wind streams and recurrent geomagnetic activity: A review, J. Geophys.

Res., 111, A07S01, doi:10.1029/2005JA011273.

1. Introduction

[2] During the declining phase of the solar cycle (see
discussion of solar cycle phases in the glossary in
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Appendix A) well away from solar maximum, the dominant
solar phenomenon affecting geomagnetic activity at Earth is
coronal holes. High-speed (~750 to 800 km/s) solar winds
emanate continuously from these coronal holes [Krieger et
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al., 1973; Neupert and Pizzo, 1974; McComas et al., 2002].
If the holes are long-lasting (more than 27 days), the high-
speed streams will reappear each solar rotation, thus giving
an impression that the streams are “corotating” with the
Sun. If the high-speed streams overtake slower-speed (~300
to 400 km/s) streams, as happens near the ecliptic plane, the
high-speed stream—slow-speed stream interactions result in
both magnetic field and plasma compressions at their
interfaces [Pizzo, 1985; Balogh et al., 1999]. For magnetic
storm activity, the most important interplanetary features are
these intense magnetic field regions, called ‘““corotating
interaction regions,” or CIRs [Smith and Wolfe, 1976; see
also Balogh et al., 1999].

[3] When CIRs impinge upon the Earth’s magneto-
sphere, they can cause magnetic storms, albeit only weak
to moderate in intensity [Zsurutani et al., 1995]. At 1 AU,
CIRs are usually formed adjacent to the heliospheric
current sheet. The high plasma densities near the helio-
spheric current sheet or the heliospheric current sheet
plasma sheet (HCSPS) [Winterhalter et al., 1994a] cause
increases in ram pressure onto the magnetosphere. These
can be detected as magnetic field H (horizontal) compo-
nent increases by near-equatorial ground-based magneto-
meters, or storm “initial phases” prior to the storm main
phases [Tsurutani and Gonzalez, 1997]. Since density
increases of the HCSPS are gradual (also at 1 AU there
are typically no shocks at the leading edges of CIRs), the
storm initial phases begin gradually without sudden
impulses (SIs). The high-speed solar wind contains
large-amplitude (nonlinear) Ab/|B| =1 to 2 Alfvén waves
[Belcher and Davis, 1971; Tsurutani et al., 1994; Balogh
et al., 1995]. Negative interplanetary magnetic field B,
components of the Alfvén waves within high-speed
streams lead to continuous auroral zone activity called
“High-Intensity Long-Duration Continuous AE Activity”
or HILDCAAs that can last for a few to 27 days
[Tsurutani and Gonzalez, 1987] (however, it should be
noted that most but not all high-speed streams have
Alfvén waves with negative interplanetary magnetic field
Bz components). The energy input into the magneto-
sphere-ionosphere system, averaged over a year, can be
higher than during solar maximum years when interplan-
etary coronal mass ejections (ICMEs) dominate solar
(and geomagnetic) activity [Sheeley et al., 1976, 1977;
Tsurutani et al., 1995]. One of the most important space
weather phenomena, the acceleration of relativistic elec-
trons [Paulikas and Blake, 1979; Baker et al., 1986],
occurs during high-speed streams/HILDCAAs. However,
the exact mechanism for energization is in debate at this
time. Observations and specific possible mechanisms and
discussions thereof can be found in the work of Hudson
et al. [1999], Li and Temerin [2001], Horne [2002],
O’Brien et al. [2001], Meredith et al. [2003], Elkington
et al. [2003], Trakhtengerts et al. [2003], and Summers et
al. [2004].

[4] The purpose of this review is to present a summary of
what is presently known concerning corotating solar wind
streams and recurrent geomagnetic activity in the declining
phase of the solar cycle. This complex solar-interplanetary-
magnetospheric-ionospheric coupling topic, dealing with
related plasma pheonomena from the Sun to the Earth,
was the main focus of the Chapman Conference held in
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Manaus, Amazonas, Brazil, 6 to 12 February 2005. The
papers that follow this one (in this special issue) give further
details on this very important space weather topic.

2. Results

2.1. Coronal Holes, High-Speed Streams, and
Alfvén Waves

[5] Figure | is a YOHKOH image of the Sun in soft X
rays. The dark regions of the surface have been called
“coronal holes” because of the absence of hot electrons in
these regions. Coronal holes are the origins of high-speed
solar wind streams [Krieger et al., 1973]. The mechanism(s)
for plasma heating, leading to these fast streams, is currently
under intensive study. Other than the possibility of nano-
flares [Parker, 1988], almost all other theories involve a
scenario where solar plasma waves propagate up into the
corona and then deposit their energy at these higher alti-
tudes via wave damping (see a review by Hollweg and
Isenberg [2002] for a discussion of resonant wave inter-
actions). Nanoflares and other processes may be the ulti-
mate source for these waves.

[6] Figure 2 is a plot of measured solar wind speeds as a
function of heliolatitude [Phillips et al., 1995]. The mea-
surements were taken from the SWICS instrument on
board the Ulysses spacecraft. In the figure, the speed is
indicated by the radial distance measured from the center
of the Sun. The SOHO EIT solar disc image, the HAO
Mauna Loa coronagraph image, and the SOHO LASCO
coronagraph image (for one point in time) are also
included for visual context. All data were taken during
the declining phase of the solar cycle. The solar wind
speeds are for the years 1993 to 1995, i.e., through the
first southern and first northern Ulysses polar passes. The
important feature to note in the figure is that over both
solar poles, there are large coronal holes (dark photospheric
regions). The solar wind coming from these regions has a
nearly constant speed of ~750—-800 km/s. At lower, <30°
heliographic latitudes, the solar corona is dominated by
helmet streamers. The slow-speed (~300—400 km/s), high
plasma density solar wind comes from these general regions.
The slow solar wind source is either the helmet steamers or
their boundaries or both (see Suess and Nerney [2002] and
Nerney and Suess [2005] for references to various specific
mechanisms).

[7] The magnetic field polarity is indicated by the color
of the solar wind speed data. Outward-from-the-Sun mag-
netic field polarities are detected in the northern hemi-
sphere, and inward fields are detected in the southern
hemisphere (these solar hemispherical polarities reverse
every ~11 years or half the ~22 year solar cycle). At
this time (declining phase of the solar cycle), the change
of magnetic field polarity occurs near the solar equatorial
region. The interplanetary manifestation of this magnetic
field directional reversal is called the heliospheric current
sheet, or HCS.

[8] The fast solar wind and its microscale structure are
displayed in greater detail in Figure 3. Thirty days of plasma
velocity and magnetic fields are given for the first south
polar pass of Ulysses. The velocity and magnetic field
components are in solar heliospheric coordinates, where
r is the radial direction from the Sun to the spacecraft, t =
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Figure 1. A Yohkoh image of the Sun taken in soft X rays. The dark regions are coronal holes. These
are the sources of the high-speed solar wind streams.

(© x r)y/|Q x r|, where €2 is the north rotation pole of the
Sun, and 7 completes a right-hand coordinate system. The
seventh panel from the top shows the nearly constant,
high-speed solar wind emanating from the polar region of
the Sun. The bottom panel gives the spacecraft heliograph-
ic latitude. Ulysses reached a minimum negative latitude
of ~—80°.

[o] The large fluctuations in the magnetic field and solar
wind velocity components (top six panels) are large-ampli-
tude, nonlinear Alfvén waves (see discussion in the work of
Belcher and Davis [1971] and Tsurutani et al. [2005]).
These waves are propagating outward from the Sun [Balogh
et al., 1995], but because the solar wind convection speed is
much larger than the Alfvén wave phase speed (this is
correct for linear waves; however, for nonlinear waves the
Alfvén wave speed could be substantially larger), the wave
are largely convected radially outward from the Sun.
The peak-to-peak wave amplitude Ab can be as large as
1-2 times the field magnitude. The magnetic field magni-
tude is given in the next-to-bottom panel. (The Ulysses
polar passes occurred at r ~ 2 AU from the Sun. The
magnetic fields are weaker at these larger radial distances.)
Note that there are many sharp magnetic field magnitude
decreases that appear as spikes on this compressed time-
scale. These are called magnetic decreases (MDs) for
obvious reasons and are associated with the nonlinear
Alfvén waves (the relationship will be discussed later in
this paper). The MDs are pressure-balance structures, where
the plasma pressure, ; nkT;, plus magnetic pressure, B/
8, is constant across the structures. In the above expression
for the plasma pressure, n; and T; are the densities and

temperatures of the ith species (electron, proton, and ion),
and k is the Boltzmann constant.

2.2. Heliospheric Current Sheet Plasma Sheet
(HCSPS), Corotating Interaction Regions (CIRs),
and High-Speed Streams: Magnetic Storm Initial,
Main, and Recovery Phases

[10] Ifa solar polar coronal hole has a “finger” extending
down to lower latitudes or if there is a large isolated, near-
equatorial coronal hole, the high-speed solar wind emanat-
ing from these structures will interact/collide with the
upstream (more distant from the Sun) slower speed stream
before the streams reach 1 AU. There will be a compression
of both plasma and magnetic fields in the region where the
two streams interact. As previously mentioned, the intense
magnetic fields created by this interaction are called coro-
tating interaction regions (CIRs). Figure 4 is a schematic
showing a coronal hole “finger” and the formation of a CIR
in interplanetary space.

[11] An example of a heliospheric current sheet plasma
sheet (HCSPS), a CIR, a high-speed stream proper, and the
effects of all three interplanetary structures on the magne-
tosphere are shown in Figure 5. The top three panels are the
solar wind speed, proton density, and proton temperature,
respectively. The next four panels are the magnetic field
components and field magnitude. The coordinate system
used is GSM. In this system, x points radially outward from
the Earth toward the Sun, y = Q X y/|Q2 x y|, where Q is
the south magnetic pole of the Earth and z forms a right-
hand system. In the figure the slow speed solar wind is at
the left-hand portion and the high-speed stream is on the
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Figure 2. The solar wind speed and magnetic field polarity as a function of heliographic latitude (taken
from Phillips et al. [1995]). The data were taken by the Ulysses plasma and magnetometer
instrumentation during the declining phase of the solar cycle. Solar and coronal images have been

added for solar wind context.

right. The “interactions” between the two streams can be
noted by the high magnetic field strengths (the CIR) and the
high proton temperatures near the center of the figure. It is
noted that the intensity-time profiles of the enhanced
magnetic field magnitudes and enhanced proton temper-
atures are similar to each other.

[12] The high-density HCSPS can be seen from 1800 UT
on 24 January to ~0700 UT on 25 January, prior to the
stream-stream compression and heating that follows. The
Dgr index is given in the bottom panel. This index is
constructed from ground-based near-equatorial magnetic
stations and gives magnetic effects of several external (to
the Earth) magnetospheric currents: the magnetopause
Chapman-Ferraro current, the magnetospheric (energetic
particle) ring current, field-aligned magnetospheric currents,
and the magnetic tail current (for an interesting discussion/
debate on the effect of the latter (tail) current system, we
refer the reader to a series or articles: Turner et al. [2000],
Baker et al. [2001], Kozyra et al. [2002], Daglis et al.
[2003], and Feldstein et al. [2005]).

[13] There is a positive increase in Dgr from 0000 to
0600 UT on 25 January. From the figure, it can be noted that
this occurs at the time when the solar wind density en-
hancement impacts the magnetosphere. The ram pressure
increase associated with this high-density, low-velocity
plasma compresses the magnetosphere (both increasing
the Chapman-Ferraro current intensity and moving it closer
to the Earth) and causes an increase in the horizontal field
strength at the surface of the Earth. This is the magnetic
storm ““initial phase.”

[14] The physical cause/interplanetary phenomenon for
the initial phase is much different than that for magnetic
storms caused by fast interplanetary coronal mass ejections
(ICMEs). For fast ICMEs, a fast-forward interplanetary
shock forms at the antisunward edge of the interplanetary
sheath, well ahead of the ICME proper. The shock com-
presses the slow solar wind plasma and magnetic fields,
forming an interplanetary “sheath.” When these enhanced
plasma densities at and behind the shock impinge upon the
magnetosphere, they compress it, leading to the storm
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Figure 3. Large-amplitude Alfvén waves in the high-speed solar wind. The negative IMF B associated
with portions of the waves are important for geomagnetic activity (if they impinge upon the
magnetosphere). The magnetic decreases (negative decreases in the magnetic field magnitude) shown in
the next to last panel are important for geomagnetic activity.

sudden commencement/sudden impulse (SSC/SI) and the
storm initial phase that follows. However, for CIRs, as
mentioned above, there are typically no fast-forward shocks
formed by 1 AU, and thus there are no SSCs/Sls associated
with CIR-generated magnetic storms. The presence or
absence of SSCs/SIs before magnetic storm main phases
may therefore give important clues as to the nature of the
solar/interplanetary drivers of the events.

[15] In Figure 5, the magnetic storm main phase is present
from ~0500 UT to ~2100 UT on 25 January. There are two
features that are significantly different for CIR-generated
storm main phases from those generated by ICMEs. CIR-
generated storms are generally only weak to moderate in
intensity, Dgr rarely being <—100 nT [Tsurutani et al.,

1995]. This event has a peak negative Dst¢ of only —64 nT.
Second, the main phases are generally irregular in profile
(the Dst indices do not typically decrease smoothly with
time, as is the case of most magnetic cloud-generated
storms). The causes for both of these CIR-generated storm
effects can be found in the sixth (from the top) panel of the
figure, that of the interplanetary B, component. Although
the peak magnetic field intensity reaches values greater than
~20 nT, the interplanetary B, component is highly variable.
Assuming that magnetic reconnection is the process of
energy transfer from the solar wind to the magnetosphere,
these fluctuations lead to sporadic and weak plasma injec-
tions into the ring current and therefore a weak magnetic
storm intensity.
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Corotating Interaction Region (CIR)

Corotating
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Figure 4. A schematic of a “corotating” high-speed solar wind stream emanating from a coronal hole.
The interaction between the high-speed stream and the upstream slow speed stream forms a Corotating
Interaction Region, or CIR. CIRs are characterized by enhanced magnetic field magnitudes and plasma

temperatures.

[16] In this example, the CIR terminates abruptly at
~1930 UT on 25 January (denoted by a vertical dashed
line). This has been identified as a fast reverse shock.
Reverse shocks are present ~20% of the time at the trailing
edges of CIRs at 1 AU, so this event is somewhat unusual.
The decrease in the magnetic field magnitude across the
shock, and thus decrease in the IMF B, amplitudes, causes a
decrease in the sporadic magnetic field reconnection rates.
This decrease in reconnection rates led to the onset of the
storm recovery phase.

[17] The CIR-generated magnetic storm recovery phases
are likewise considerably different from those of ICME-
induced magnetic storm recovery phases. For the latter, the
loss of ring current particles through physical processes
such as wave-particle interactions, Coulomb collisions,
charge exchange, and convection, takes place in ~7-—
10 hours [Kozyra et al., 1997] (however, see comments in
section 3 of this paper). On the other hand, for CIR storm
recovery phases (Figure 2), it can be noted that the Dgy
index ranges from —20 to —40 nT for all 24 hours of
26 January (and beyond, not shown). The CIR-generated
magnetic storms appear to have very long “recovery”
phases.

2.3. High-Intensity Long-Duration Continuous
AE Activity

[18] An example of a long storm “‘recovery” phase
following a CIR-induced magnetic storm main phase is
shown in Figure 6. A 4-day interval is shown in the figure.
The Dst value (bottom panel) varies from ~—10 nT to
~—50 nT throughout this interval. The top four panels are
the solar wind velocity, proton density, magnetic field

magnitude, and IMF B, component (in GSM coordinates).
One of the most striking features in the figure is the
correlation between the negative components of the inter-
planetary magnetic field B, (shaded) and the deceases in
Dg7 There is a one-to-one relationship.

[19] The AE index is shown as the fifth panel. For every
major IMF negative B, interval, there is a corresponding AE
increase.

[20] The AE value is high over the entire 4 days shown.
To distinguish these events from other possible geomagnetic
activity, they have been called High-Intensity Long-
Duration Continuous AE Activity (HILDCAA) events
[Tsurutani and Gonzalez, 1987]. The strict definition is that
the peak AE intensity is >1000 nT, that the event lasts for
longer than 2 days, and that the AE indices do not decrease
below 200 nT for over 2 hours. This is one such event.

[21] Figure 7 shows an interval of geomagnetic activity
outside of a magnetic storm main phase, which is similar to
a HILDCAA event but does not meet the strict criteria
stated previously. The AE index is continuously high from
~1600 to 2000 UT. The peak AE value reaches ~500 nT.
The large (negative) AL values and —AL/AU ratios indicate
that these perturbations are not simply due to DP2 currents
[Nishida, 1968a, 1968b] and also not convection bays [Pytte
et al., 1978; Sergeev et al., 1996].

[22] Figure 8 shows POLAR UVI images of the northern
polar regions of the Earth at the same time as the high AE
interval of Figure 7. These images were taken in the Lyman-
Birge-Hopfield (long) wavelength band at a cadence of
~3 min. Auroral substorms can be easily identified in the
imaging data. Using the original Akasofit [1964] criteria of
an auroral substorm, we have identified six substorm
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Figure 5. The heliospheric current sheet plasma sheet (HCSPS), a CIR, high-speed stream proper in
IMP-8 interplanetary data just upstream of the Earth. The above three interplanetary features are
responsible for the magnetic storm initial phase, main phase, and “recovery” phase, respectively.

expansion phase events occurring in the interval from 1447
to 1925 UT. These substorm intervals are indicated by
shading in Figure 7.

[23] In Figure 7 it is clear that there is not a simple one-to-
one relationship between AE increases and substorms.
Many of the peaks in the AE indices lie outside substorm
intervals. Tsurutani et al. [2004] and Guarnieri [2005]
indicate that HILDCAAs are not substorms. Guarnieri
[2005] finds that during HILDCAA events there are low-
intensity auroras over the entire auroral oval, from dayside
to nightside. Thus there are strong indications that the solar
wind-magnetosphere interaction is a complex, global one
during these events. Further research on this topic is
warranted.

[24] Figure 9 shows the NOAA energetic particle data
during two 1998 HILDCAA events [Soraas et al., 2004].
Both events illustrate that proton injections occur in the
nightside portion of the magnetosphere but that the injec-
tions are shallow and only penetrate to a minimum of L ~
4.0. This is consistent with the interplanetary drivers being

associated with sporadic, relatively short-duration negative
IMF B, (Alfvénic) intervals, as discussed earlier. This has
also been discussed by Sandanger et al. [2005]. Soraas et
al. [2005] have noted that in spatial regions where protons
should be unstable to plasma instabilities, the precipitating
protons are associated with an increased loss of relativistic
electrons (to be discussed later). They argue that this is
consistent with the generation of Pcl and IPDP electromag-
netic waves by the unstable protons [see Cornwall et al.,
1970] and the (parasitic) pitch angle scattering and loss of
relativistic electrons via interaction with the electromagnetic
ion cyclotron waves [Thorne and Kennel, 1971]. Cornwall
et al. [1971] have suggested the formation of SAR arcs
associated with the proton loss process.

[25] The bottom panel of Figure 10 gives a summary of a
magnetic storm caused by a CIR. The storm initial, main
and recovery phases (and their interplanetary causes) have
already been described previously. The profile of a storm
caused by an ICME (in particular, the magnetic cloud
portion of an ICME) is also shown at the top for contrast.

7 of 25



A07S01

TSURUTANI ET AL.: RECURRENT GEOMAGNETIC STORMS

May 15-18, 1974
Days 135-138

-1 > WM«MWWWWW Ll
sz, km s 350
0 1 1 1
40
IBl, nT 20“
. . R 1 L L L 1 L N R 2
B,, nT
AE, nT
0
DST ’ nT 25
-50 ' L L 1 L L " 1 L L L | L "
135 136 137 138 139

Figure 6. A magnetic storm “recovery” phase following a CIR-induced magnetic storm main phase.
There is a one-to-one relationship between negative IMF B intervals (shaded), Dst decreases, and AE

increases.
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have been indicated by shading in Figure 7.
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Figure 9. NOAA energetic particle data during two 1998 HILDCAA events. Protons are injected into
the nightside magnetosphere to distances >L = 4.0 during these events.

We refer the reader to Gonzalez et al. [1994] and Kamide et
al. [1998] for reviews of magnetic storms caused by ICMEs
and storm-substorm relationships.

2.4. Trailing Regions of High-Speed Streams and
Geomagnetic Quiet

[26] Figure 11 shows a schematic of the solar wind and
resultant geomagnetic activity before and during a high-
speed stream interval. At a distance of ~1 AU, high-speed
streams generally expand in toward the heliospheric current
sheet (HCS) and its plasma sheet (superradial expansion).
This may be why earlier studies with low-resolution data
speculated that the HCS or “sector boundary” crossings
caused geomagnetic activity [Wilcox and Scherrer, 1972].
With higher-resolution data (see Figure 5), it is noted that it
is actually the negative IMF B, within CIRs that lead to
Dst decreases and AE increases. The HCS and the HCSPS
are not the causes of geomagnetic storm main phase
activity per se.

[27] The conditions for geomagnetic quiet are also shown
in Figure 11. Prior to the HCS crossing, the solar wind
velocity is low (often as low as ~300 km/s), the magnetic
field magnitude is low, typically <3 nT, and the Alfvénic
wave relative amplitudes are low as well. Because all three
of these conditions (low solar wind speeds, low B magni-
tudes, and low fluctuations amplitudes (or very low B,
values)) are present at the same time, the rate of reconnec-
tion at the dayside magnetosphere is exceptionally low and
resultant geomagnetic activity (AE) is at a minimum. This is
an interval of geomagnetic quiet.

[28] Although such conditions can also be present during
solar maximum intervals, another mechanism is more dom-
inant for quiet intervals during that phase of the solar cycle.
Magnetic clouds [Klein and Burlaga, 1982] (and their
upstream sheaths) have been cited as one of the dominant
causes of intense storms [Tsurutani et al., 1988; Farrugia et
al., 1997]. Magnetic clouds are believed to be giant flux
ropes because of their strong north-then-south B, config-
urations (or vice versa) [Lepping et al., 1990, 2006]. It is the
magnetic cloud By, fields that lead to the main phase of
the magnetic storms via reconnection. However, the other
half of the magnetic clouds, the strong northward IMFs
can cause exceptional geomagnetic quiet [Zsurutani and
Gonzalez, 1995]. Presumably, magnetic reconnection may
be taking place at the poleward edge of the dayside cusp, but
this apparently leads to negligible energy injection into the
magnetosphere/ionosphere system [Oieroset et al., 2005].

2.5. Solar Cycle Dependence of Magnetic Storms

[29] Figure 12 shows the number of magnetic storms with
Dst < —100 nT in the top panel and weak to moderate
intensity storms with —35 nT < Ds¢ < —75 nT in the bottom
panel for the years 1958 until 2005. The smoothed sunspot
number is shown as a solid dark line. For these histograms,
complex storms were counted as only one event. For the
—35 nT < Dst < —75 nT storms, the counting was done by
computer due to the large number of events. The following
selection criteria were used: the minimum interval between
two separate events was 8 hours, and the minimum ampli-
tude between a peak Dst and the preceding valley was
|Dstpeak| > 1.5|Dstvalley|.
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Figure 10. Schematics of magnetic storms generated by
(top) ICMEs and by (bottom) CIRs. Although the profiles of
these two different magnetic storms are qualitatively similar,
the physical causes and characteristics of the different storm
phases are different. The figure is taken from Tsurutani
[2000].

[30] What is remarkable in the Dst < —100 nT storm
histogram is the strong correlation between the number of
storms and the sunspot number. The peak number of
magnetic storms occurs near the solar maxima. The lowest
occurrence rate of storms is found within 1 year of solar
minimum for each of the four solar minima shown. The
maximum to minimum number of annual storms ratio is
highly variable from solar cycle to cycle, but it is typically
~15 or 20 to 1.

[31] The solar cycle distribution of the number of
—35 nT < Dst < —75 nT intensity storms is considerably
different from that of major (Dst < —100 nT) magnetic
storms [see also Gonzalez et al., 1990]. There is much less of
a solar cycle dependence. The ratio of the number of storms
at solar maximum to those at solar minimum is less than 2 to
1.

[32] An interpretation of the difference between the two
panels of Figure 12 is that CIRs/high-speed streams gener-
ally induce weak to moderate intensity magnetic storms,
thus “filling in” the storm profiles during the declining
phase and at solar minimum. An exception to this behavior
should, however, be mentioned. It is observed that at the
solar minimum of 1964—1965, there is a great decrease in
weak to moderate intensity storms (the ratio of storm
numbers at solar maximum to solar minimum reaching
more than 10 to 1). For this particular interval, the helio-
spheric current sheet measured at Earth was characterized
by a very well organized four sector structure [Gonzalez and
Gonzalez, 1987], perhaps offering an explanation for this
strong decrease of weak to moderate intensity magnetic
storms.
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[33] It is clear that many of the weak to moderate
intensity magnetic storms are caused by ICME events and
that CIRs could cause some of the major storms. A clear
separation is not possible unless each and every storm is
investigated for its interplanetary cause. This is clearly
beyond the scope of this present effort. However, the
general trend of which type of interplanetary event is
responsible for what intensity magnetic storm is reasonably
clear.

2.6. Long-Term Energy Input Into the
Magnetosphere/lonosphere During the
Declining Phase of the Solar Cycle

[34] During the declining phase of the solar cycle, there is
a predominance of corotating high-speed solar wind streams
and an absence of ICMEs in the heliosphere. The 1973—
1975 declining phase interval was exceptional in producing
geomagnetic activity because there were two major corotat-
ing streams present at the same time. The Earth’s magne-
tosphere was inundated by these streams twice during each
~27 day interval (it is shown by Tsurutani et al. [2005] that
if the second CIR does not produce a magnetic storm main
phase, it appears as if the first CIR storm has a “recovery
phase” of ~27 days). The magnetosphere was thus almost
continuously bathed in one or the other stream almost all of
the time. The solar wind and relevant geomagnetic activity
data for 1974 is shown in Figures 13 and 14. The high-
speed stream velocities are given in the third panel of Figure
13. One can note that streams are almost continuously
present throughout this year. The two distinct sequences

QPSR O, @

B

et

|

f

BT —
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Figure 11. A schematic of a solar wind high-speed stream
and related geomagnetic activity. The interplanetary condi-
tions for different types of geomagnetic activity are
indicated by numbers: (1) geomagnetic quiet, (2) a storm
initial phase, (3) a magnetic storm main phase, and (4) the
storm extended “‘recovery” phase.
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Figure 12. Occurrence of magnetic storms per year between 1958 and 2004. The number of magnetic
storms/year with Dst < —100 nT are given at the top and those with —35 > Dst > —75 nT on the bottom.
The smoothed sunspot number is shown as a solid dark line. The number of major (Dst < —100 nT)
magnetic storms follow the solar cycle sunspot number. There are ~15 to 20 major magnetic storms/year
during solar maximum and only ~1 to 2 during solar minimum. The ratio is ~ 15 to 20. For weak to
moderate intensity magnetic storms, there is a much smaller solar cycle dependence. CIRs/high-speed
streams are presumably responsible for most of the weaker storms.
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Figure 13. The solar wind and geomagnetic activity for 1974. Two ~27 day recurrent high-speed
stream sequences are indicated (third panel), sequence 1 and sequence 2. These stream-generated CIRs
cause only minor to moderate magnetic storms. Because of the high-speed stream Alfvén waves, the AE
indices are continuously high during the year.
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Figure 14. The Ap. AE, and Dst indice values during 1974.

of streams are labeled 1 and 2 in this panel. The other three
panels, from top to bottom, contain the IMF Bz component,
the Dst index, and magnetic field magnitude, respectively.
The Dst values are relatively quiet throughout the year.
There are only three magnetic storms with intensities Dst <
—100 nT. They are labeled events A, B, and C. They have
been investigated in detail and it was determined that the
interplanetary causes were ICMEs for all three cases. More
detail can be found in the work of Tsurutani et al. [1995].
On the scale of the figure, the CIRs appear as magnetic field
magnitude positive spikes at the leading edges of the
streams. If there is any magnetic storm Dst responses, it
will be associated with this part of the stream (where the
interplanetary magnetic field strengths are high and the
potential for large negative Bz exists). In the interval from
days 24 to 26, the sequence 1 CIR leads to a ~—62 nT
storm. However, at approximately day 176, a CIR associ-
ated with an even faster solar wind stream (from sequence
2) caused a storm main phase of only Dst ~ —48 nT. There
are also some CIRs/streams that cause imperceptible Dst
changes. In general, magnetic storms caused by CIRs are
only weak (—25 > Dst > —50 nT) to moderate (—50 > nT <
Dst > —75 nT) in intensity.

[35] At the very top of the panel are the interplanetary
magnetic field polarities. A plus sign by convention indi-
cates outward pointing interplanetary magnetic fields and a
minus sign, inward pointing fields. The vertical bars sepa-
rating the two polarity regions are the general locations of
the heliospheric current sheet. It can be noted that the high-
speed streams often occur just adjacent to the HCS. This
point was discussed in a previous section.

[36] Near the spring and vernal equinoxes, the polarity of
the interplanetary magnetic field influences the IMF Bz
values and therefore the level of geomagnetic activity. A
positive sector polarity magnetic field has positive By field
components and conversely, a negative sector polarity has
negative By field components. Thus during the fall, positive

sectors will have enhanced negative GSM Bz values, while
during spring it is the negative sectors that will have
enhanced negative GSM Bz values. The results of these
features can be noted in the figure. The Dst levels are
slightly higher for negative sectors during spring and for
positive sectors during fall. However, it is noted that
geomagnetic activity is strong throughout the entire year,
irrespective of season. This is due to the highly fluctuating
nature of the interplanetary magnetic field in the form of
nonlinear Alfven waves. The large Bz components of the
waves give substantial negative values during either posi-
tive or negative sectors.

[37] Figure 14 indicates that although the CIR-caused
magnetic storms were not exceptional during 1974, the AE
index, taken over the whole year, was. The very long-
duration, high-intensity AE intervals occur in the “recov-
ery” phase of the CIR-induced magnetic storms (compare
the second and third panels). The AE values are highest at
the beginning of the storm and then gradually taper off over
a week or more. The general profile of the Alfvén wave
amplitudes is similar in nature (but not shown here).

[38] The 2.5-min average AE indices over 1974 was
283 nT. The value during the following solar maxima (it
was a dual peak solar maximum) was 221 nT in 1979 and
237 nT in 1981 (in the 1980 local sunspot number decrease,
AE was 180 nT).

[39] Following the Akasofu [1981] proxy for energy input
into the magnetosphere and ionosphere:

Ur =Up +Ux + U

where Ug and U, are the ring current and auroral energies,
and Uj is the rate of Joule heating. The Joule heating rate
has been approximated by 2 x 10'> AE (nT) ergs s~ and
the auroral particle energy by 1 x 10> AE (nT) ergs s .
The ring current energy has been approximated as Ug =4 X

10%° (dDst/dt + Dst/7), where T is the ring current decay
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Figure 15. Three cycles of an interplanetary phase-steepened Alfvén wave. The wave phase-steepened
edges are directional discontinuities that may trigger substorm expansive phase onsets. The magnetic
holes (MHs) and magnetic decreases (MDs) are pressure balance structures that can lead to ram pressure
increases of up to ~2 times ambient value when they impinge upon the magnetosphere.

time (note that Pulkkinen et al. [2002] has shown that the
above expression for Uy may be an overestimation during
intense storms).

[40] It is found that there was far more energy injected
during the 1974 declining phase of the solar cycle than
during solar maxima for years 1979 and 1981 [ZTsurutani
and Gonzalez, 1997]. The actual ratio of energy input
during the declining phase to that during solar maximum
is presently unknown. The above expression from Akasofu
[1981] [see also Pulkkinen et al., 2002] is, of course, only a
proxy. The Guarnieri [2005] results that auroras are present
throughout the entire auroral oval (and sometimes the polar
cap as well) during HILDCAA intervals increases the
amount of auroral energy deposition during the declining
phase. In contrast, substorm energy deposition occurs pri-
marily only in the midnight sector. Since the AE index is a

measure of the maximum magnetic deviations, HILDCAA
auroral energy deposition may be double (or more) the
Akasofu [1981] proxy values (energy over the entire auroral
oval, rather than just the midnight sector). A better estimate
of the ratio is current work in progress.

2.7. Interplanetary Alfvén Waves and Their
Microstructure

[41] Figure 15 shows three cycles of an interplanetary
Alfvén wave. The coordinate system is the minimum
variance system where 1 is the direction of the largest
eigenvector of the covariance matrix, 2 is the intermediate
variance direction, and 3 is the minimum variance direction.
The three cycles of the wave is best noted in the top (B;)
panel. The three cycles are present from the left-hand edge
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Figure 16. The ratio of proton temperatures inside MDs to
that outside. The perpendicular (to the magnetic field)
temperature ratio distribution is shown at the top and
the parallel temperature ratio distribution is shown on the
bottom. The typical ratio is greater than one for the
perpendicular temperatures, indicated that local plasma
perpendicular heating is occurring. Taken from Tsurutani et
al. [2002].

to time 1, from time 1 to time 3, and from time 3 to the
right-hand edge of the figure.

[42] There are several noteworthy features in the waves
that are important for geomagnetic activity. First, it is
obvious that the waves are far from sinusoidal. In the
middle wave cycle, from times 1 to 3, the B; component
rotates slowly from a peak negative value at time 1 to a peak
positive value at time 2 and then suddenly changes to a
large negative value from time 2 to time 3. This sharp field
change in direction from time 2 to time 3 has been called a
“directional” discontinuity in the literature (the direction of
the magnetic field vector changes abruptly or “discontinu-
ously” [Burlaga, 1969]). The inset at the bottom of the
figure shows a hodogram of the B;-B, magnetic field
components. From time 1 to time 2, the field rotates in an
arc. It rotates back in an arc from times 2 to 3. It is argued
that this is all one wave, but phase-steepened in nature (this
term means that the wave rotation in phase is not smooth
such as with a sinusoidal wave, but is steepened at
one edge). Wave phase-steepening has been discussed
theoretically for over 30 years [Cohen and Kulsrud, 1974;
Medvedev et al., 1997, Medvedev, 1999; Vasquez and
Hollweg, 2001]. Plasma wave phase-steepening has been
experimentally shown to exist for both right-hand circularly
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polarized (magnetosonic or the whistler branch) and left-
hand circularly polarized waves [Tsurutani et al., 1997].
Medvedev et al. [1997] have theoretically shown magnetic
compression for phase-steepened right-hand waves. For
interplanetary Alfvén waves, phase-steepening occurs with-
out magnetic compression.

[43] Magnetospheric researchers have suggested that
sharp interplanetary magnetic field northward turnings or
southward turnings could trigger expansion phases of sub-
storms [lyemori, 1980; Lyons et al., 1997]. We now
know what these sharp directional turnings are the phase
steepened edges of Alfvén waves. There is the continuous
presence of Alfvén waves in high-speed streams (Figure 3).
The rate of occurrence of discontinuities can increase by a
factor of 10 or more over slow stream rates. However, the
imaging data shown in Figure 7 indicates there is a lack of
correlation between peak AE values and substorm expan-
sion phases. In fact, the majority of HILDCAA auroras are
somewhat featureless. Is it possible that the conditions for
HILDCAAs suppress the onsets of substorms?

[44] The second feature of Alfvén waves is that there are
large, sharp decreases in the magnetic field magnitude at the
phase-steepened edges of the waves. The decrease at ~0410
is very abrupt, while the ones at ~0424 and ~0433 UT are
broader. These features have been called magnetic decreases
(MDs) and magnetic holes (MHs) in interplanetary studies
[Turner et al., 1977]. Similar features have been detected
within the magnetosphere but have been called by different
names. Studies have been performed to determine the
plasma pressure within MDs and MHs. It was found
that there is total pressure balance across the structures,
i.e., the magnetic plus plasma thermal pressure is constant
[Winterhalter et al., 1994b]. Discontinuities within propa-
gating Alfvén waves have been simulated [Vasquez and
Hollweg, 1996, 2001; Medvedev et al., 1997; Medvedev,
1999; Verkhoglyadova et al., 2003], but MDs and MHs
have not. Tsubouchi and Matsumoto [2005] have produced
MDs by one-dimensional hybrid simulations of rotational
discontinuities interacting with the Earth’s bow shock.

[45s] What is the physical cause of these magnetic field
decreases? The proton temperatures within large MDs have
been examined in interplanetary space. Assuming bi-Max-
wellian plasmas, the temperatures parallel and perpendicular
to the magnetic field were determined. Temperatures were
made both inside a MD and just outside the MD. The ratios
TLinside/TLoutside and T||inside/T||outside were calculated for
each MD. Figure 16 shows the statistical result of the
analysis of 32 MDs. For the parallel temperature ratio
(bottom panel), the average value is close to 1.0, with
statistical fluctuations. Thus the parallel temperatures inside
the MD are essentially the same as those outside. However,
for the perpendicular temperature ratios (top panel), there is
clear evidence that the temperatures inside the MDs are
generally higher than those outside. This feature has been
noted by Franz et al. [2000] and by Neugebauer et al.
[2001]. It has been hypothesized that the physical mechan-
ism is perpendicular (to the magnetic field) particle
acceleration by the ponderomotive force associated with
the phase-steepened edges of the waves [Tsurutani et al.,
2002]. The perpendicularly heated ions create the MDs due
to the diamagnetic effect from the particles. It should be
mentioned that there are other possible mechanisms for MD
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Figure 17. An example of the absorption of chorus amplitudes at frequencies near ~0.5 f... The upper
and lower frequency bands will cyclotron resonate with different energy electrons. It is believed that the
lower band is more important for the parasitic energization of relativistic electrons. Taken from Tsurutani

and Smith [1974].

formation: wave-wave interactions and other nonlinear
Alfvén wave evolutionary features. The question of the
exact mechanism of particle acceleration is still an open
one. For a review of this topic, we refer the reader to
Tsurutani et al. [2005].

[46] Magnetic field magnitude decreases within the MDs
can be as large as 90% of the ambient magnetic field. If one
assumes a plasma beta of ~1.0 at 1 AU (the beta is the
plasma thermal pressure (3;nkT;) divided by the magnetic
pressure (B*/87)), this implies that the beta within these
structures can reach ~200. The plasma density increase is
thus up to a factor ~2.0. Therefore when MDs impact the
magnetosphere, there are significant ram pressure pulses of
order 1.5 to 2.0 times the ambient pressures. It is possible
that such impulses can be noted in magnetopause signatures
as well as in dayside auroral intensifications.

2.8. Relativistic Electron Acceleration During
High-Speed Streams

[47] Relativisitic electrons are detected within the mag-
netosphere/magnetotail during intervals of high-speed solar
wind streams. The mechanism for acceleration is presently
unknown, but the two classes of theories involve plasma
waves. One mechanism entails electron radial diffusion
within the magnetosphere due to long-period magnetic
oscillations (PC5s) that break the particles third adiabatic
invariant [Elkington et al., 1999; Hudson et al., 1999; Li et
al., 2001; O Brien et al., 2001; Mann et al., 2004; Miyoshi
et al., 2004]. A second mechanism is energy diffusion by
cyclotron resonant interactions with electromagnetic whis-
tler mode waves called chorus [Summers et al., 1998, 2004;
Horne and Thorne, 1998; Roth et al., 1999; Meredith et al.,
2003]. This interaction breaks the particles’ first adiabatic
invariant.

[48] An example of electromagnetic chorus is shown in
Figure 17. These emissions are highly structured in both

frequency and time [Zsurutani and Smith, 1974, 1977,
Nagano et al., 1996; Kasahara et al., 2001; Pickett et al.,
2004]. These waves are generated by the loss cone insta-
bility [Kennel and Petschek, 1966] of substorm injected
electrons in the equatorial region of the magnetosphere at
3 <L <9 and in the local time region of 0 < MLT
<13 [Tsurutani and Smith, 1974; Meredith et al., 2001].
Kasahara et al. [2004] using Akebono data statistically
studied chorus during 41 magnetic storms. They noted that
chorus was located at L ~ 2.5 during the beginning of the
storm recovery phase and gradually moved back to L ~ 4 in
the late recovery phase. The frequency spacing between the
chorus “elements” is ~0.5 s. The wave frequency range is
~0.2 to 0.7 f,., where f,. is the equatorial electron cyclotron
frequency. There is also a frequency “gap” at ~ 0.5 f.
[Tsurutani and Smith, 1974]. 1t is believed that the frequency
“gap” is due to Landau absorption [Zsurutani and Smith,
1974; Coroniti et al., 1984; Lauben et al., 2002; see also
Horne et al., 2003]. The well-known ~0.5 s temporal
spacing between chorus elements or bursts has been
addressed recently by Nunn et al. [1997] and Trakhtengerts
et al. [2004]. It should be noted that the explanation for
relativistic electron acceleration invokes chorus as important
for a “parasitic” or secondary wave-particle interaction.
Chorus is generated by the instability of 5—40 keV injected
electrons in the processes discussed above.

[49] Figure 18 gives ACE solar wind parameters and
geomagnetic activity data (Dst, AU, AL, and AE indices)
for the interval of days 112 to 121, 1998. A high-speed
stream is led by a fast forward shock at ~1800 UT day 113,
followed by a fast reverse shock at ~2200 UT. The plasma
density (and ram pressure, P) therefore have a boxcar-like
shape. Although a large substorm was apparently triggered
by the fast forward shock, there was little or no Dst
consequence at this time. The magnetic storm main phase
was moderate, Dst ~ —70 nT, and was associated with the
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Figure 18. ACE solar wind parameters and resultant geomagnetic activity.

high-speed stream proper following the CIR. There was a
long storm “‘recovery” phase extending from ~0800 UT
day 114 until day 120. The interval between the start of the
recovery phase and day 117 qualifies as a HILDCAA event.
There are large-scale IMF Bz fluctuations during this
interval (one cannot, however, expect to see correlations
between the negative Bz intervals and AE increase intervals
as shown earlier because the scale size of Alfvén waves are
often smaller than the off-axis distance of the ACE space-
craft from the Sun-Earth line, a maximum value of ~100 R,
(see discussion in the work of Crooker et al. [1982] and
Baker et al. [1983])). Additionally, Alfvén waves propagate
at ~1/5 to 1/10 the solar wind convection speed, and

therefore wave propagation effects will be important as
well. The lack of interplanetary near-Earth orbiting space-
craft (such as IMP-8 as used in Figure 6) is a substantial loss
for scientists trying to investigate details of the corotating
stream space weather effects.

[s0] Figure 19 shows the same interval but with different
data panels than given in Figure 18. The top three panels are
the Polar CAMICE >230 keV electron flux, the Akebono
chorus amplitudes, and the Canadian chain of PC5 wave
amplitudes. The chorus emissions were distinguished from
plasmaspheric hiss [Smith et al., 1974] by analysis of
Akebono spectrograms. The method of analysis is described
by Kasahara et al. [2004]. Only waves in the local time
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Figure 19. Relativistic electron fluxes (top panel), chorus electromagnetic emissions (second panel),

and Pc5 amplitudes for the interval of Figure 17.

range of 0000—1300 MLT were examined. Although chorus
is typically detected primarily close to the magnetic equator
during substorms [7Zsurutani and Smith, 1974], the sensitive
wide band receiver and multichannel analyzers [Kimura et
al., 1990] detected chorus during a magnetic storm in the
off-equatorial regions as well [Miyoshi et al., 2003]. “Lack
of data” regions are indicated by grey tones. The IMF Bz,
solar wind ram pressure and AE and Dst indices have been
repeated for comparative purposes. Significant relativistic
electron fluxes are noted in this small storm/high-speed
stream event. We note that these E > 230 keV particles are
not the highly relativistic E > 1 MeV reported in many
works cited here, but these energetic particles represent an
intermediate stage of energization. The relativistic electrons
are noted from 25 through 30 April and beyond. As many
previous researchers have noted, the electrons first appear in
the “recovery” phase of the storm. The electrons appear at

the beginning of 25 April, whereas the small storm begins at
the start of 24 April. The largest amplitude PC5 waves are
detected on the day of the storm, but significant amplitudes
are still present on days 25 to 27 April as well. There is no
particularly strong chorus emissions detected by Akebono,
but there are some significant wave amplitudes from 24 to
28 April (note from the above discussion chorus during
substorms are typically detected within 10° to 15° of the
magnetic equator, especially in the local time range of 0000
to 0600 MLT). Chorus has a much broader latitudinal
distribution from 0600 to 1300 MLT [Tsurutani and Smith,
1977]. Thus it is possible that “equatorial” chorus is missed
during the magnetic storm when Akebono is in the midnight
to dawn sector. This may be particularly true during the
extended storm ‘“‘recovery” phases when the plasma injec-
tions are weaker. Certainly, the maximum wave amplitudes
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Figure 20. The format is the same as Figure 18, but for a very short duration solar wind stream.

which occur at the magnetic equator are not recorded in the
figure.

[51] We show a second example of high-speed streams,
Alfvén waves, magnetospheric waves, and relativistic elec-
trons in Figures 20 and 21. The format is the same as for
Figures 18 and 19. This event from days 204 to 207 was
chosen because there was only a weak magnetic storm
(Figure 20) that occurred. The peak (negative) Dst value
was ~—42 nT. There were interplanetary Alfvén waves and
a HILDCAA event also present. The magnetic storm was on
23 July and the electrons first appeared on 24 July, in the
magnetic storm “recovery” phase. The PC5 wave ampli-
tudes were largest on 23 July and monotonically decreased
through 25 July (see Posch et al. [2003] for a discussion of
wave frequency bands during the storm initial, main, and
recovery phases). In this event, the chorus emissions were
quite intense, being highest on 23 July and less intense
during 24 and 25 July. It is interesting to note that the

electron flux levels remain high until 29 July. It is not
known whether the electron loss process(es) are low during
these latter days (26 to 29 July) or if continuous production
(and loss) is still occurring. Unfortunately, the Akebono
orbit is not ideal to determine whether chorus is continu-
ously being generated in the deep “recovery” portion of the
magnetic storm or not.

3. Summary

[52] Geomagnetic activity due to corotating solar wind
streams has been reviewed. Corotating stream/CIR-induced
magnetic storms have the same three phases: initial, main,
and “recovery,” as do ICME-induced magnetic storms.
However, the interplanetary causes of each of the storm
phases of corotating stream/CIR-induced magnetic storms
are different from those of ICME-induced magnetic storms.
The coroating stream-induced storm initial phases are
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Figure 21.

caused by ram pressure increases from high plasma densi-
ties in the heliospheric current sheet plasma sheet (HCSPS)
in the slow solar wind. The irregularly shaped, weak-to-
moderate intensity storm main phases are caused by
magnetic reconnection between the highly variable CIR
southward Bz fluctuations and the Earth’s magnetopause
magnetic fields. High speed stream magnetic storm “recov-
ery phases” are long-lasting and can have durations as long
as a solar rotation (~27 days). High-speed stream storm
“recovery” phases are not pure recoveries from an energy
standpoint. Besides continuous loss of ring current particles
by standard physical processes, fresh particles are also being
continuously injected into the outer regions of the magne-
tosphere. One identified mechanism is magnetic reconnec-
tion between the southward component of interplanetary
Alfvén waves and magnetopause fields. Other physical
energy injection processes may be occurring as well.

20 '21 '22 '23 '24 '25 '26 '27 '28 '29

July

The format is the same as Figure 19, except for the interval of Figure 20.

[s3] The appearance of long duration corotating solar
wind streams at Earth is associated with the presence of
solar coronal holes that either extend from the polar regions
to near-equatorial regions or the appearance of isolated large
near-equatorial coronal holes. The relative importance of the
two has not been evaluated yet. The former type of coronal
hole typically occurs in the declining phase of the solar
cycle, well away from solar maximum. The number of CME
releases are generally in phase with the solar cycle, resulting
in the number of storms with Dst < —100 nT also being in
phase (see Figure 12). Analyses of the temporal area of
polar coronal holes over the solar cycle [Harvey et al., 2000;
Harvey and Recely, 2002] provide a good idea of the
geoeffectiveness of high speed streams over the solar cycle,
but the effects of isolated equatorial coronal holes has yet to
be evaluated.
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[s4] Several observations discussed in this paper indicate
that geomagnetic activity during the declining phase of the
solar cycle is substantially different than during solar
maximum. There are far fewer major (Dst < —100 nT)
magnetic storms, perhaps by factors of 10 to 20 (Figure 12).
However, on the other hand, solar wind energy injection
associated with the high speed stream Alfvén waves leads to
long periods of high AE/AL intervals. In the auroral
regions, the auroras are continuous and extend over the
entire auroral zone and higher latitudes. This high-latitude
phenomena, averaged over a year or even shorter intervals
is more energy intensive than during some major magnetic
storms, at least from the point of view of electron precip-
itation into the ionosphere (see Guarnieri [2005] analyses
over 4-day intervals). The impacts of this precipitation on
ionospheric heating and thermal winds is a topic that needs
to be studied.

[55] One puzzle is the nature of the auroras in the
midnight sector and elsewhere. The general features of the
auroras do not have the standard auroral substorm expansive
phase signatures: brightening of arcs, then northward,
westward, and eastward expansions. Instead, the auroras
are broad, slowly-varying low-intensity displays covering
all local times. Viewed by the Polar satellite from large
(~7.5 to 10 Re) distances above the poles, they appear as
“diffuse” in nature (this is not the same definition as used
by ground observers who have much higher spatial resolu-
tion). One might think these events as possible convection
bays [Pytte et al., 1978; Sergeev et al., 1996], but there have
been consistent observations that during these events, the
AL index (westward electrojets) are much larger than the
AU index (eastward electrojets), contrary to the signature of
convection enhancements. These storm “‘recovery” phase
events may indeed be a different and unique form of aurora
and ionospheric/magnetospheric current system.

[s6] Substorm expansion phases were shown to occur
during HILDCAA events. However, the substorm current
systems were masked by even more intense systems. An
effort needs to be made to understand the global current
system(s) during HILDCAA intervals. It is possible that
contributions from local time sectors other than the mid-
night sector are playing an important role. The most
potentially dangerous space weather effect of high-speed
streams is the production of relativistic electrons. These
could be damaging to orbiting spacecraft [Wrenn, 1995;
Baker, 1996]. Arguments have been presented by others that
the particles are not created by magnetic storm main phases
but are produced by some mechanism or mechanisms in the
extended “‘recovery” phases [Miyoshi et al., 2003]. Here it
should be pointed out to the reader that these extended
“recovery” phases are not limited to only coronal hole
high-speed stream interactions, but are also found after
ICME magnetic storm main phases as well (but for only 1
or 2 days). The high speed solar wind intervals have large-
amplitude Alfvén waves, much like those in corotating solar
wind streams. The southward component of the Alfvén
waves present in these streams can produce HILDCAAs
as well (F. L. Guarnieri et al., The nature of auroras during
High-Intensity Long Duration Continuous AE (HILDCAA)
events: 1998 to 2001, submitted to Brazilian Journal of
Physics, 2006). This topic has been overshadowed by the
often extremely intense magnetic storms caused by the fast
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ICMEs. However, we argue that this topic merits study.
Unanswered questions are: are the Alfvén wave properties
similar to those in high-speed streams? Are the “recovery”
phase AE/-AL increases indeed not substorm expansive
phases? The only true test will be to examine imaging data.

[57] Relativistic electron acceleration has to date focused
on either a radial diffusion mechanism or a chorus energy
diffusion mechanism. The wave results presented here
indicate that both PC5 waves and electromagnetic chorus
are most intense during the storm initial and main phases
and less intense in the extended “‘recovery” phases. Thus it
would be expected that electron acceleration should follow
accordingly. However for the >230 keV electrons shown
here there is a general lack of electron enhancements during
the storm main phases.

[s8] Brautigam and Albert [2000], Obara et al. [2001],
Meredith et al. [2002], and Posch et al. [2003] have
suggested that an additional acceleration mechanism is need
in the inner (3 <L < 5) region of the magnetosphere where
radial diffusion is less effective. From Figures 19 and 21 it
is clear that both waves are present at the same time, and it
is probable that both mechanisms plus others (ram pressure
pulses?) are operative. Future models should incorporate
several mechanisms. Chorus energy diffusion should
incorporate the possibility of phase-coherence of the emis-
sion elements and also oblique propagation of off-axis
waves. The chorus intensity-local time distribution during
HILDCAAs needs to be investigated. If the small injections
of plasma sheet electrons is the source of chorus during
these storm “recovery’ phases, then the most likely loca-
tion of intense emissions (with broad latitudinal extent) will
be in the postdawn sector, as noted by previous studies
during substorms. Models assuming chorus generation by
left-over storm main phase electrons in an expanding
plasmasphere could be ruled out.

[59] The southward components of Alfvén waves are
believed to cause magnetic reconnection at the magneto-
pause and shallow injections of plasma sheet plasma on the
nightside. It has been noted [Crooker et al., 1982; Baker et
al., 1983] that interplanetary Alfvén waves can have wave-
length scales that are smaller than the magnetosphere
(~30 Re). How does the magnetosphere react when recon-
nection is occurring on only part of the dayside magneto-
pause surface? What happens when MD pressure pulses
impinge on only part of the magnetosphere?

[0] We hope the readers will find the paper interesting
and informative. Perhaps more importantly, we hope that
he/she will do research in some of the areas mentioned
above.

Appendix A: Glossary

[61] Alfvén Wave (magnetohydrodynamic shear wave)-A
transverse wave in magnetized plasma characterized by a
change of direction of the magnetic field with no change in
either the magnitude of the field or the plasma density. This
description gives the basic concepts of small-amplitude
MHD Alfvén waves. The waves discussed in this paper
are “‘kinetic”” and nonlinear.

[62] CIR- Corotating Interaction Region, created by the
interaction/collision of a high-speed stream with a slow-
speed stream.
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[63] Convection Bays- Auroral zone geomagnetic activity
that have a DP2 current system [Nishida, 1968a, 1968b],
representing an enhancement of magnetospheric convec-
tion. There are no auroral breakups and no substorm
electrojets. Convection bays are characterized by large
eastward electrojets on the dusk side that are larger than
or equal to the westward electrojet at dawn (AU > —AL).
They can reach intensities of AE = 500 to 1000 nT.

[64] CME- Coronal Mass Ejection, a transient outflow of
plasma from or through the solar corona.

[6s] Coronal Holes- Extended regions of the solar corona
characterized by exceptionally low densities and unipolar
photospheric magnetic fields having “open” magnetic field
topologies. Coronal holes are largest and most stable at or
near the solar poles and are a source of high-speed (750—
800 km/s) solar wind. Coronal holes are visible in several
wavelengths, most notably solar X rays visible only from
space but also in the He 1083 nm line which is detectable
from the surface of the Earth. In soft X-ray images (photon
energy of ~0.1-1.0 keV or a wavelength of 10—100 A),
these regions are dark, thus the name “holes.”

[66] GSM- Geomagnetic Solar Magnetospheric, a coor-
dinate system used for magnetospheric measurements.

[67] HCS- Heliospheric Current Sheet, a surface dividing
the northern and southern magnetic field hemispheres in the
solar wind.

[8] HCSPS- Heliospheric Current Sheet Plasma Sheet, a
high-density plasma region surrounding the HCS.

[¢o] HILDCAA- High Intensity, Long-Duration, Contin-
uous AE Activity.

[70] ICME- Interplanetary Coronal Mass Ejection, the
interplanetary remains/evolution of a CME.

[71] Magnetic Storm-A worldwide disturbance of
the Earth’s magnetic field, distinct from regular diurnal
variations.

[72] Initial Phase: That interval when there may be an
increase of the near-equatorial and middle-latitude horizon-
tal magnetic field intensity at the surface of the Earth. The
initial phase can last for hours (up to a day), but some
storms proceed directly into the main phase without show-
ing an initial phase.

[73] Main Phase: Of a magnetic storm, that interval when
the horizontal magnetic field at near-equatorial and middle
latitudes decreases, owing to the effects of an increasing
magnetospheric ring current.

[74] Recovery Phase: Of a magnetic storm, that interval
when the depressed horizontal fields return to normal levels.

[75] Shock Wave (collisionless)-A shock wave is charac-
terized by a discontinuous change in pressure, density,
temperature, and particle streaming velocity, propagating
through a compressible fluid or plasma. Collisionless shock
waves occur in the solar wind when the fast solar wind
overtakes slow solar wind, with the difference in speeds
being greater than the magnetosonic speed.

[76] Solar Cycle- The approximately 22 year solar sun-
spot number cycle. Each half cycle of ~11 years is
asymmetric, rising to a peak in 3 to 5 years and declining
over 6 to 8 years. Pertinent to this paper, fast CME releases
maximize just prior to and just after solar maximum (see
Figure 12). Harvey et al. [2000] and Harvey and Recely
[2002] have shown that polar coronal holes are very small
to nonexistent at solar maximum. Shortly after new polar
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coronal holes form, they rapidly expand. Their expansion is
not monotonic. They reach maximum area around solar
minimum, after which there is a rapid decrease in area as the
new cycle activity builds.

[77] Declining Phase- The portion of the solar cycle
between solar maximum and solar minimum.

[78] Solar Maximum- The month(s) during the sunspot
cycle when the smoothed sunspot number reaches a
maximum.

[79] Solar Minimum-The month(s) during the sunspot
cycle when the smoothed sunspot number reaches a
minimum.

[s0] SSC- Storm Sudden Commencement, a ST which is
followed by a magnetic storm.

[81] SI- Sudden Impulse, an abrupt increase in the mag-
netic field at the surface of the Earth; this is caused by a
significant ram pressure increase onto the magnetosphere.

[s2] For further acronyms and definitions, we refer the
reader to Suess and Tsurutani [1998].
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