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ABSTRACT

The present study investigates solar events through geomagnetic activity and physical processes on the Sun: 1) Quiet
activity (QA) related to the slow solar wind, 2) Recurrent activity (RA) related to high and moderate speed solar wind
streams from coronal holes, 3) Shock activity (SA) identified by observations of SSCs and 4) Unclear activity (UA)
which contains all activity not covered by the first three cases. For recent cycles, we analyze and emphasize some im-
portant results: Quiet activity is predominant for cycle 23, comprising 40% of the total activity and over 80% of the
activity near solar minimum. Shock and recurrent activity contributions to total geomagnetic activity are largest in cycle
20. The most fluctuating events are observed during cycles 21 and 22. Throughout solar cycle 23, the contribution, from
each type of activity, differs from recent solar cycles, with larger percentages of quiet and recurrent activity and less
unclear activity. These percentages are similar to those in solar cycles observed in the late 1800s. Since 1963, solar
wind data are available. We analyze the distribution of the solar wind velocity for each geomagnetic class of activity
and find that: 1) Within each activity type aa does not depend on V, 2) Approximately 80% of the solar wind has V <
450 km/s for QA and 80% of the solar wind has V > 450 km/s for RA, 3) SA and UA both have 60% of the solar wind
V > 450 km/s. We found the following conditions for all four solar cycles: 1) For QA 95% of solar wind speeds are in
the range 399 + 69 km/s, 2) For RA 95% of the solar wind speeds range from 582 + 110 km/s, 3) For SA 95% of the
solar wind velocities are order of 482 + 101.4 km/s, and 4) For UA 95% of solar wind speeds are 480 + 85.82 km/s.
These results confirm the classification scheme that QA reflects slow wind effects, RA effects high wind stream and
UA answers to the fluctuations between high wind stream (~60%) and slow wind (~40%). The study shows that high
wind stream (~60%) and slow wind (~40%) are both registered for SA.

Keywords: Solar Wind; Geomagnetic Activity; Solar Activity; Geomagnetic Index aa

1. Introduction vious pixel diagrams were built using the the geomag-
netic aa index defined and explained by Mayaud [8-10],
the times of SSCs (Sudden Storm Commencements) and
the strong correlation between the aa index and solar
wind established by Svalgaard [11]. Important works [12,
13] show that geomagnetic activity has two components.
The first component varies in phase with the sunspot cy-
cle and the second begins immediately after the maxi-
mum of the sunspot cycle. Following Legrand and Simon
[17’s works, Ouattara and Amory-Mazaudier [6] investi-
"Corresponding author. gate the time variation of solar activity from 1968 to

Geomagnetic activity may be divided into four classes:
quiet, recurrent, shock, and fluctuating/unclear [1-7].
Legrand and Simon [1] and Simon and Legrand [2] pro-
posed the first classification of geomagnetic activity for
the period 1868-1977 using pixel diagram. Pixel dia-
grams represent the geomagnetic data as a function of
solar activity for each solar rotation (27 days) and give
an overview of the geoeffectiveness of solar events. Pre-

Copyright © 2013 SciRes. ACS
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1996. Very recent study [7] extends and improves the
classification of geomagnetic activity, and we use it to
investigate the time profiles of geomagnetic activity dur-
ing solar cycles 20, 21, 22, and 23. We also study the
statistical distribution of solar wind speeds in each class
of geomagnetic activity for cycles 20 to 23.

2. Data and Methodology
2.1. Data

The times of sudden substorm commencements (SSC),
which are rapid increases in the magnetic field observed
at the ground per day are taken from http://isgi.latmos.
ipsl.fr/. The solar wind speed and the international sun-
spot number (SSN) are obtained from http://omniweb.
gsfc.nasa.gov/form/dx1.html.

2.2. Geomagnetic Classification Methodology

Legrand and Simon [1] justified their use of the aa index
to classify geomagnetic activity on two features: 1) The
contribution of solar wind shocks to geomagnetic activity
can be determined from ground-based observations of
SSCs; time periods with SSCs are defined to have shock
activity (SA). 2) The strong correlation between the aa
index [8-10] and the solar wind speed [11]. This correla-
tion allows the data to be divided into three classes of
geomagnetic activity: 1) low-speed solar wind, 2) vari-
able-speed solar wind and 3) high speed solar wind.
Zerbo J.-L. et al. [7] consider these criteria, the contribu-
tions of magnetic clouds, and the contribution of moder-
ate speed wind streams to improve the classifications [1].
We divide the solar wind into classes using the aa index
and then use the results to study correlations with solar
wind parameters. Figure 1 illustrates the pixel diagrams
of the aa indices. The top panel illustrates the year 1974,

Corotating Moderate Activity

Recurrent Activuty
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a very active year [7], and the bottom panel the year

2009, a very geomagnetic quiet year at the minimum
of the sunspot cycle. The pixel diagrams display the daily
averages of aa as a table. Each horizontal line contains 27
days corresponding to a 27-day Bartels solar rotation
with two days of overlap on each end. The number in
each square is the mean daily value of the aa index and
the squares are color coded based on these values using
the color bar shown in Figure 1. Circles show the days
when SSCs were observed. This diagram, similar to a
Bartels diagram, simplifies the identification of geomag-
netic phenomena. From the pixel diagrams, the class of
activity, QA, SA, RA or UA, for each day is determined.
The 1974 pixel diagram illustrates the different classes of
activity. The use of these diagrams is best explained by
Zerbo J.-L. et al. [7]. 1) Quiet activity days are defined as
days when aa < 20 nT (colors white and blue on Figure
1). The three other classes (shock activity, recurrent ac-
tivity and fluctuating activity) constitute the disturbed
geomagnetic activity classes which occur on days when
aa>20 nT. These classes are distinguished as follows:

2) Recurrent (stream) activity corresponds in the pixel
diagrams to days where aa > 20 which repeat at the same
solar longitude for at least two consecutive solar rota-
tions. This class is driven by fast solar wind from coronal
holes which persist for more than one solar rotation.
SSCs are not observed during the main phases of storms
driven by recurrent streams. An example of RA is shown
in Figure 1 (top panel).

3) Shock activity is defined to occur on days when
SSCs are observed and up to 3 days after the shock pas-
sage if aa remains > 20 nT. SA is driven by CMEs on the
Sun which often produces high solar wind speeds. An
example of shock activity which persists for three days is
shown in Figure 1 (top panel).

Shock Activuty
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Figure 1. Pixel diagrams for the years 1974 (panel a) and 2009 (panel b) constructed with aa indices.
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4) Unclear activity includes all times which do not fit
the criteria for the other three classes and is thus a mixed
class of disturbances. This activity results from variable
moderate and high-speed solar wind and may be related
to the fluctuations of the heliospheric neutral sheets.

3. Results

3.1. Geomagnetic Classes, Their Activity
Variation during the Solar Cycles
20, 21, 22, and 23

In this section, we study the four latest solar cycles using

J.-L.ZERBO ET AL.

aa indices and solar wind data. Figure 1 shows the large
difference in solar activity between the beginning of the
declining phase in 1974 and very quiet recent solar
minimum in 2009.

Figure 2 extends the Legrand and Simon [1]’s work to
include 32 more years of data. It shows the yearly per-
centage of occurrence of each class of geomagnetic ac-
tivity from 1868 through 2009. Figures 2(a)-(e) show
long time variations of QA, RA, SA, FA, and SSN re-
spectively (classification of Legrand and Simon, 1989).
QA decreases with time from 1868 until solar cycle 22
and then strongly increases at the end of solar cycle 23.
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Figure 2. Long-term trends of solar activity classified using the aa index from 1868 to 2009. Quiet activity (a) Recurrent ac-

tivity (b) Shock activity (c) and Fluctuating activity (d).
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The recurrent activity RA in solar cycle 23 is one of the
four highest since 1868. The shock activity SA is low
compared to other recent cycles.

Cycle 23 is different from recent solar cycles in that
RA and QA are more frequent and SA is less frequent.
This cycle is more similar to the cycles observed in the
late 1800s. Likewise, cycle 22 seems to be similar to the
cycles observed in the beginning of the 1900s. These
results are perhaps indicative of longer-scale solar chang-
es.

Figure 3 shows the percentages of each class of geo-
magnetic activity for each solar cycle year per year using
the most recent geomagnetic activity [7]. From this fig-
ure, it is easy to remark that all four types of geomag-
netic activity coexist most of the time over these four
solar cycles.

Figure 3(a) shows the profiles of the four classes dur-
ing the solar cycle 20. Quiet activity (QA) makes the
highest contribution in 1975 and 1976 (39% and 38%)
and the lowest in year 1973 (13%). Recurrent activity
(RA) exhibits the most important contribution to geo-
magnetic activity in 1973 and 1974 (61% and 74%). The
shock activity (SA) has the highest percentages in 1965,
1969 and 1970 (51%, 39%, and 38%). Unclear activity
(UA) has the lowest contributions in 1964, 1965, and
1974 (0%).

The time profiles of the different geomagnetic classes
are plotted in Figure 3(b) for solar cycle 21. QA is most
important in 1976, 1981 and 1986 (~37%) and makes its

ET AL. 613

lowest contribution from 1982 to 1984 (16%). SA shows
a large occurrence frequency in 1978 and 1982 (~30%).
As to UA, it is important most of the time with more oc-
currences in 1977, 1978 and 1985(~40%).

Figure 3(c) plots the four classes during solar cycle 22.
QA is most important in 1987 and 1996 (42% and 47%).
RA presents the highest contributions from 1993 to 1994
(30% - 44%). SA is important in 1989 and 1991 (~30%).
For UA, the occurrence is >27% over the entire solar
cycle 22. In Figure 3(d), the time profiles of each class
are plotted for solar cycle 23. In 1996, QA was observed
45% of the time. The most SA in cycle 23 occurs during
the maximum and declining phases with very little near
solar minimum. QA and UA are observed in all solar
cycle phases. Almost all RA is observed in the declining
phase. This figure shows that UA has a fairly constant
time profile with an average occurrence rate of about
(40%), with lower values in the declining phase in 2003
(9%), 2004 (4%), and 2005 (0%). The largest UA value
is 57% and occurs near the maximum phase in 1999. RA
is the dominant activity in 2003 (~70%) and is still im-
portant in 2004 (~63%). QA is most frequent in 1997 and
2009 when it comprises 48% and 91% of the activity,
respectively. The QA frequency minimum of 9% occur-
red in 2003 near solar maximum.

These results show that the most UA occurs during the
ascending phase, SA occurs mainly near solar maximum
and most RA is observed during the declining phase,
consistent with the results of previous works [1,6,7].
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Figure 3. Percentage of each class of activity for: (a) Cycle 20; (b) Cycle 21; (¢) Cycle 22; (d) Cycle 23.
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3.2. Solar Wind Characteristic and Geomagnetic
Activity during the Four Latest Solar Cycles
20, 21, 22, and 23

Time scales for solar variation range from solar flare
timescales of several seconds, to the solar rotation period
of 27 days for corotating streams, to 11 years (sunspot
cycle), to 22 years (Hale cycle). Hourly solar wind data
and three-hourly geomagnetic data are available for only
a few sunspot cycles, so we can only analyze time scales
from days to years. Figures 4-7 show the correlation
between the daily-averaged aa index and solar wind
speed for the four classes of geomagnetic activity during
the cycles 20, 21, 22, and 23.

Figures 4 shows the daily aa index as a function of
solar wind speed and the range of solar wind speeds ob-
served during periods with quiet geomagnetic activity,
respectively for the solar cycle 20 (panel a), solar cycle
21 (panel b), solar cycle 22 (panel c), and the solar cycle
23 (panel d). Figure 5, devoted to recurrent geomagnetic
activity, present the same morphology as Figure 4.
Similarly, Figure 6 shows the link between geomagnetic
activity and solar wind during periods with shock activity.
Figure 7 shows the statistical distribution of the solar
wind for unclear activity. It emerges from all the plots
(Figure 4) that there is no linear correlation between the
aa index and solar wind speed for the combined data. It
means that within each activity type aa does not depend
only on V. Nevertheless, all the panels from the Figure
4-7 show interesting statistics:
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1) Figure 4 shows that more than 77% of the solar
wind speeds for QA are less than 450 km/s for all four
solar cycles. This result agrees with [1,7] where the quiet
magnetic activity is fixed; 2) For RA, Figure 5 shows
that 79% - 98% of solar wind speeds are more than 450
km/s; 3) In Figure 6, 59% - 61% of the wind speeds are
over 450 km/s for SA over all four solar cycles; 4) 59% -
70% of the wind speeds are more than 450 km/s for UA,
Figure 7. The last three classes form the disturbed mag-
netic activity groups [1,7]. These results show the plausi-
ble role plays by the interplanetary magnetic field, in
particular the southward component, within the groups of
solar activity. That is in phase with the work of Feynman
and Crooker [14] who conclude that aa~BV**2.

This study is the first to discuss of the solar wind dis-
tribution for each geomagnetic class. To classify the geo-
magnetic activity, Legrand and Simon [1] and Zerbo J.-L.
et al. [7] based their solar wind condition on the correla-
tion made by Svalgaard [11] to estimate and fix the value
of solar wind: V <450 km/s for the quiet activity and V
> 450 km/s for the three other classes. Our study will
help to understand the links between solar and geomag-
netic events.

4. Discussion and Conclusion

The solar cycle 23 is one of the longest cycles since 1868
(13 years) and the geomagnetic activity in this cycle pre-

sents some interesting features:
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Figure 4. The range of solar wind speeds for quiet activity: (a) Solar cycle 20; (b) Solar cycle 21; (c) Solar cycle 22 and (d)

Solar cycle 23.
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Figure 5. The range of solar wind speeds for recurrent activity: (a) Solar cycle 20; (b) Solar cycle 21; (c) Solar cycle 22 and (d)
Solar cycle 23.
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Figure 6. The range of solar wind speeds for shock activity: (a) Solar cycle 20; (b) Solar cycle 21; (c) Solar cycle 22 and (d)
Solar cycle 23.
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Figure 7. The range of solar wind speeds for unclear activity: (a) Solar cycle 20; (b) Solar cycle 21; (c) Solar cycle 22 and (d)

Solar cycle 23.

QA is the most frequent geomagnetic class in solar cy-
cle 23 with the highest percentages (91%) near solar
minimum. UA is the second most frequent with the high-
est occurrence rate (57%) at the ascending phase of the
solar cycle. SA is the least frequent class of activity and oc-
curs mainly at the maximum and in the declining phase.

Figure 8 summarizes the contribution of each type of
geomagnetic activity to the global activity during cycles
20, 21, 22, and 23. The high frequency of QA during
cycle 23 in comparison with the other cycles may be due
to the sudden increase of quiet magnetic days at the end
of this cycle as shown in Figure 2. Cycles 20 and 23 have
the highest frequency of recurrent events (RA). The high-
est level of shock activity (SA) is observed during cycle
21. Cycle 23 is largely under the influence of unclear events
(UA).

We note that RA is caused by high wind speed streams
ejected by coronal holes and RA is observed mainly in
the declining phase of the sunspot solar cycle when the
poloidal solar magnetic field component is maximal. The
statistical study points out very interesting wind condi-
tions for each class of geomagnetic activity: 1) For QA
95% of wind speed is about 399 + 69 km/s, 2) For RA
95% of the wind speed is about 582 + 110 km/s, 3) for
SA 95% of the solar wind velocity is order of 482 + 101.4
km/s, and 4) for FA 95% of wind speed is about 480 +
85.82 km/s. These results which give in average the order
of magnitude of wind speed into each geomagnetic class

Copyright © 2013 SciRes.
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Figure 8. Global contribution of the four classes of geomag-
netic activity during solar cycles 20, 21, 22, and 23.

are useful and prove the fact that RA is the effect of high
solar wind stream; the QA is the effect of slow solar
wind, and moderate and variable solar wind speeds are
recorded during shock events. It means that SA doesn’t
reflect the solar winds’ effects but the contribution of
shock wave to geomagnetic activity. In addition, except
for UA, the solar wind speed distributions are remarkably
similar for the four solar cycles in each class of geomag-
netic activity. Thus, the character of QA, RA, and SA
does not change significantly from cycle to cycle.

Our study shows how similar slow solar wind distribu-
tions are for the four cycles. This result points out clearly
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that the process accelerating the slow wind does not
change even though the solar wind flux is decreasing.
Another interesting result is the drop in solar wind speed
during RA in cycle 23 compare to the other cycles. The
decrease in the RA speeds, with the most probably
speeds down to 450 - 500 km/s from 550 - 600 km/s,
shows the particularity of cycle 23.

Other major conclusions are that approximately 80%
of solar wind V < 450 km/s for QA and about 80% of
solar wind V > 450 km/s for RA, SA and UA present
similar proportion with 60% of the solar wind V > 450
km/s.

These new results open the way to a more physical in-
terpretation of the Sun-Earth relationship needed to un-
derstand geomagnetic activity and space dependences on
solar activity. The study of the statistics of each geomag-
netic class shows the need to refine the geomagnetic cla-
ssification scheme to account for solar wind conditions.

This work shows that the magnetic signatures given by
the aa index correspond to large scale physical process in
the sun earth system: high speed solar wind related to
coronal hole, CME, slow solar wind. With the use of this
aa magnetic index, built since 1868, we can see the strong
dependence on solar wind parameters and the effects of
toroidal field in interplanetary medium [5,15-17]. Our
present study could contribute to reconstructing the main
features of solar events until 1868.
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