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A catalog of 1377 geomagnetic storms with peak Dst (Dst,) < —50 nT for the period 1957-2008 has
been compiled. The dependence of Dst, on the solar cycle and annual variation are studied in this paper.
It is found that geomagnetic storm peak intensity distribution can be described by an exponential form,
P(Dsty) ~ 1.2e~Ps%/34, where P is the probability of geomagnetic storm occurrence with a given value
Dstp. The updated solar cycle and annual distribution of geomagnetic storms have confirmed the
expected behavior. For the solar cycle variation, geomagnetic storms display a two-peak distribution,
with one peak close to solar maximum and the other a few years later in the beginning of the declining
phase. Geomagnetic storms follow the well-known seasonal variation of geomagnetic activity. More
intense storms show a peak in probability occurrence in July, confirming previous observations. These
results are of practical importance for space weather applications.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Geomagnetic storms are disturbances in the geomagnetic field
and in the magnetosphere that have been studied for more than
200 years (e.g. von Humboldt 1808; Chapman and Bartels, 1940;
Rostoker and Falthammar 1967; Gonzalez and Tsurutani, 1987;
Gonzalez et al., 1994, 2007; Tsurutani et al., 1988, 1997, 2006a,
2006b; Echer and Gonzalez, 2004; Gonzalez and Echer, 2005;
Guarnieri et al., 2006; Echer et al.,, 2005a, 2008). Geomagnetic
storms are usually defined by ground-based, low-latitude geo-
magnetic field horizontal component (H) variations. The magnetic
variations are proxies (and indirect measures) for disturbances in
the plasma populations and current systems present in the
magnetosphere (Dessler and Parker, 1959; Sckopke, 1966). It is
well known that the primary interplanetary cause of geomagnetic
storms is the presence of a southward interplanetary magnetic
field structure in the solar wind (Rostoker and Falthammar 1967,
Hirshberg and Colburn, 1969; Gonzalez and Tsurutani 1987;
Tsurutani and Gonzalez, 1987; Tsurutani et al., 1988; Gonzalez
et al. 1994, 1994; Echer et al., 20053, 2005b). This magnetic field
orientation allows magnetic reconnection (Dungey, 1961;
Gonzalez and Mozer, 1974; Akasofu, 1981) and energy transfer
from the solar wind to the Earth’s magnetosphere.
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Geomagnetic storms are characterized by enhanced particle
fluxes in the radiation belts. These enhanced fluxes can be
indirectly measured by decreases in the Earth’s magnetic field
horizontal component caused by the diamagnetic effect generated
by the azimuthal circulation of the ring current particles.
A standard measure of this is the Dst index, which is approxi-
mately proportional to the total kinetic energy of 20-200 keV
particles flowing westwardly (as viewed from the northern hemi-
sphere) in the region of ~2-6 terrestrial radii (Rg), during the
storm main and recovery phases. The inner edge of the ring
current is located at 4Rg or less from the Earth’s surface during
intense storms. For lesser intensity storms, the ring current is
located further away from the Earth (Gonzalez et al., 1994; Daglis
and Thorne, 1999; Echer et al., 2005a). The Dst index has been
available since 1957 (Sugiura, 1964; Rostoker, 1972). The index
primarily indicates the effects of the ring current in the geomag-
netic field. One should note that the Dst index has contributions
from other current systems such as the Chapman-Ferraro mag-
netopause current and the magnetotail current (Baumjohann,
1986; Gonzalez et al., 1994; Feldstein et al., 2003) as well.
However the exact level of the various contributions is being
debated (Feldstein et al., 1990, 2003). The Dst index is derived
from hourly averages of the horizontal component of the geo-
magnetic field, usually recorded at four or six low-latitude
observatories. Dst is the average of the H fields after the average
solar quiet variation and the permanent magnetic field have been
subtracted from the disturbed one (Sugiura, 1964). The storm
recovery phase is characterized by a decay of the ring current due
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to a combination of several different energetic particle loss
mechanisms (Gonzalez et al., 1994; 1999; Fok et al., 1995;
Kozyra et al., 1997). However for corotating interaction region
(CIR)-caused storms, the storm recovery-phases can be somewhat
deceptive. There is often fresh energy injection into the outer
regions of the magnetosphere (L > 4, Sorras et al., 2004) in the
form of high-intensity, long-duration, continuous AE Activity
(HILDCAA) events (Tsurutani and Gonzalez, 1987; Tsurutani
et al,, 1995, 2006a, 2006b). For more details on the Dst index
we refer the reader to Sugiura (1964) and Rostoker (1972).

The solar cycle dependence of storm occurrence has been
previously studied, with a resultant dual peak in the occurrence
frequency. One peak is found near the sunspot maximum and
other in the early descending phase (Gonzalez et al., 1990, 2007;
Echer et al., 2008). This is usually attributed to the solar cycle
dependence of solar wind structures, with storms close to solar
maximum caused by the remnants of CMEs (ICMEs), and in the
descending phase by ICMEs and CIRS, (e.g, Gonzalez et al., 1999,
2007; Alves et al., 2006; Guarnieri et al., 2006; Echer et al., 2005a,
2005b, 2006, 2008; Tsurutani et al., 2006a, 2006b, 2008).

There is a well known seasonal variation in the magnetic
storms with two occurrence peaks around the equinoxes. These
have been attributed to axial, equinoctial and Russell-McPherron
mechanisms (Priester and Catanni, 1962; Russell and McPherron,
1973; Gonzalez et al., 1994). However, Mursula et al. (2011) have
shown evidence that substorms and geomagnetic activity char-
acterized by the Ap index exhibit only one seasonal peak per year,
giving an annual equinoctial peak. Another annual variation
found in past studies (Clua de Gonzalez et al., 2001, 2002) is a
peak near July. This peak occurrence is for more intense geomag-
netic intense activity only.

The distribution of geomagnetic storms throughout the solar
cycle and during the calendar year is a very important topic in
space weather. Both scientific research and technological opera-
tions cannot be planned without this knowledge. In this work a
catalog of magnetic storms during 1957-2008 is compiled.
Storms with peak values of Dst< —50nT were selected. An
exponential fit function for the entire storm distribution is
presented that may be useful for space weather applications. This
distribution is a new result and provides the occurrence prob-
ability of a storm of a given intensity, which can be used for space
weather and modeling results. Further, using this list of storms,
an analysis is performed on the storm solar cycle and semi-
annual/annual dependences, updating results published else-
where in the literature (e.g, Gonzalez et al, 1990; Clua de
Gonzalez et al., 2001, 2002; Echer et al., 2008).

2. Method of analysis

A list of geomagnetic storms occurred during 1957-2008 was
compiled using the Dst data from the World Data Center for
Geomagnetism—Kyoto (swdcwww.kugi.kyoto-u.ac.jp). Hourly
average plots and data were carefully checked by eye and storms
with peak Dst < —50 nT were selected. A total of 1377 storms
were identified. Each storm profile was analyzed to separate
individual storms from complex events. A full Table with dates,
times of peak Dst and peak Dst values (Dst,) for all the storms is
available on request from the authors. Fig. 1 shows an example
how the information from a geomagnetic storm was prepared.
The storm initial, main and recovery phases, as well as the
storm Dstp, are identified and indicated in this figure. This storm
occurred from 4 to 5 November 2003. This is a single step storm,
so the main phase is easily identified. When storms have multiple
dips, the main phase is defined starting at the end of the storm
initial phase when Dst begins to decrease, ending at the largest
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Fig. 1. Example of a geomagnetic storm (4 to 5 November 2003) identified in this
study. The initial, main and recovery phases, as well as the storm peak intensity
are identified in the Figure. This storm had a peak Dst Dst;, of —89 nT at 1000 UT,
04 November 2003.
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Fig. 2. Histogram of the peak Dst (Dst,) for all storms (bars) and exponential fit
(solid line).

negative value of Dst (Dst,). When there are further dips after the
peak Dst (but are more positive than the peak Dst,) these are not
considered as separate storms, but as part of the recovery phase.
If there are more negative dips, these are considered second
(third, etc.) storms.

Sunspot number annual averages from the Sunspot Index Data
Center (http://www.sidc.oma.be) were used for the purpose of
identifying the solar cycle phasing of geomagnetic storms.

The analysis consists of summing the number of storms for each
calendar month and for each year. These distributions were also
studied according to the storm peak intensities. For the latter effort,
the following classification has been used: (a) —75 < Dst, < —50;
(b) —100<Dst, < —75; (c) —100 < Dst, < —50; (d) Dst, < —100;
(e) —200<Dst,<—100; (f) Dst,<—150; (g) <Dst,< —200;
(h) <Dst, < —250.

3. Results

Fig. 2 shows the distribution of peak Dst (Dst,) for all storms.
The number of storms versus -Dst,, is plotted. The average peak -
Dst, is 94 nT and the median is 76 nT. Note that the number of
storms follows roughly an exponential law, decreasing rapidly as
the storm strength (negative intensity) increases. Therefore, an
exponential decay function was fitted to the distribution, of the
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form: P(Dst) =P,+Ae P&/t From the fit results, one has the sunspot number. The average and standard deviation of Dst, for
following empirical law for storms (in normalized occurrence): all storms during a given year is given in the bottom panel. The
(1) P(Dstp) = 0.0013+1.19ePs%/34, or P(Dstp) ~ 1.2e~Pst/34 dual-peak distribution can be seen, with a peak around solar

where Dst,, is given in nT.

maximum and the other during the beginning of the declining

In the top panel of Fig. 3 the number of storms with phase. The solar maximum peak is often the greatest of the two
Dst, < —50nT per year are plotted with the yearly average peaks, but this is not found for all cycles. There is some relation-

ship between the average Dst, with sunspot number, but the
standard deviations are very large, reflecting the wide range of
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Fig. 4. The number of storms per year and sunspot number for different levels of storm strength: (a) —75 < Dst, < —50; (b) —100 < Dst, < —75; (c) —100 < Dst, < —50;
(d) Dst, < —100; (e) —200 < Dst, < —100; (f) Dst, < —150; (g) Dst, < —200; (h) Dst, < —250.
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Fig. 5. The number of Dst, < —50 nT storms per month of year (top panel). The
averages and standard deviations of the Dst, (bottom panel) are given.
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Fig. 6 shows the distribution of storms per month of year for
the same levels of storm strength as showed in Fig. 4. The semi-
annual variation is observed for all storm strength levels. How-
ever, for more intense events, a peak in July is noticeable. The
causes of this anomalous distribution have been tentatively
attributed to: (1) seasonal variation in ionospheric conductivity
(Clua de Gonzalez et al., 2001, 2002), (2) the interplanetary shock
rate near the Earth’s orbit being higher in July (Echer et al.,2005b)
or (3) to solar “hot spots” regions (Bai, 1990; Echer et al., 2005b).

4. Conclusions

Using a newly derived list of geomagnetic storms with
Dst < —50 nT for the 1957-2008 interval, the statistical distribu-
tion of solar cycle variation and annual/semi-annual variation of
storms was analyzed. It is concluded that geomagnetic storms
show a distribution that can be fitted by an exponential function.
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Fig. 6. Number of storms per month of year for different levels of storm strength: (a)
(e) —200 < Dst, < —100; (f) Dst, < —150; (g) Dst, < —200; (h) Dst, < —250.
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The probability of having a storm with a given Dst, is:
P(Dstp) ~ 1.2e~Pste/34

This exponential distribution indicates that intense events
have a much lower probability of occurrence than weaker storms.
This result was not unexpected, especially since prior work
(Tsurutani et al., 1990) has indicated that the interplanetary
magnetic B, field follows a Gaussian distribution. The fit that
Tsurutani et al. (1990) obtained was P(B,) = Ae—5"/28 where A is a
constant. An obvious question is “can one use these distributions
to predict the occurrence frequency of extreme events, such as
the 1859 Carrington storm (Tsurutani et al., 2003)”? If one follows
this logic, it can be noted that a storm of this intensity
(Dst,=—1760nT) will have an almost null probability of
~4 % 10~23 (for comparison, a Dst,=—100 nT storm will have a
probability of 0.06). This is clearly incorrect. Tsurutani et al.
(2003) have argued that one cannot use simple statistics to
determine the probability of extreme storm occurrence. The high
end tails of distribution functions do not have adequate statistics
to make meaningful measurements. The physics associated with
them may be different and therefore have different statistics as
the 1859 storm and 1972 interplanetary event (Tsurutani et al.,
1992) clearly show. Further research is needed on these “tail”
events.

The solar cycle distribution of storms shows in general the
dual peak variation, with a maximum occurrence around solar
maximum and another in the post-maximum phase/declining
phase. When studying storms according to their strength level, it
was observed that less intense storms show a higher occurrence
peak near the declining phase, while more intense storms show a
higher occurrence close to solar maximum. The current hypoth-
esis that stronger storms are caused by large active regions/CME
activity in the solar maximum and early declining phase (e.g,
Gonzalez et al., 2007; Tsurutani et al., 2008) and weaker storms
are associated with CIRs in the declining phase (Tsurutani et al.,
1995, 2006a,2006b; Gonzalez et al.,, 2007; Echer et al.,, 2008)
seems to be borne out. However another possibility is that the sun
may have two separate active phases for ICMEs and flares. An
example for the latter is that in late 2003, well after sunspot
maximum, there were the exceptionally intense Halloween flares/
ICMEs (Mannucci et al., 2005; Tsurutani et al., 2005) and also
strong high speed stream events (Tsurutani et al., 2011).

The semi-annual variation, with peak occurrence at the two
equinoxes, is clearly noted for all intensity level storms. However
the mechanism for these two peaks is currently under intense
debate. Mursula et al. (2011) has clearly indicated that most years
do not show a two-season profile in geomagnetic activity, but
only one per year. The hypothesis of the Russell-McPherron
coordinate transformation from GSE to GSM needs considerable
further testing (Mursula and Zieger, 1996; Mursula et al., 2011).

For intense magnetic storms (Dst, < —100 nT), an occurrence
peak in July is apparent. Both the average peak Dst, and the
occurrence of more intense storms, show a slight enhancement in
July. This increase in occurrence has however only a modest effect
on the monthly averaged Dstp.

In conclusion, a new dataset of geomagnetic storms has been
compiled, which should be useful for researchers of solar-terrestrial
physics and space weather topics. The occurrence distribution of
geomagnetic storms indicates a clear trend for geomagnetic storm
intensities to follow an exponential distribution. Thus for storms of
intensity Dst, > — 300 nT, occurrence frequency predictions should be
applicable.

This unfortunately is not the case for the extreme events such
as the 1859 Carrington storm and the extremely high speed solar
wind event of August 1972. It was shown that by using the
statistics presented here, the Carrington event would have been
extremely rare. With the relative frequency of extreme events in

the recent past (see the Table in Tsurutani et al., 2003), it is clear
that the solar physics of these events are different from the less
intense events discussed here. This topic should be a fruitful one
for interested space plasma physicists.
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