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Abstract

In the literature on the solar—terrestrial relations there are different estimations of storm effectiveness of solar and interplanetary
events — from 30% up to 100%. We made a review of published results and found that different results arise due to differences in the
methods used to analyze the data: (1) the directions in which the events are compared, (2) the pairs of compared events, and (3) the
methods of the event classifications. We selected papers using: (1) the analysis on direct and back tracings of events, and (2) solar
(coronal flares and CMEs), interplanetary (magnetic clouds, ejecta and CIR) and geomagnetic disturbances (storms on Dst and Kp
indices). The classifications of magnetic storms by the Kp and Dst indices, the solar flare classifications by optical and X-ray obser-
vations, and the classifications of different geoeffective interplanetary events are compared and discussed. Taking into account this
selection, all published results on the geoeffectiveness agree to each other in each subset: “CME — Storm” (40-50%), “CME — MC,
Ejecta” (60-80%), “MC, Ejecta — Storm” (50-80%), “Storm — MC, Ejecta” (30-70%), “MC, Ejecta — CME” (50-80%),
“Storm — CME” (80-100%), “Flare — Storm” (30-40%) and ““Storm — Flare” (50-80%).
© 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Estimation of geoeffectiveness (ability to generate
magnetic storms on the Earth) of solar and interplanetary
events is one of the most important problems of solar—ter-
restrial physics and, in particular, its practical part —space
weather prediction. Although general concept on sources
of geomagnetic storm does not change during many years
(Russell and McPherron, 1973; Akasofu, 1981; Crooker
and Cliver, 1994; Gonzalez et al., 1999; Crooker, 2000)
in the literature on the solar—terrestrial relations there
are different estimations of storm effectiveness of solar
and interplanetary events from 30% up to 100%. For
example, estimations of CME geoeffectiveness change
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from 35-45% (Plunkett et al., 2001; Berdichevsky et al.,
2002; Wang et al., 2002; Yermolaecv and Yermolaev,
2003a) up to 83-100% (Brueckner et al., 1998; St. Cyr et
al., 2000; Srivastava, 2002; Zhang et al., 2003). The rea-
sons of these discrepancies may be differences in used
methods of: (1) magnetic storm identification, (2) inter-
planetary space event identification, (3) solar event iden-
tification, and (4) correlation between geomagnetic,
interplanetary and solar events. The aim of our report is
to compare different methods of solar—terrestrial physics
and to explain existing discrepancies in published results.

2. Magnetic storms
The state of magnetosphere is described by different

indices and Dst and Kp indices are usually used for
identification of magnetic storm (Mayaud, 1980).
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Dependence of Kp index on Dst index for 611 magnetic
storms with —300 < Dst < —60nT during 1976-2000
(Yermolaev and Yermolaev, 2003b) is presented in
Fig. 1. As shown in Fig. 1, several storm intervals
according to Dst measurements may be identified as
quiet intervals on the basis of Kp index. There are also
many observations (see, for example, 15-23 UT on 24
October, 2003 (Veselovsky et al., 2004)) when at high
Kp index Dst index shows quiet conditions.

Kp and Dst indices are measured at different geomag-
netic latitudes (see Fig. 2) and sensitive to different cur-
rents systems (magnetospheric phenomena): auroral
electrojet (magnetic substorms) and ring current (mag-
netic storms). It is necessary to use Dst index to exclude
auroral phenomena from analysis and to study the mag-
netic storm effectiveness.

3. Interplanetary events

According to numerous observations there are six
large-scale types of interplanetary phenomena (see
Fig. 3): 1 — heliospheric current sheet; 2 — slow solar wind
from coronal streamers; 3 — fast solar wind from coronal
holes; 4 — compressed streams of solar wind (corotating
interaction region, CIR, and streams ahead magnetic
clouds, MC), 5 —magnetic clouds (ejecta), and 6 — decom-
pressed streams of solar wind but only 4th and 5th types
are geoeffective because they may include long southward
Bz component of IMF (Gosling and Pizzo, 1999; Gonz-
alez et al., 1999; Crooker, 2000; Bothmer, 2004).

There is no unique method of identification of inter-
planetary phenomena: different researchers use different
sets of parameters as well as different numerical criteria
of their analysis. For example, to identify magnetic
cloud the methods include from 2 to 10 parameters
(see Yermolaev and Yermolaev, 2003b and references
therein). Recently several researchers began to use
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Fig. 1. Dependence of Kp index on Dst index for 611 magnetic storms
during 1976-2000 (Yermolaev and Yermolaev, 2003b).
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Fig. 2. Locations of ground magnetic stations of Kp and Dst
networks.
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Fig. 3. Schematic view of 6 types of interplanetary event (a) and
location of these types on “‘density-velocity’”’ plane on the basis of
Prognoz 7 measurements (b) (Yermolaev, 1990, 1991; Yermolaev and
Stupin, 1997).

T/ Texp parameter (where T is measured proton temper-
ature and Texp is proton temperature calculated on
the basis of average T dependence on velocity V) to
select ejecta (7/Texp <0.5) and compressed streams
(T/Texp > 2) (Richardson et al., 2001; Vennerstroem,
2001; Cane and Richardson, 2003). Fig. 4 presents
OMNI data for October 7-26, 1974: 2-4th panels —
intensity, polar and azimuthal angles of magnetic field;
5th panel compares 7 (solid line) and Texp (dotted line)
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Fig. 4. Solar wind data for October 7-26, 1974 (2-6 panels from
Richardson and Cane, 1995, see text).

with shading 7 < 0.57exp; bottom panels — the plasma
density n and solar wind speed; the low-T regions on
October 12-16 are associated with ejecta, while that on
October 8 is an encounter with the heliospheric plasma
sheet (HPS) (Richardson and Cane, 1995).

We added 1st panel in Fig. 4: thermal proton pressure
nkT (solid line) and proton beta-parameter (points).
Time variations of nkT and T/Texp are similar (because
on the average the relations Texp ~ V> ~ n~! are correct
(Yermolaev, 1996), see Fig. 5) but use of nkT and beta-
parameters is more reliable because this allows one to
exclude heliospheric current sheet (HPS as shown in
Fig. 4) from magnetic cloud intervals.

Our analysis of interplanetary sources of 404 mag-
netic storms with Dst < —60nT during 1976-2000 shows
that 33% storms were generated by magnetic clouds,
30% by CIR, 6% by interplanetary shocks, and percent-
age of strong (Dst < —100nT) storms generated by MC
increases upto 52%. It is important to note that the
curves for percentages of storms generated by MC and
CIR have two maxima per solar cycle and change in
antiphase (see Fig. 6 (Yermolaev and Yermolaev,
2002)).

4. Solar events

The solar flares were discovered before other active
processes on the Sun and during long time all distur-
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Fig. 5. Dependence of nkT on 7/Texp obtained on the basis of OMNI
data in 1988.
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Fig. 6. 3-Year spline smoothed variations of percentages of storms
generated by magnetic clouds (MC, black line) and corotating
interaction regions (CIR, grey line).
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Table 1
Correlation between solar, interplanetary and magnetospheric phenomena
N % Number of events Remarks Reference
I: CME — Storm
1 50 38 Kp Webb et al. (1996)
2 71 7 Dst < —50 Webb et al. (2000), Crooker (2000), Li et al. (2001)
3 35 40 Kp>6 Plunkett et al. (2001)
4 45 20 Kp>5 Berdichevsky et al. (2002)
5 35-92 ? Dst < =50 Webb (2002)
6 45 132% Kp>5 Wang et al. (2002)
20 132¢ Kp>17
7 35 125% Dst < —60 Yermolaev and Yermolaev (2003a)
40 125% Dst < =50 Yermolaev and Yermolaev (2003b)
8 64 70° Dst < =50 Zhao and Webb (2003)
71 49°¢ Dst < —50
9 42 218* Dst < —50 This paper
II: CME — Magnetic cloud, Ejecta
1 63 8 Earth-directed halo-CME Cane et al. (1998)
2 60-70 89 Frontside halo-CME Webb et al. (2001)
3 80 20 Halo-CME Berdichevsky et al. (2002)
1I1: Magnetic cloud, Ejecta — Storm
1 44 327 E Kp>5 Gosling et al. (1991)
2 28 MC Gopalswamy et al. (2000)
67 Dst < —60 Yermolaev and Yermolaev (2002)
3 63 30 MC Dst < —60 Yermolaev et al. (2000)
4 48 MC Gopalswamy et al. (2001)
57 Dst < —60 Yermolaev and Yermolaev (2003b)
5 82 34 MC Dst < =50 Wu and Lepping (2002a)
6 73 135 MC Dst < —50 Wu and Lepping (2002b)
7 50 214 E Dst < —50 Cane and Richardson (2003)
43 214 E Dst < —60
8 77 149 MC Dst < =50 Echer and Gonzalez (2004)
1V: Storm — CME
1 100 8 Kp>6 Brueckner et al. (1998)
2 83 18 Kp>6 St. Cyr et al. (2000), Li et al. (2001)
3 94 ? ? Srivastava (2002)
4 96 27 Dst < —100 Zhang et al. (2003)
V: Storm — Magnetic cloud, Ejecta
1 73 37 Kp>17— Gosling et al. (1991)
2 67 12 Dst < =50 Webb et al. (2000)
3 25 ? Dst (corr) Vennerstroem (2001)
4 19 1273 E Kp > 5—, Solar minimum Richardson et al. (2001)
63 1188 E Kp > 5—, Solar maximum
5 33 618 Dst < —60 Yermolaev and Yermolaev (2002)
25 414 —100 < Dst < —60
52 204 Dst < —100
6 32 90 —100 < Dst < —50 Huttunen et al. (2002)
21 100 7—>Kp>5
76 21 —200 < Dst < —100
38 21 8>Kp>T7—
7 70 30 Dst < —100 Watari et al. (2004)
8 24 150 Dst < —50, 1978-1982 Li and Luhmann (2004)
32 187 Dst < —50, 1995-2002
VI: Magnetic cloud, Ejecta — CME
1 67 49 E CME Lindsay et al. (1999)
2 65 86 E CME Cane et al. (2000)
42 86 E Earth-directed halo-CME
3 82 28 MC CME Gopalswamy et al. (2000)
4 50-75 4 MC Halo-CME Burlaga et al. (2001)
40-60 SE Halo-CME
5 56 193 E CME Cane and Richardson (2003)

6 48 21 MC Halo-CME Vilmer et al. (2003)
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Table 1 (continued)

N % Number of events Remarks Reference

VII: Flare — Storm

1 44 126¢ > M0 Yermolaev and Yermolaev (2002)
2 40 653 > M5 Yermolaev and Yermolaev (2003a)
3 33 571 >3(optic) Ivanov and Miletsky (2003)

VIII: Flare — SSC

1 3545 4836 > M0 Park et al. (2002)

IX: Storm — Flare

1 59 116 Kp>17- Krajcovic and Krivsky (1982)

2 88 25 Dst < -250 Cliver and Crooker (1993)

3 20 204 Dst < —100 Yermolaev and Yermolaev (2003a)

& Earth-directed halo-CME.

® Frontside halo CME.

¢ Centered frontside halo CME.

9 With solar energetic particle events.

bances in the solar wind and the Earth’s magnetosphere
were connected only with the solar flares. Later, in the
beginning of 1970, other powerful solar processes such
as coronal mass ejections (CMEs) were discovered.
However only after the landmark paper by Gosling
(1993) the situation has significantly changed, and now
CME is considered almost as the unique cause of all
interplanetary and geomagnetic disturbances (see dis-
cussion by Harrison, 1996; Cliver and Hudson, 2002).
Nevertheless, in the literature there is large number of
studies on ‘““flare-storm” and “CME-storm” correla-
tions. Optical and X-ray importances are used for iden-
tification of solar flares. As shown in Fig. 7, the
correlation between these indices is very low (Yermolaev
and Yermolaev, 2003b).

In contrast to the flare, very important problem of
CME geoeffectiveness is determination of location of
CME on the solar disk and first of all on what side of
the Sun: visible or back. To solve this problem the white
light observations of CME out of solar disk are com-
pared with UV observations on the disk (see for exam-
ple, paper by Gopalswamy (2002)). It is necessary to
keep in mind that CME location obtained by method
above is only hypothesis (not experimental fact) because
researchers must use measurements made: (1) by differ-
ent instruments; (2) in different frequency ranges; (3)
in different spatial places and (4) at different time. So
we should only statistically consider CME location on
the solar surface obtained on the basis of UV images.

5. Correlation between events

We selected published results on CME, flare and inter-
planetary effectiveness using: (1) direct and back tracings
and (2) different pairs of event types: “CME — Storm”,

“CME — MC, Ejecta”, “MC, Ejecta — Storm”,
“Storm — MC, Ejecta”, “MC, Ejecta — CME”,
“Storm — CME”, “Flare — Storm” and ‘“Storm —

35 - 50% Storm

Magnetic Cloud Dst < -50
Ejecta Kp=>35

CME

MC 60 - 80%
60 - 80% h ol

E 40-60%

P(CME - St) = 0,35 - 0,5 = P (CME ~MC, E) * P (MC,E~St) =03 - 0,6

80 - 100% Storm

Magnetic Cloud Dst < -50
CME Ejecta ; Kp=>5

40 - 80% 30-70%

P(St=CME) = 0,8 -1,0 7 P (MC, E~ CME) + P (St =MC, E) = 0,1 - 0,6

Fig. 8. Schematic view of correlations between CME, MClejecta and
magnetic storms for direct (top panel) and back (bottom panel)
tracings. Relations of probabilities for 1- and 2-step tracings are shown
below each panel.

Flare”. Results of the selection are presented in Table 1
and schematically shown in Fig. 8 (Yermolaev and Yer-
molaev, 2003b; Yermolaev et al., 2005).

6. Discussion and conclusions

The present comparison of methods and results of the
analysis of the phenomena on the Sun, in the interplan-
etary space and in the Earth’s magnetosphere shows
that:
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e used methods of event selection are different;

e direction of data tracing is of great importance for
research of the entire chain of solar—terrestrial physics;

e the obtained estimations of CME influence on the
storm both directly (by one step “CME — Storm™)
and by multiplication of probabilities of two steps
(“CME — Magnetic cloud, Ejecta” and “Magnetic
cloud, Ejecta — Storm”) are close to each other and
equal to 40-50% (Webb et al., 1996; Cane et al.,
1998; Yermolaev et al., 2000; Gopalswamy et al.,
2000; Plunkett et al., 2001; Wang et al., 2002; Berdi-
chevsky et al., 2002; Wu and Lepping, 2002a,b; Yer-
molaev and Yermolaev, 2002, 2003a,b; Cane and
Richardson, 2003; Echer and Gonzalez, 2004);

e CME effectiveness obtained in papers by Webb et al.
(2000), Webb (2002), Zhao and Webb (2003) is likely
to be overestimated (see the Table 1);

e value of 83-100% was obtained in papers by Brueck-
ner et al. (1998), St. Cyr et al. (2000), Srivastava
(2002), Zhang et al. (2003) by searching for back trac-
ing correlation and strongly differs from direct trac-
ing results;

e values of 83-100% are not confirmed by the two-step
analysis of sources of storms since at steps
“Storm — Magnetic cloud; Ejecta” and “Magnetic
cloud; Ejecta — CME” these values are (25-73%)
(Gosling et al., 1991; Vennerstroem, 2001; Yermolaev
and Yermolaev, 2002; Huttunen et al., 2002) and
~40% (Cane et al., 2000) each of which is less than
the value obtained by the one-step analysis
“Storm — CME”’;

e obtained estimations of CME geoeffectiveness (40—
50%) are close to estimations of geoeffectiveness of
solar flares (30-40%) (Park et al., 2002; Yermolaev
and Yermolaev, 2002, 2003a; Ivanov and Miletsky,
2003) and exceed them slightly;

e and, therefore, the forecast of geomagnetic condi-
tions on the basis of observations of the solar phe-
nomena can contain high level of false alarm
(Yermolaev and Yermolaev, 2002).
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