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Abstract—Based on the archive OMNI data for the period 1976—2000 an analysis has been made of 798 geo-
magnetic storms with Dy, < —50 nT and their interplanetary sources—large-scale types of the solar wind: CIR
(145 magnetic storms), Sheath (96), magnetic clouds MC (62), and Ejecta (161). The remaining 334 mag-
netic storms have no well-defined sources. For the analysis, we applied the double method of superposed
epoch analysis in which the instants of the magnetic storm beginning and minimum of D, index are taken as
reference times. The well-known fact that, independent of the interplanetary source type, the magnetic storm
begins in 1-2 h after a southward turn of the IMF (B, < 0) and both the end of the main phase of a storm and
the beginning of its recovery phase are observed in 1—2 h after disappearance of the southward component of
the IMF is confirmed. Also confirmed is the result obtained previously that the most efficient generation of
magnetic storms is observed for Sheath before MC. On the average parameters B, and E), slightly vary between

the beginning and end of the main phase of storms (minimum of D, and D,; indices), while Dy, and D,; indi-

ces decrease monotonically proportionally to integral of B, and E, over time. Such a behavior of the indices

indicates that the used double method of superposed epoch analysis can be successfully applied in order to

study dynamics of the parameters on the main phase of magnetic storms having different duration.

DOI: 10.1134/S0010952510060018

INTRODUCTION

Studying the mechanisms of energy transfer from
the solar wind into the magnetosphere and of excita-
tion of magnetospheric disturbances is one of key
issues of the solar-terrestrial physics. As has been dem-
onstrated by direct space experiments in the beginning
of 1970s, the basic parameter leading to disturbances
of the magnetosphere is the negative (southward) B,
component of the interplanetary magnetic field (IMF)
(or electric field E,= V. B,) [1-4], since in its presence
the solar wind energy begins entering the magneto-
sphere, which leads to changes in existing magneto-
sphere-ionosphere currents and to generation of new
currents changing the magnetic field distribution [5].

As has been demonstrated by numerous investiga-
tions, the IMF in the undisturbed solar wind lies in the
ecliptic plane, i.e., B, is close to zero. Only in disturbed
types of the solar wind streams B, can have a consider-
able value. The interplanetary CME (ICME) with a
compression region Sheath before them and the com-
pression region between slow and fast solar wind
streams (Corotating Interaction Region, CIR) belong
to such types of the solar wind. Therefore, these phe-
nomena have been shown in many papers to be large-
scale interplanetary sources of magnetospheric distur-

bances (see, for example, papers [6—19] and refer-
ences therein).

Ejecta and Magnetic Clouds (MCs) represent sub-
classes of ICME, the difference between them being in
the fact that MCs possess higher and more regular
IME In addition to CME intensity on the Sun, the
found distinctions between MC and Ejecta can be
associated with the spacecraft trajectory relative to the
ICME axis [21]. Separation of MC and Ejecta also
depends on the choice of selection criteria which are
conventional enough. In spite of all these ambiguities
of definition, differences in the parameters of MC and
Ejecta are substantial [22], for example, the magnetic
field magnitude in MC is on average twice higher than
that in Ejecta (density and dynamic pressure are
higher by a factor of 1.5). It is important to note that
the situation, when heliospheric conditions as
detected on a spacecraft would essentially differ from
those acting upon the magnetosphere, is quite
improbable since the dimensions of ICME (a few mil-
lion kilometers [17, 23]) significantly exceed both
transverse dimensions of the magnetosphere and
spacecraft distances to the Earth’s magnetosphere
(several tens of thousand kilometers). In the over-
whelming majority of papers devoted to generation of
magnetic storms under different conditions in the
solar wind no separation into MC and Ejecta was
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made. We have performed such a distinction (101 MC
and 1128 Ejecta were detected in the period 1976—
2000 [23]), and in this paper we analyze these phe-
nomena separately.

Though in the literature it was rather frequently
pointed out that Sheath could generate magnetic
storms (see, for example, review [7] and references
therein), rather recently Sheath has become a subject
of separate and more profound studies (see [11, 15, 16,
22,24—28] and references therein). Moreover, in some
papers [9, 15, 16, 29] it was found that during Sheath
the process of storm generation turned out to be more
efficient than during a magnetic cloud. Nevertheless,
in many papers (see, for example, [12, 13, 30, 31]) no
separation between ICME and Sheath before ICME is
made, therefore, their conclusions refer not to ICME,
but rather to a mixture ICME+Sheath with an
unknown proportion between components. In the
present paper we not only study the role of Sheath in
generation of magnetic storms, we do this separately
for Sheath before MC and before Ejecta.

Experimental results testify the magnetospheric
activity to be different for different types of interplan-
etary streams having served as sources of these distur-
bances [12—14, 18, 30—33]. This can be associated
with a necessity of accounting for the influence of
other (in addition to B, component of the IMF and
electric field E,) parameters of the solar wind, dynam-
ics of parameter variation, and different mechanisms
of generating the magnetospheric disturbances at dif-
ferent types of the solar wind.

In many papers attempts were made to compare
the extreme values of D, and K, indices with minimum
values of the IMF’s B, component and convective
electric field £,. However, one fails to find any signifi-
cant distinctions in the above dependences for various
types of the solar wind [17]. This peak-to peak
approach compares only separate extreme points in
the process development, not taking into account the
very dynamics of the magnetic storm generation pro-
cess. Therefore, the approaches using the method of
superposed epoch analysis (SEA) turned out to be
more fruitful, since this method allows one to study
the most typical variations of parameters with time
(see Table 1). Frequently, when this method is used,
there are the same drawback that were indicated
above: (1) no selection in the types of interplanetary
sources is made [34—37], (2) no separation in ICME
and Sheath is made [12, 13, 30, 31], and (3) ICMEs
are not separated into MC and Ejecta [12, 13, 30, 31].
Some papers do not take into account the fact that
durations of geoeffective types of the solar wind
streams are substantially shorter than the duration of
magnetic storms (for example, in recent paper [17] it
has been shown that the durations of Sheath, MC, and
CIR generating magnetic storms with D, < —60 nT in
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the period 1976—2000 were equal to 9 £ 4 h (for
22 events), 28 £ 12h (113),and 20+ 8 h (121), respec-
tively), and parameters of the solar wind for CIR,
Sheath, and MC/Ejecta are presented on the intervals
4 to 10 days [19, 31, 33, 38, 39]. In our opinion such
approaches are incorrect and lead to incorrect conclu-
sions, since the results obtained refer to a mixture
(usually with unknown proportion) of several types of
solar wind streams rather than to the indicated type.
We tried to take into account all the above-mentioned
drawbacks of approaches and methods used previ-
ously.

One of key issues of using the SEA is the choice of
a reference point (time “0” or the epoch beginning),
i.e., of that instant of the process relative to which the
time series of several homogeneous phenomena are
superposed [11, 17, 37]. This choice has an essential
effect on results of investigations, since, strictly speak-
ing, the results of applying SEA are valid only near the
epoch beginning because durations of processes can be
substantially different even for selected homogeneous
phenomena. In most papers that apply SEA for study-
ing magnetic storms (see Table 1) the minimum of D,,
index (maximum of K,) was used as zero time [31, 35,
41, 44]. This choice allows one to study the end of the
main phase of a storm and the recovery phase begin-
ning. However, using it one cannot investigate inter-
planetary causes of magnetic storm onset, since the
duration between the beginning and end of the storm
main phase can change from 2 to 15 h at the average
duration of about 7 h [11, 16, 47, 48], and at superpo-
sition of the time series according to a minimum of D,
index (maximum of K)) inside the interval of duration
of a few hours about —7 h from zero time the parame-
ters belonging to the times before the storm onset and
after it are averaged. Nevertheless, such an approach
was used in some papers (see Table 1). The choice of
the storm onset as a zero time for SEA allows one to
investigate the causes of magnetic storms and the ini-
tial phase of storm development near the onset. This
approach has shown, for example, that storms gener-
ated by Sheath have the main phase more steep than
the storms generated by other types of the solar wind
[16, 18].

The present paper has a definite method-adjust-
ment character, since, in order to investigate the
dynamic relation between development of parameters
in interplanetary sources and in the magnetospheric
indices we apply in this paper the method of double
superposed epoch analysis (DSEA). Two reference
times are used in this method: we put together the time
series according to the storm onset (time “0”) and
time of D, index minimum (time “6”), the data
between them we compress or expand in such a way
that durations of the main phases of all magnetic
storms would be equal to each other (one can assume
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Table 1. The list of papers using the method of superposed epoch analysis with the results obtained in them on interplanetary conditions
leading to magnetic storms

N | Number (Years) Zero time Selection SWand IMF Reference
1 [538(1963—1991) | storm onset no B,B.B,B,V,T,n, P, [40]

2 | 120(1979—1984) | minimum of Dy no B,n,V [41]

3 | 150(1963—1987) | return B, no B, P, [42]

4 {305(1983—1991) | storm onset no B,P, [43]

5 | 1085(1957—1993)| minimum of Dy Dy, B, P, [44]

6 | 130(1966—2000) | storm onset no B, B, B,, B,,|B,|B/,|B}, V,n, P, [45]

7 1623(1976—2000) | storm onset and minimum of Dy| types® of SW | B, B, B,, B.,V, T, n, Py, nkT, 3, T/ T, [11, 15, 16,46]
8 178(1996—2004) | minimum of Dy types® of SW| B, B,dB/B,V,T,n [38]

9 |549(1974—2002) | minimum of D, yes® B, B, B, B, |BJ,|B/,|B}, B, VB, V, T, n, P,| [35]

10 | 623(1976—2000) | storm onset types® of SW | 6B, oV, T, on [17]

11 |28(1997—2002) |storm onset and minimum of D, typesd of SW| B, P, V., E, [18]

12 | 10(2004) storm onset no B, B, B, B,&,V,n, P, M, E, [19]

13 | 71(2000—2006) | minimum of D, types® of SW| BV, Vs Py [31]

14 29(1999—2002) | storm onset main phase, no B,P, [37]

minimum of Dy

4_ (1) CIR, (2) Sheath u (3) MC; ® — (1) CIR u (2) MC (Sheath + MC);

¢ — (1) moderate storm at solar minimum, (2) moderate storm at solar maximum, (3) strong storm at solar minimum and (4) strong storm at

solar maximum.
d_ (1) MC u (2) Sheath.

that in [43] a similar approach is used, however incom-
plete is its description). As a storm onset we take the
first one-hour point in which a sharp drop of the D,
index is observed, and for the analysis we take all
storms with D, < —50 nT (while only storms with D, <
—60 nT were analyzed in our previous similar works
[11, 15—17]). Such an approach allows us to investi-
gate simultaneously the interplanetary conditions
leading to the beginning and end of the storm main
phase, as well as their dynamics throughout the entire
main phase of the storm.

Thus, unlike the previous works, the present paper
includes the following new elements of the method:

1) A larger number of the types of interplanetary
sources of magnetic storms is used, including separate
analysis of Sheath and ICME, separation of ICME
into Ejects and magnetic clouds (MC), and two types
of Sheath between them.
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2) The doubled method of superposed epoch anal-
ysis is used, the instants of magnetic storm onset and
D, index minimum being taken as reference times.

METHOD

In total, 798 moderate and strong magnetic storms
with intensity D, < —50 nT were detected for the entire
period 1976—2000. But only for 464 magnetic storms
(i.e., for 58% of all magnetic storms) corresponding
events in the solar wind were identified. The sources of
remaining 334 magnetic storms (i.e., 42% of 798
storms) turn out to be undetermined. Basically, this is
due to the absence of data on plasma and IMF, which
makes it impossible to identify the solar wind type for
a given period. The method of identifying the large-
scale types of the solar wind is described in detail in our
paper [22]. It consists in comparison of every point of
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the OMNI database with a set of threshold criteria for
key parameters of the solar wind and IMFE It is
assumed that an event in the solar wind results in a
magnetic storm if the D, minimum falls inside the
event interval or follows after it during no more than
2 hours. Our analysis has shown that 145 magnetic
storms were caused by CIR events; 96 magnetic storms
were produced by Sheath (12 magnetic storms were
generated by Sheath before MC, Shyc, and 84 mag-
netic storms—Dby Sheath before Ejecta, Shg); 62 mag-
netic storms are associated with magnetic clouds MC
(50 storms being caused by MC with Sheath and 12 by
MC without Sheath); and 161 magnetic storms were
associated with Ejecta events (115 Ejecta with Sheath
and 46 Ejecta without Sheath).

The data for the intervals selected according to the
solar wind types were processed using the method of
superposed epoch analysis with two check-point
times: the time of magnetic storm onset (time “07)
and the time of D, index minimum (time “6”). The
interval from time “0” to time “6” contains artificially
changed durations of events; therefore, these times are
taken in quotation marks to distinguish them from
really measured time. The first 1-hour point of a sharp
decrease of the D, index was taken as the magnetic
storm “onset” [15—17]. For all events (intervals) the
time scale between these times was divided in 5 sub-
intervals with equal relative durations, and the data in
one subinterval were averaged in accordance with the
number of points fell in this subinterval (their number
can be different in different subintervals). This proce-
dure means that the time scale for real data in the
range between points “0” and “6” was varied in a lin-
ear way, though this variation was small (for 2/3 of
events the duration has changed by no more than 1/3),
since the duration of the storm main phase is equal, on
average, to 74 h [15—17]. The time scale before time
“0” and after time “6” has remained unchanged. The
advantage of this method is a possibility to compare
dynamics of interplanetary and magnetospheric
parameters during the main phases of magnetic storms
having different durations.

In accordance with SEA, the data were averaged
over intervals from —12 to +24 h, the duration of each
interval of a given type of the solar wind being taken
into account. According to our results, durations of
different types of the solar wind for the period 1976—
2000 were equal to: 20.6 &= 12.2 h for CIR, 29.8 = 20.5 h
for Ejecta, 28.2 = 13.4 h for MC, and 15.7 = 10.1 h for
Sheath [22]. These values are close to average dura-
tions of these types of the solar wind having resulted in
magnetic storms [15—17]. Therefore, the number of
points in averaging intervals drops down substantially
(the error increases accordingly) to the edges of cho-
sen intervals from —12 to +24 h, especially for Sheath.
Low statistics for some parts of the curves presented in

YERMOLAEYV et al.

the figures reveals itself in their noticeable indenta-
tion. The errors (standard deviations) in the interval
from —12 to +12 h are close to those presented in our
paper [17]. Therefore, we have checked statistical sig-
nificance for the statements formulated below, and in
some cases, when discussing results for which a
hypothesis has no desired statistical significance, we
say only about possible tendencies that require further
investigations.

RESULTS

The results of our analysis are presented as 16 fig-
ures (each for one of 16 different parameters of the
solar wind and magnetospheric indices) and Tables 2—4
that show for every type of the solar wind the mean val-
ues with variances for 16 parameters at time instants
“0” and “6” and allow one to estimate their gradients
in this time interval. Distinctions between Tables 2—4
consist in the fact that in Table 2 the data are presented
for the total range of the D, index less than —50 nT,
while in Tables 3 and 4 the data are divided into mod-
erate storms with —100 < D; < — 50 nT and strong
storms with D, < — 100 nT. Due to a lack of space we
do not present figures with selection of data according
to the D, index value. All Figs. 1—16 have the identical
structure and show dynamics of 16 parameters on 8
panels for 8 different types of the solar wind: magnetic
clouds MC, Ejecta, the sum of two types MC + Ejecta,
CIR, Sheath before MC, Sheath before Ejecta, and
the sum of both types of Sheath and the indeterminate
type. The number of events included into processing
for every type of the solar wind is shown in the figure.
The solid black central line shows the behavior of the
mean value, while the upper and lower lines (for some
parameters these lines presented in logarithmic scale
can be interrupted or absent altogether) represents the
mean value with added or subtracted variance. Dashed
gray line shows the behavior of a parameter for all
types of the solar wind (i.e., without selection accord-
ing to solar wind types), and this line allows one to
compare the behavior of a given type of the solar wind
with a certain “mean” behavior.

Figures 1 and 2 present the dynamics of standard

D, and corrected D;; indices, respectively. Since it is
just according to D, index that we selected events, for
all types of the solar wind in the range of time “0—6” a
monotonic decrease of both the indices is observed.
The steepest change of the indices is observed for
Sheath before MC. For MC and Sheath before MC
the D, index goes lower than the curve for “all”, while
for CIR is higher, i.e., magnetic storms generated by
MC and Sheath before MC are stronger, on the aver-
age, while CIR-generated storms are weaker than the
average. The behavior of D/ is the same as for D, but,
generally, distinctions from “all” have become smaller.
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Fig. 1. Dynamics of the Dy index behavior for different types of the solar wind (see text).
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Fig. 2. The same as in Fig. 1, but for corrected index D;.
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Fig. 3. The same as in Fig. 1 for the K}, index.

Figures 3 and 4 demonstrate the time behavior of

K, and AE indices. Unlike D, and D/ indices, the K,
and AFE indices for all types of the solar wind begin
growing 3—5 h prior to time “0” and decrease slowly
after time “6”. Activity in both these indices for all
types of the solar wind weakly increase within the
interval “0—6”, and reaches its maximum near time
“6”. In K, index, the activity for MC and Sheath is
higher than for “all” types, while in AF index the
activity is higher only for Sheath before MC.

The behavior of bulk velocity V of the solar wind is
shown in Fig. 5. The velocity increases near time “0”
for all types of the solar wind. For MC, Ejecta, and
“indeterminate” types Vis invariable in the range “0—
67, while for CIR and Sheath it increases. For MC,
Ejecta, and Sheath the velocity drops down after time
“6”, for “indeterminate” type it is invariable and for
CIR increases. In the range “0—6” for MC, Ejecta,
and “indeterminate” types the value of Vis close to the
curve for “all”, for CIR and Sheath it is lower and
higher, respectively.

The behavior of proton temperature 7 and relative
temperature 7T/7, (T, is temperature estimated
through velocity based on the mean dependence of
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Fig. 4. The same as in Fig. 1 for the AE index.

temperature and the solar wind velocity [22]) is shown
in Figs. 6 and 7. The absolute and relative temperatures
for CIR and all types of Sheath increase for 3—5 h before
time “0” and are invariable for all other types of the
solar wind. In the range “0—6” T drops for MC and
Ejecta, increasing for all other types. 7/7,, also drops
for MC and Ejecta, it increases for CIR and slightly
changes for the remaining types. For time exceeding
“6” both temperatures drop for CIR and all types of
Sheath, and there are but small changes for other of
solar wind types. Both the temperatures are lower than
the mean curve for MC and Ejecta, higher for CIR,
and have small distinctions for “indeterminate” type.

Figure 8 presents the time behavior of ion density #

in the solar wind. For all types of the solar wind »n
begins to increase several hours prior to time “0”. After
time “6” m remains invariable for MC, Ejecta, and
“indeterminate” types, while it continues to decrease
for CIR and Sheath. Density # reaches its maximum
about time “0” and drops to time “6” for all types of
the solar wind. For MC, Ejecta, and “indeterminate”
type n is lower than the curve for “all”, while in case of
CIR and Sheath it is higher.
COSMIC RESEARCH Vol. 48
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Fig. 9. The same as in Fig. 1 for the dynamic pressure P, of
the solar wind.

The time behavior of dynamic (P,) and thermal (P,)
pressures of the solar wind is presented in Figs. 9 and
10. The dynamic pressure behavior completely repeats
that of density #n in Fig. 8. The thermal pressure also
behaves itself similar to density dynamics with one
exception: for CIR thermal pressure does not change
in the time interval “0—6".

Figure 11 shows the dynamics of magnitude B of
the interplanetary magnetic field. For all types of the
solar wind B begins increasing several hours prior to
time “0” (for Sheath before MC a strong enhance-
ment by 10 nT is observed 1 h before time “07),
reaches a maximum in the range “0—6” and then
slowly decreases with time.

For types CIR, all Sheath, “indeterminate”, and
“all” there is a tendency in the range “0—6” to a
decrease of B with the course of time. The curves of B
for MC, CIR, and all Sheath are higher than for “all”
type, while those for “indeterminate” type are lower.

Figures 12 and 13 show the B, and B, components
of the IME With an exception of Sheath before MC in
all types of the solar wind B, and B, change slightly
near zero values over the entire interval from —12 to
24 h. For Sheath before MC B, drops strongly 1 h
before time “0” and then increases near time “6” up to
a value of the “all” type. After that time it oscillates
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Fig. 10. The same as in Fig. 1 for the thermal pressure P, of
the solar wind.

with a large amplitude in the region of negative values.
The B, component of this type of the wind has positive
values at —6 h and negative values at —2 h. About time
“0” it assumes zero values, and further increases up to
a value of about 10 nT near time “6”. Next, during
12 h it slowly drops down to zero values.

As is well known, for exciting magnetic storms the
most critical are the B, component of the IMF and E,
component of the electric field, both of them are
shown in Figs. 14 and 15. For all types of the solar wind
these parameters have zero values long before time
“0”, 1-3 h before it they take on negative values,
slightly change in the interval “1—5”, begin increasing
in the interval “5—6” and reach zero values, further
being kept constant (only for Sheath before MC they
have positive values for time exceeding “6”). For MC
and Sheath before MC the values of B and E, are lower
than for “all” type, for all other types their values are
the same as for the “all” type.

Figure 16 shows the behavior of 3-parameter (ratio
of thermal and magnetic pressures). 1—2 h prior to
time “0” B drops down for MC and Ejecta and
increases for CIR and Sheath. In the time interval “0—6”
for MC and Ejecta 3 decreases with time, while for
CIR and Sheath before MC it increases, and for other
types remains invariable. For MC and Ejecta [3 is lower
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Fig. 11. The same as in Fig. 1 for the interplanetary mag-
netic field magnitude, B.
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Fig. 13. The same as in Fig. 1 for the B, component of the
interplanetary magnetic field.
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Fig. 12. The same as in Fig. 1 for the B, component of the
interplanetary magnetic field.
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for parameter [ (the ratio of
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than the curve for “all”, while for CIR and Sheath

Sheath before McC (10) before MC it is higher.

The data presented in Figs. 1—16 are summarized
in Table 2. For different interplanetary sources of mag-
netic storms with D, < —50 nT this table presents mean
values and variances for a number of parameters of the
solar wind, IMF, and magnetospheric indices at
instants “0” and “6” (see columns designated as “0”
and “6”). The values presented in Table 2 give quanti-
tative estimates of those specific features that were
qualitatively discussed above when the figures were
analyzed.

We have made a similar analysis separately for moder-
ate (—100 < D, < —50 nT) and strong (D,, < —100 nT)
storms. Because of the lack of space we do not present
all figures, however, the data obtained are presented in
Tables 3 and 4. The structure of Tables 3 and 4 is simi-
lar to the structure of Table 2. Qualitatively, Tables 3
and 4 repeat the results of Table 2 and Figs. 1—-16.
However, it should be noted that capability of more
efficient generation of magnetic storms by the Sheath
region (in comparison with other interplanetary
sources) reveals itself more strongly for strong mag-
netic storms with D, < —100 nT (higher gradient for
Sheath). The fact also engage our attention that at
generation of stronger storms most parameters stron-
ger deviate from mean parameters than for weak and
moderate storms, independent of the type of inter-
planetary source. This conclusion sounds trivially in
its general form, but the question of particular param-
eters influencing this fact remains open. This tendency
will be described in more detail in our subsequent pub-
lications.

DISCUSSION

Since this paper deals mainly with the issues of
method, it is necessary to note that the method of dou-
ble SEA, apparently, used for the first time for this type
of analysis allows one to reproduce earlier obtained
results. First of all this is the fact that, independent of
the type of interplanetary source the magnetic storm
begins in 1-2 h after the IMF turn to the south (B, <0),
while both the end of the storm main phase and begin-
ning of the recovery phase are observed in 1—2 h after
drop of the IMF southward component. Since the
method used does not changes the time scale of data
prior to the magnetic storm onset for SEA with epoch
time equal to the storm onset, then the data obtained
in this time interval well agree both with previous
results obtained by other authors under appropriate
data selection according to types of interplanetary
sources or without such a selection (see corresponding
references in Table 1) and with our previous results
[15—17]. Due to analogous reasons, the results
obtained agree with corresponding previous results in
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Table 2. Mean values and deviations for all events with D, < —50 nT

495

IND CIR Ejecta MC Sheath MC-+Ejecta
Parameter|
t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6
Dy,nT |—204+|-892+| —92+ | —855+|—-279+|—-922+|-235+|-1163%| —14.3+ |—1049%| —26.4+ [—100.0 +
+234 | £485 | £20.2 | +£39.8 | £224 | £394 | +342 | £548 | £262 | £552 | £26.5 | +47.8
DE T | =297+ =81.8%£| =257+ | 958+ | —39.7+| —99.3% | —35.7+ |—-124.2+| —39.0+ |-118.1%| —38.5% |-107.7+
o +172 | £249 | £20.5 | £349 | £26.6 | +41.8 | £29.2 | £594 | +282 | £60.0 | £272 | £520
K, 10 46 + 53+ 47+ 54+ 192+ 52+ 50+ 57+ 54+ 59+ 44+ 54+
+14 +12 +12 +11 +13 +12 +18 +15 +15 +13 +15 +14
B, nT 1.2+ 0.1+ 05+ | =02+ | 0.02+ 0.7 | —13x | —09+ | 0.1% 07+ | =04+ | 02+
+52 +5.0 +6.3 +6.1 +49 +5.1 +55 +58 +6.3 +7.2 +5.1 +54
B, nT -05+| 05+ | -0.1+| 04+ | 05+ | -03+ | 06*+ | 06+ | —02+ | —04+ | —03+ | —04+
+6.7 +55 +75 +75 +6.0 +6.9 +10.6 +83 +8.7 +84 +7.8 +7.3
B,nT 107+ | 9.3+ 137+ | 125+ | 105+ | 109+ | 162+ | 149+ | 150+ | 144+ | 123+ | 12.1+
+4.8 +3.5 +43 +4.5 +28 +49 +59 +4.6 +6.3 +5.6 +4.8 +5.1
B, nT —46+ | 34+ | —55+| 28+ | 51+ | 44+ | 9.1+ | -74 | 45+ | 28+ | —64+ | -53+
+4.0 +3.7 | £5346 | +5.7 +39 +59 +5.8 +7.9 +6.7 +7.1 +5.0 +6.7
n,cm—> 125+ | 82+ 235+ | 133+ | 134+ 9.0+ 146+ | 115+ 43+ | 143+ | 13.6+ 9.7+
+9.6 +54 +164 +8.7 +75 +6.4 +10.6 +88 +21.3 | £12.1 +8.4 +7.2
V,km/s 496+ | 499+ 448 + 494 + 470 + 494 + 498 + 469 + 541 + 558 + 476 + 487 +
+120 | +121 +93 +91 + 100 +103 +153 +115 +148 +138 +117 +107
Py, nPa 4.7+ 31+ 7.2+ 50+ 50+ 35+ 7.0+ 42+ 11.6+ 79+ 55+ 37+
+33 +1.6 +47 +25 +4.1 +33 +6.9 +3.7 +10.7 +9.3 +5.0 +34
T.K10° 2+ 1+ 1.3+ 1.8 + 0.5+ 0.7 0.8+ 04+ 1.7+ 1.9+ 0.6+ 0.6t
+1.0 +0 +1.1 +1.1 +0.6 +0.8 1.1 +0.5 +13 +1.2 +0.8 +0.8
P, 1072 2.1+ 1.3+ 38+ 37+ 0.9+ 0.6+ 1.2+ 0.7+ 7.0+ 36+ 1.0+ 0.7+
nPa +3.6 +20 | £0.041 | +48 | +£0.010 | *0.7 +1.3 +1.0 +11.0 +3.6 +1.1 +0.8
B 048+ | 040+ | 058+ | 068+ | 0.21+ | 020+ | 0.14+ | 0.16%+ | 096+ | 0.78+ | 0.19%+ | 0.19%
+044 | £0.33 | £0.566 | 0.5 +0.18 | £022 | £0.13 | £034 | £2.09 | £1.89 | £0.17 | £0.27
/T, 120+ | 1.11+ | 1.67+ | 196+ | 0.65+ | 068+ | 094+ | 057+ | 1.67+ | 1.70+ | 0.74+ | 0.65+
+144 | £0.84 | £1.11 | £1.20 | £0.63 | £0.69 | £1.25 | £0.73 | £1.22 | £1.05 | £0.85 | £0.70
E, mV/m| —199+| —1.574| -2.28+| —1.05+ | —243+| -2.02+ —463+ | -358+|—-251+|—-140+| -3.06+| —2.48+
+1.88 | £149 | £240 | +247 +2.0 +287 | £3.69 | +4.39 | £3.67 | £3.72 | £2.78 | £3.46
AE,nT |5292+| 7079+ | 516.1+ | 674.1% | 5182+ | 622.1+ | 598.5+ | 705.8+ | 619.8+ | 671.2+ | 543.2+ | 646.2+
+291.5| £2304 | £253.2 | £2274 | £316.3 | £225.6 | +398.0 | £264.3 | +£345.8 | £224.9 | £345.8 | +£240.4
COSMIC RESEARCH Vol. 48 No. 6 2010
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Table 3. Mean values and deviations for —100 < D,<—50 nT

IND CIR Ejecta MC Sheath MC + Ejecta
Parame-
ter
t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6
Dy, nT —181+| -71.1+| —6.3+ | =702+ | 248+ | —-712+| —9.1+ | -72.8+| —11.0+| —-73.7+| —-21.0%+| —71.5+

1
196 | £135 | £17.6 | £126 | £16.7 | £134 | £21.8 | £129 | £222 | £13.6 | £19.1 | £13.2

DX nT | —301%|-760+] 228+ | —829+|-332+| —76.6+| 240+ | -77.6+| -31.7+| —89.2+ | -31.1+| -76.8+
o +166 | £17.5 | £153 | £150 | £182 | £193 | £17.3 | £16.7 | £219 | £18.7 | +184 | £18.7

K,-10 43+ 49+ 45+ 51+ 39+ 47+ 38+ 46.3+ 49+ 54+ 39+ 47+
+12 +10 +11 +9 +10 +10 +12 +10.2 +13 +11 +11 +10

B, nT 1.1+ 0.1+ 04+ | —04+ | 03 05+ | —19+ | —1.0£ | 03 21+ | =02+ | 0.1
+4.8 +4.5 +5.8 +6.2 +5.0 +5.3 +3.8 +5.7 +5.9 +6.7 +4.8 +54

B, nT —0.7£ | 0.007+ | 03+ 05+ | —14%+ | 06+ | 34+ | —1.1£ | —04+ | —23+ | —04% | —0.8+
6.0 +4.6 +7.2 6.6 +5.2 +5.7 6.5 +6.5 +7.0 +6.7 +6.0 +59

B,nT 9.8+ 8.5+ 131+ | 11.8£ | 9.7+ 9.8+ 121+ | 121+ | 130+ | 129+ | 104+ | 104z
3.6 +2.2 +4.0 +3.8 +2.2 +4.3 26 +2.2 +5.0 +4.5 +2.5 +4.0

nT —41+ | =32+ | =50+ | —24+ | 53+ | =35+ | —54+ | 58+ | =50+ | —-1.6+ | 53+ | —4.1=%
+33 3.6 +5.3 +5.2 +3.0 5.6 +39 +5.2 6.3 +54 +3.3 5.6

pél

n,cm=> 108+ | 7.7+ | 235+ | 127+ | 11.7+ | 7.6+t 9.7+ 87+ | 219+ | 115+ | 112+ | 79+
+7.4 +52 | £17.1 +9.0 69 +4.7 +3.6 +4.1 +202 | £74 +6.3 +4.6

V, km/s 496+ | 500+ | 444+ | 488+ | 448+ | 476+ | 411+ | 432+ | 502+ | 521+ | 437+ | 466+
119 | 122 +88 +90 +81 +89 +75 +77 +114 +99 +82 +88

Py,nPa 4.0+ 29+ 6.9+ 46+ 38+ 26+ 28+ 27+ 8.7+ 50+ 3.6+ 26+
122 +1.5 +3.6 +23 +24 +1.4 +1.8 +1.3 +7.8 +2.8 +24 +14

T,K, 10° | 1.0+ 1.2+ 1.4+ 1.8+ 0.5+ 0.8+ 0.6+ 0.5+ 1.7+ 20+ 05+ 0.7+
+0.85 | £0.88 | £1.12 | £1.0 | +£0.51 | £095 | £0.60 | £0.58 | £1.38 | £1.25 | £0.53 | £0.89

P, 1072 1.4+ 1.0+ 39+ 3.7+ 0.7+ 0.6t 0.7+ 0.7+ 45+ 29+ 0.7+ 0.6+
nPa +1.3 +1.0 +4.2 +52 +0.7 +0.7 +0.7 +1.0 +5.1 +24 +0.7 +0.7
B 047+ | 037+ | 0.63£ | 065+ | 020 | 022+ | 0.14% | 0.15+ | 0.65f | 0.61+ | 0.18% | 020+

+043 | £026 | £0.59 | £0.55 | £0.17 | £0.25 | £0.11 | £0.20 | £0.83 | £0.77 | £0.16 | £0.24

/T, 096+ | 097+ | 1.79+£ | 198+ | 061 | 0.73+ | 1.19£ | 0.79+ | 1.50£ | 1.69+ | 077 | 0.74%
+0.65 | £055 | £1.17 | £1.23 | £047 | £0.67 | £1.51 | £094 | £0.81 | £095 | £0.88 | +£0.74

E, mV/m| —1.78% | —147+| -2.07+ | —0.97+| -2.51+ | —1.56 £ | —2.62+ | —3.05+£ | —2.39+| —0.73+ | —2.52+| —1.91+
+1.63 | 144 | £235 | £245 | £1.51 | £289 | £1.32 | £1.55 | £326 | £293 | £145 | £2.71

AE,nT | 4926+ | 697.2% | 4824+ | 654.3% | 462.6+ | 608.3% | 3147+ | 587.1£ | 523.1+ | 650.2% | 422.7+ | 603.6
+270.2 | £228.5 | £230.7 | £224.2 | £266.7 | £226.1 | £208.8 | £193.1 | £254.2 | £207.5 | £258.2 | £217.5
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Table 4. Mean values and deviations for D, < —100 nT

497

IND CIR Ejecta MC Sheath MC + Ejecta
Parame-
ter
t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6 t=0 =6
Dy, nT | =279+ |—1479%| —20.6% |—145.4+| 349+ |—136.2+| —37.9+ |—158.1£| —20.7 £ |—157.8+| —36.1 £ [—146.9+
+31.8 | £69.8 | £255 | £51.6 | £309 | £39.6 | £38.1 | +46.5 | £31.5 | £58.7 | +34.1 | £47.1
DX nT | —27.6%|—134.0+| —38.6+ |—151.0+| —53.6+ | —148.1+| —55.2+ |—178.6+| —55.2+ |—173.8+| —54.0+ |-162.3+
o +20.3 | £20.6 | +£320 | £414 | £35.1 | £347 | £342 | 429 | £335 | £71.8 | £349 | £46.9
K, 10 56.1+ | 644+ | 534+ | 644+ | 480+ | 622+ | 629+ | 672+ | 628+ | 66.8+ | 543+ | 644+
+142 | £108 | +£126 | £100 | 149 | +11.1 | £13.3 | +11.1 | £124 | £11.0 | £16.0 | £11.6
B, nT 24+ 0.05+ 0.7+ 06+ | —0.8+ 1.2+ | =07 | 09+ | 04+ | —-1.7+ | —08+ | 03%
+6.9 +7.1 +7.7 +57 +44 +4.6 +7.0 +6.0 +7.1 +75 +5.7 +53
B, nT A+ 39+ | —19+ | 02+ 19+ 04+ | =2.7+ | -0.01£| 0.3+ 27+ | —0.1+ | 02%
9.8 +9.2 +8.2 +10.3 +7.3 +8.9 +13.1 +9.7 +114 +9.8 +10.5 +9.3
B,nT 16.8+ | 148+ | 16.1+ | 149+ | 124+ | 134+ | 21.1+ | 17.8% | 19.0+ | 169+ | 163+ | 152+
+6.6 | £5.197 | 4.5 +59 +3.1 +52 +5.0 +4.7 +6.7 +6.5 +59 +54
B, nT —7.1+ | —49+ | —74+ | 42+ | 47+ | —65+ | —135+| —-9.1+ | -35+ | —49+ | -86+ | —7.5+
+6.3 +4.1 +5.1 +6.8 +5.7 +59 +4.5 +9.6 +7.3 +89 | +£6.796 | £7.781
nyem™ | 224+ | 121+ | 23.6+ | 155+ | 168+ | 11.5+ | 213+ | 146+ | 302+ | 189+ | 182+ | 12.5+
+13.7 +53 +12.8 +6.9 +7.6 +8.1 +13.0 | £11.3 | £22.5 | £16.2 +9.9 +94
V,km/s | 496+ 490 + 466 + 520+ 516+ 525+ 615+ 509 + 628 + 620+ 548 + 519+
+127 +114 + 108 +93 +119 +119 +153 +135 +175 +168 +139 +125
Py, nPa 82+ 44+ 8.6+ 6.6+ 7.5+ 51+ 125+ 59+ 18.0+ | 12.8+ 9.1+ 53+
+55 +1.8 +74 +25 +54 +48 +73 +4.6 +133 | £134 +6.5 +4.8
T, K, 10°| 1.8+ 0.99 + 09+ 20+ 0.6+ 0.6+ 1.1+ 0.3+ 1.9+ 1.7+ 0.8+ 0.5+
+14 +0.5 +0.7 +13 +0.7 +0.5 +1.5 +19 +1.1 +0.1 +1.0 0.5
P, 1072 6.0+ 37+ 35+ 39+ 1.3+ 0.8+ 1.9+ 0.7+ 13.1+ 49+ 1.5+ 0.7+
nPa +73 +43 +3.6 +25 +1.3 +0.9 +1.6 +1.0 +17.5 +5.0 +14 +0.9
B 0.57+ | 070+ | 038+ | 0.77+ | 026+ | 0.15+ | 0.14+ | 0.16+ | 1.88+ | 1.10+ | 021+ | 0.15+
+0.52 | £066 | +£041 | £053 | £022 | £0.13 | £0.16 | £044 | £3.79 | £3.05 | £0.20 | £0.31
/T, 249+ | 203+ | 127+ | 1.88+ | 0.72+ | 059+ | 0.56+ | 035+ | 209+ | 1.72+ | 067+ | 0.50+
+294 | £1.53 | £0.75 | £1.07 | £0.87 | £0.72 | £041 | £0.26 | £1.82 | £1.21 | £0.77 | £0.60
E, 342+ | 268+ -3.09+|—-134+|-221+|-3.02+| 765+ | —4.15+| —2.81+| 253+ | —428+| 346+
mV/m +269 | £1.58 | £241 | £252 | £293 | £2.55 | £4.03 | £6.04 | £454 | £454 | +430 | £4.30
AE,nT | 6485+ | 7429+ | 675.8+ | 7625+ | 667.0+ | 651.3+ | 9139+ | 8244+ | 7959+ | 7082+ | 772.8+ | 7188+
+3252 | £233.2 | £291.1 | £220.7 | £382.4 | £226.2 | £311.5 | £272.5 | £414.3 | £2484 | +374.3 | £259.4
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the time interval after Dy index minimum on the
recovery phase. In the time interval “0—6” the most

fast changes of indices D, and D, are observed for
Sheath before MC, i.e., the most effective generation
of magnetic storms is observed for Sheath before MC,
which is consistent with earlier results [9, 15, 16, 29].
The largest distinctions from our previous results are
connected with somewhat differing criteria of selec-
tion of the solar wind types (first of all, separation of
ICME into MC and Ejecta), and with the fact that,
instead of criterion D, < —60 nT used for magnetic
storms in previous papers, in this paper we have used
the traditional criterion D, < —50 nT. This coincidence
of the results presented above with earlier obtained
results is a reliable verification of the method used. At
the same time the used DSEA procedure allowed us to
obtain some new results.

Separation of ICME in MC and Ejecta has shown
that the above-mentioned higher efficiency of Sheath
in comparison with MC is observed exclusively in
Sheath before MC, while Sheath before Ejecta has
approximately the same efficiency as Ejecta. Since the
number of MC is approximately an order of magni-
tude less than the number of Ejecta [22], then for
ICME (i.e., without separation of ICME into MC and
Ejecta) no difference in efficiency of Sheath and
ICME is found. There is rather small difference of
parameters in Sheath before MC and Sheath before
Ejecta. Therefore, one cannot exclude that the fact
mentioned above is connected with distinction of
parameters in MC and Ejecta. This issue will a subject
of further investigations.

The usual time behavior of parameters B, (£,) (with
characteristic hour scale of observations), when indi-
vidual magnetic storm is excited, represents a rather
sharp decrease down to a significant negative value and
then a sharp increase with typical time of both
decrease and increase equal to a few hours. The behav-
ior of D, (D) index on the storm main phase develops
according to similar time scenario, but with more gen-
tly sloping increase of the index on the recovery phase.
Therefore, it seems that the magnetic storm develop-
ment (behavior of D, (D:;) index) on the main phase
repeats the time behavior of B, (£,) with a certain time
shift. However, comparison of the average behavior of
these parameters at main phase of storm (see Figs. 1,
2, 14, and 15) shows that there is practically no time
variation of B, (E)) for all types of interplanetary
sources. Nevertheless, almost linear decrease of the D,

(D) index is observed. This means that the behavior

of D, (D;) index does not repeat (even with possible
shift) the behavior of B, (E)), but decreases when neg-
ative B, (E,) exists, independent of its value, or changes

YERMOLAEYV et al.

proportionally to integral of B, (E,) over time. The lat-
ter means that the process of storm generation under
negative B, (E,) possesses a ‘memory’ about pre-his-
tory. The fact that upon switch-off of negative B, (E,)
the recovery phase comes in 1—2 h indicates that this
‘memory’ should be equal to no less than 2 h.

CONCLUSIONS

We have made an analysis of interplanetary sources
of 798 magnetic storms with D, < —50 nT using the
data archive OMNI for the period 1976—2000. The
following large-scale types of the solar wind were con-
sidered as sources of the storms: 145 magnetic storms
were caused by CIR events, 96 storms were initiated by
Sheath (12 magnetic storms were generated by Sheath
before MC, Shy,- and 84 magnetic storms by region
Sheath before Ejecta, Shg); 62 magnetic storms are
associated with magnetic clouds MC (50 storms being
caused by MC with Sheath and 12 by MC without
Sheath); 161 magnetic storms are connected with
Ejecta events (115 Ejecta with Sheath and 46 Ejecta
without Sheath), sources of the remaining 334 mag-
netic storms (i.e., 42% out of 798 storms) turn out to
be unknown. For the analysis we have applied, pre-
sumably for the first time, the double method of super-
posed epoch analysis in which the instants of magnetic
storm onset and of minimum of the D, index were
taken as reference times. The following results have
been obtained.

1. With large statistical material the well-known
fact was confirmed that, independent of the type of
interplanetary source, the magnetic storm onset
occurs 1-2 h after IMF turn to the south (B, < 0),
while both the end of the main phase and the begin-
ning of the recovery phase are observed in 1-2 h after
drop of the southward component of the IME

2. We have confirmed the result obtained earlier
that on the storm main phase the most abrupt changes

of indices D, and D.; are observed for Sheath before
MG, i.e., the most effective generation of magnetic
storms is observed for Sheath before MC [9, 15, 16,
29]. This effect is better pronounced for stronger mag-
netic storms. For Sheath before Ejecta no such effect
was found, and since the number of Ejecta exceeds the
number of MC substantially, for ICME (i.e., without
selection of Ejection and MC) this effect is masked
and cannot be observed.

3. There are noticeable distinctions between
parameters of the solar wind and IMF for various
interplanetary sources of magnetic storms, including
Ejecta and MC. These distinctions can explain differ-
ent reactions of the magnetosphere to different types
of interplanetary sources. We emphasize that differ-
ences in efficiency of MC and Ejecta, as well as of

COSMIC RESEARCH Vol. 48
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Sheath before them, are investigated in this paper for
the first time.

4. On the main phase of the storm the parameters
B, and E, decrease near the storm onset, increase near

the end of the main phase (minimum of D, and D.}),
and vary slightly between these changes, while D,, and

D;‘: decrease monotonically, approximately propor-
tional to integral of B, and E, over time. Such a behav-
ior of the indices is consistent with the assumption that
the process of storm generation is not simply related to
current values of B, and E|, but has a memory about
pre-history. Thus, the fact that the ‘memory about
pre-history’ does exist was convincingly demonstrated
by us using an independent method.

The obtained results show that the used double
method of superposed epoch analysis can be success-
fully applied for studying the dynamics of parameters
on the main phase of storms having different dura-
tions. The found tendency that some parameters of the
solar wind and IMF demonstrate during strong storms
more noticeable deviation from their mean values in
comparison with weak and moderate storms can help
one to reveal additional geoeffective parameters and to
give additional information about mechanisms of
magnetic storm generation. This issue will be investi-
gated in further publications.
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