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1. INTRODUCTION

One of the key issues of solar-terrestrial physics is
the determination of conditions in the solar wind which
are responsible for inducing magnetospheric distur-
bances in general and magnetic storms in particular.
Though the direct measurements in the interplanetary
medium have shown long ago that geomagnetic storms
are mainly associated with the interplanetary magnetic
field (IMF) orientation in the southward direction, i.e.,
with 

 

B

 

z

 

 < 0 [1, 2], and a large body of experimental
material on the conditions in the interplanetary medium
and magnetosphere during magnetic storms was accu-
mulated and analyzed (see, e. g., papers and reviews
[3

 

−

 

16] and references therein), many questions remain
open till now.

In the usual quasistationary solar wind the magnetic
field lies in the ecliptic plane, and it does not contain at
all a considerable and long-term 

 

B

 

z

 

 component of the
IMF sufficient for inducing a magnetic storm. However,
some disturbed types of the solar wind streams and,
first of all, such as magnetic clouds (MC) and compres-
sion regions at the boundary of a slow and fast streams
of the solar wind (the corotating interaction region—
CIR), can contain a large and prolonged 

 

B

 

z

 

 component
of the IMF, including that of southward orientation,
which results in the magnetic storm [6, 9, 17–21].
Though these facts are well known and have been

widely discussed in the science literature, their analysis
can be criticized for some drawbacks.

1. When analyzing the time behavior of solar wind
parameters during a magnetic storm the solar wind
intervals are not selected according to the types of
streams (see, e. g., one of recent
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 papers [8]). Any other
selection of intervals (for example, according to phases
of the solar activity cycle) results only in a different
proportion between different number of solar wind
types in the averaged time variation of parameters, and
these averaged parameters can significantly differ from
really observed solar wind parameters. For example, in
CIR one observes the values of temperature, density
and 

 

β

 

-parameter, which are higher than mean values in
ordinary solar wind, while in MC these values are lower
than mean ones, and the averaged values will differ
both from those observed in CIR and in MC.

2. If the selection of solar wind types was per-
formed, then the only fact of presence of any type of
stream was analyzed without statistical processing of
the time variation of parameters, or the time variation
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B

 

z

 

-component of IMF
are observed in the MC, the lowest values of the 

 

D

 

st

 

-index are achieved in the Sheath. Thus, the strongest mag-
netic storms are induced, on average, during the Sheath rather than during the MC body passage, probably
owing to higher pressure in the Sheath. Higher values of 

 

nkT

 

, 

 

T

 

/

 

T

 

exp

 

, and 

 

β

 

 parameters are observed in the CIR
and Sheath and lower ones in the MC, which corresponds to the physical essence of these solar wind types.
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was studied for separate events without statistically
revealing characteristic features for the given solar
wind type (see, e. g., [6, 9, 17, 20]).

One should mention paper [22], in which the time
variation of key solar wind and IMF parameters is pre-
sented for magnetic storms during CIR and MC. The
fact is that the CIR and MC durations equal about one
day, on the average, and do not exceed 2 days, as a rule.
But, according to the figure presented in the paper, the
parameters have been calculated over the interval from
–3 to +5 days relative to the 

 

D

 

st

 

-index minimum, i.e.,
over the interval of 8 days. The comparison of the pro-
cessing interval duration with CIR and MC durations
raises a question on the possibility of such a calculation
and natural doubts in correctness of the used data pro-
cessing technique.

In the present work we continue investigation of the
conditions in the solar wind, which cause magnetic
storms [6, 23]. For this purpose we, using the OMNI
database, analyze by the superposed epoch technique
the interplanetary conditions for 623 magnetic storms
with 

 

D

 

st

 

 < –60 nT for the period of 1976–2000; in so
doing we consider various solar wind types separately.
Unlike our previous work [6], in which we have inves-
tigated NCIR and MC, in this paper we consider sepa-
rately the region of the magnetic cloud itself and the
compression region in front of the magnetic cloud (the
Sheath) whose formation nature is close to that of CIR.
But in the given case it is the MC that plays a part of a
“piston” rather than the fast solar wind stream as in the
case of CIR.

2. DESCRIPTION OF THE TECHNIQUE

We have selected for the analysis 623 magnetic
storms with 

 

D

 

st

 

 < –60 nT for the period of 1976–2000,
because for these storms the OMNI database contained
measurements of solar wind and/or IMF parameters.
The types of solar wind streams were determined for

the intervals, which included the period before a storm
and after its beginning, and the instants of beginning
(onsets) of magnetic storms were distributed in the
solar wind types as follows: CIR—121 storms,
Sheath—22, MC—113, and “uncertain type”—367. To
the “uncertain type” were mainly attributed the inter-
vals, for which either some parameters were absent
(this did not allow one to reliably identify the type of a
stream) or the phenomenon had such a complicated
character that it did not allow one to separate unambig-
uously long intervals of any of presented types of
streams. Thus, the interplanetary conditions (types of
streams) were determined for the magnetic storms
composing less than a half of all storms. One should
mention here that this percentage was the lowest at the
beginning of the 25-year interval and has grown to the
middle of 1990s, when nearly continuous solar wind
patrolling began. For comparison with the works which
did not take into account the existence of differing solar
wind types, the parameters were determined for all
storms without selection as well, and these results are
presented here with the designation of “all storms.”

As to the technique of determining the solar wind
types, it is necessary to note that, though many
researchers agree in definition of these stream types
qualitatively, there exist quantitative disagreements
both in a number of parameters used for identification
and in numerical values of parameters when the thresh-
old criteria are used. This leads to the situation, when
for some events the identification can be ambiguous
and dependent on the criteria utilized. By this reason
we have attributed such cases to the “uncertain type.”
The criteria we have used are described more accu-
rately in paper [6], the Sheath criteria of definition
being the same, as those for CIR but in contrast with
CIR, after Sheath we observed MC rather than
high-speed solar wind.

To study the time variation of interplanetary
medium parameters near the magnetic storm onset, the
superposed epoch technique was used. This technique
is similar to the method described in [8], but differs
from it in the fact, that we have preliminarily selected
the intervals into 4 solar wind types. We should make
here a short comment concerning the choice of a zero
epoch (“zero” time) when this technique is used. The
fact is that in the overwhelming majority of works,
where this technique was applied, the time of the 

 

D

 

st

 

-
index minimum was used as a “zero” time. In our opin-
ion, this approach is suitable for studying the interplan-
etary causes of termination of the main phase of a
storm, but not in the case of a cause of the storm onset.
The point is, that the time of the 

 

D

 

st

 

-index minimum
can be separated from the storm onset by different time.
Figure 1 shows the histogram of time duration of the
main phase for all storms from our data set. It should be
noted that the visual analysis of the time variation of the

 

D

 

st

 

-index has shown that virtually for all storms with
the main phase duration of more than 15 h, the
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Fig. 1.

 

 The histogram of durations of the main phase of
magnetic storms with 
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st

 

 <

 

 −

 

60 nT for the period of
1976

 

−

 

2000.
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D

 

st

 

-index profile was not monotonous, and, hence, the
magnetic storm cannot be considered as isolated one.
Thus, the duration of the main phase of an isolated
storm varies, according to our data, from 2 to 15 h (the
mean duration equals 

 

7 

 

± 

 

4

 

 h). This implies that, if the

 

D

 

st

 

-index minimum time is taken to be a zero time, then
in the region of times preceding the 

 

D

 

st

 

-index minimum
by 2–15 h, the parameters will be averaged both before
and after the onset, and in this case one can not judge
from the results of analysis, which particular variations
of parameters have directly caused the storm onset.

With due account of the above considerations, we
have taken the first point corresponding to a sharp
decrease of the 

 

D

 

st

 

-index to be a zero point (see Fig. 2).
The points of the main phase of a storm were approxi-
mated by the cubic function, which, on one hand,
allowed us to smooth the profile in case of nonsmooth
profile of the 

 

D

 

st

 

-index, and, on the other hand, this
allowed us to choose a zero point more reliably, leaning
first of all on a set of all points of the main phase rather
than on separate points near SSC and onset. Since CIR,
Sheath, and MC have duration shorter than the mag-
netic storm duration, we have used in the analysis,
along with a zero time, also the times of intervals of the
given type of the solar wind. In the case of sufficient
statistics we have restricted the duration of analyzed
intervals by limits from –12 to +12 h for CIR and
Sheath, and from –12 to +18 h for MC.

For the sake of comparison with previous works that
use the 

 

D

 

st

 

-index minimum as a zero point, we have car-
ried out the analysis also for such an approach, when
the 

 

D

 

st

 

-index minimum was used as a zero point.
Figure 3 shows the results of using the superposed
epoch technique for two approaches to zero point deter-
mination. In the case of using the 

 

D

 

st

 

-index minimum as
a zero point, the time profile of a usual magnetic storm
(with a sharp main part, flat minimum and slow recov-
ery part) is distorted, and the prominent storm onset dis-
appears. Nevertheless, such an approach allows one to
investigate the causes in the interplanetary medium, lead-
ing to termination of the main phase and transition to the
recovery phase of a storm. The analysis of results,
obtained in this way, will be given in the subsequent
paper. However, in the present paper we concentrate our
attention on the interplanetary causes resulting in a storm
and, accordingly, we compare our results only with those
works, in which the storm onset time was chosen as a
zero time for the superposed epoch technique.

3. RESULTS

We begin the presentation of results with the
description of the 

 

D

 

st

 

-index (Fig. 4). As it should be
expected, the plot for the “uncertain type” (Fig. 4a)
only slightly differs from that averaged over “all
storms.” The behavior for CIR (Fig. 4c) also slightly
differs from the average one, but the curves for Sheath
(4b) and MC (4d) pass noticeably lower than that aver-

aged over all storms, the medium curve of the 

 

D

 

st

 

-index
for Sheath being the lowest. Thus, the results of analy-
sis have shown that, on average, the strongest magnetic
storms are induced by the compression region ahead of
the magnetic cloud body rather than by the magnetic
cloud itself.

Here it should be noted that the calculated values of
dispersion (standart deviation) for this and subsequent
figures are often comparable with the mean values of
parameters themselves because of a large scatter of the
parameters. In Figs. 12–17, presented in the logarith-
mic scale, some points on the lower plot and the whole
plot (the “mean value”

 

−

 

 “dispersion”) are not shown,
since the values turn out to be negative. In this case the
distinctions in the mean behavior of parameters for var-
ious types of streams can be treated only as an assump-
tion, and with a certain fraction of caution. For higher
reliability it is necessary to considerably increase the
observation statistics.

The behavior of the corrected -index (Fig. 5) is
similar to the behavior of the 

 

D

 

st

 

-index for all types of
the solar wind. In this case the tendency of the mini-
mum value of the -index being reached in the
Sheath is exhibited more clearly than for the uncor-
rected 

 

D

 

st

 

-index. Of interest is the fact that the curves
on the b–d panels turn out to be more indented (non-
monotonous). This fact is, first of all, due to a lower sta-
tistics of the cases with the corrected index, since in a
considerable number of cases there were no measure-
ments of the interplanetary medium parameters
required for calculating this index.

Figure 6 presents the time variation of the 

 

K

 

p

 

-index.
This index for all types of the solar wind begins to grow
some hours before the storm onset in accordance with
the 

 

D

 

st

 

-index: 4–6 h before for all solar wind types
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except the Sheath, for which the growth begins 10 h
before. During the storm the 

 

K

 

p

 

-index is higher for
Sheath than for other types; in addition, it is higher by
unity than the mean not only during the storm, but 10 h
before it as well.

Figure 7 presents the behavior of the magnetic field
magnitude 

 

B

 

. In total, the magnetic field for storms dur-
ing the CIR, Sheath, and MC periods is higher (and in
the “uncertain type” lower) than for “all storms.” For
“all storms,” for “uncertain type,” and for CIR the field
magnitude reaches a maximum near the storm onset
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(i.e., in 1–2 h), while for Sheath and MC it has a falling
character within the limits of plots.

The Bx and By components of the IMF (Figs. 8 and 9),
apparently, have no prominent tendency near the mag-
netic storm beginning instant, since, on average, they
only slightly differ from zero. The only specific feature
is observed in the interval from –6 to +1 h for Sheath,
when the mean By component was about –5 nT.

A more obvious dependence is observed for the
Bz-component of the IMF (Fig. 10), when for all solar
wind types the Bz-component turns southward (i.e.,
becomes negative) 1–2 h before the storm onset, on the
average. Then it continues to decrease for 1–2 h after
the storm onset, and then slowly returns to zero values
in half a day. It is important to note that, in the average
in absolute value and in the integral over time the
Bz-component reaches the largest values during the MC
period. Nevertheless, the strongest storms are observed
during the Sheath time, which is, probably, associated
with higher values of velocity, density, and thermal and
dynamic pressures at the initial stage of a storm in the
Sheath (see Figs. 11, 13, 14 and 15).

The solar wind velocity (Fig. 11) for “all storms”
and for storms induced by the solar wind of “uncertain

type” monotonously grows 3 h before the storm from
450 to 500 km/s, and for CIR the wind velocity contin-
ues to grow after the storm onset as well. The wind
velocity for MC decreases from 550 down to 450 km/s,
and in the Sheath it reaches a maximum of about
550 km/s just after the storm onset. Temperature
(Fig. 12) does not change, virtually, for “all storms”
and for storms induced by the solar wind of “uncertain
type”; it grows near the storm onset for CIR and Sheath
and drops after the storm onset for MC. Density
(Fig. 13) has short maxima near the storm onset for all
types of the wind, and only for Sheath the high density
is observed during the long interval before the storm
and after it.

The behavior of dynamic pressure (Fig. 14) is simi-
lar to the behavior of density shown in the preceding
figure. The thermal pressure (Fig. 15) for “all storms,”
for storms induced by the solar wind of “uncertain
type,” and by Sheath is similar, qualitatively, to the
behavior of dynamic pressure; however, it grows for
CIR and Sheath, and drops for MC with changing time
near the storm onset.

Parameter β (Fig. 16) is not subject to strong time
variations (except for the Sheath, where the statistics is
scarce); it turns out to be higher than the mean one in
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CIR and Sheath and lower than the mean in MC. As for
the T/Texp parameter, it also varies slightly. It is close to
the mean for the “uncertain type” and Sheath, higher
than the mean in CIR, and lower than the mean in MC.

4. DISCUSSION OF RESULTS

The results we have obtained without selection
based on the solar wind types (for “all storms” and for
the “uncertain type”) well agree, in general, with earlier
published results obtained with choosing the storm
onset instant as a zero time [8, 24, 25, 26]. (In the sub-
sequent publication we are going to demonstrate that
our results well agree with similar works [27, 28] also
in the case, when the Dst minimum is chosen as the time
of epoch beginning). However, the data selection
according to the solar wind types made it possible to
update some results and to obtain new ones as well. 

In many works it was pointed out that the strongest
magnetic storms are induced by the magnetic clouds [3,
6]. Our results confirm this conclusion; however, they
show that, on average, the greatest storms are induced
by the compression region ahead of the magnetic cloud

body (in the Sheath) rather than by the body itself. It is
important to note that, on average, the Bz-component of
IMF is slightly smaller in MC than in the Sheath, but
this smallness, apparently, is fairly compensated by
higher values of dynamic and thermal pressures and
density in the Sheath during the main phase of a storm.

In paper [8], where the storm onset time was taken
as a zero time, it was found that the small negative By-
component of the IMF was observed before the storm
onset, and this fact was interpreted as an indication of
compression of the region ahead of the fast solar wind
stream. We have detected such a behavior of the nega-
tive By-component of the IMF only before the magnetic
storms induced by the Sheath. This implies that our
results confirm the result obtained in paper [8], but
refine it in the respect, that it is observed in the Sheath
only, thus confirming also the interpretation, where the
magnetic cloud acts as a fast stream of the solar wind.

Unlike many previous works, we presented here the
average time behavior of the thermal pressure nkT, the
ratio of measured-to-estimated temperature T/Texp, and
the ratio of thermal-to-magnetic pressure β, since these
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parameters are often used for identifying various types
of the solar wind and, in particular, CIR, Sheath, and
MC. Taking into account that, on average, the squared
solar wind velocity is proportional to temperature T and
inversely proportional to density n [29], one can easily
notice that the nkT and T/Texp parameters should change
in a similar manner [30], which is just confirmed by our
results in Figs. 15 and 17. In general, the fact that the
nkT, T/Texp, and β parameters are high in CIR and Sheath,
and low in MC, are not surprising and indirectly confirm
the selection of solar wind types made by us.

CONCLUSION

Thus, the analysis of 623 magnetic storms with
Dst < –60 nT during the 1976–2000 period was carried
out. The analysis was performed by the superposed
epoch technique (with zero time equal to the storm
beginning time) for the OMNI database parameters,
supplemented by some parameters calculated on the
basis of this database, separately for CIR, Sheath, and
MC. The investigations have shown the following.

1. The behavior of solar wind parameters during
magnetic storms essentially differs for various types of

the solar wind; however, for all types of the wind the Bz-
component of the IMF turns southward 1–2 h before the
storm onset (reaching a minimum in 2–3 h after the
storm onset) together with increasing solar wind den-
sity and dynamic pressure.

2. Though the lowest values of the Bz-component of
the IMF are observed in the MC, the lowest values of
the Dst-index are achieved in the Sheath. Thus, the
strongest magnetic storms are induced during the
Sheath rather than during the MC body passage, prob-
ably, owing to higher pressure in the Sheath.

3. Higher values of nkT, T/Texp, and β parameters are
observed in the CIR and Sheath and lower ones in the
MC, which corresponds to the physical essence of these
solar wind types and indirectly confirms the correctness
of thus performed selection of the wind types.

4. The fact, that the By-component of the IMF is neg-
ative before the storm onset, found in paper [8], has
been confirmed only for storms occurring during the
Sheath time. This confirms the hypothesis discussed in
paper [8] that plasma is compressed before the storm by
some “piston.”
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solar wind velocity.
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