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Abstract—Results of modeling the time behavior of the D,; index at the main phase of 93 geomagnetic storms
(—250 < D, £ —50 nT) caused by different types of solar wind (SW) streams: magnetic clouds (MC, 10 storms),
corotating interaction regions (CIR, 31 storms), the compression region before interplanetary coronal ejec-
tions (Sheath before ICME, 21 storms), and “pistons” (Ejecta, 31 storms) are presented. The “Catalog of
Large-Scale Solar Wind Phenomena during 1976—2000 (ftp://ftp.iki.rssi.ru/pub/omni/) created on the
basis of the OMNI database was the initial data for the analysis. The main phase of magnetic storms is approx-
imated by a linear dependence on the main parameters of the solar wind: integral electric field sumEy,
dynamic pressure P, and fluctuation level sB in IMFE For all types of SW, the main phase of magnetic storms
is better modeled by individual values of the approximation coefficients: the correlation coefficient is high
and the standard deviation between the modeled and measured values of D, is low. The accuracy of the model
in question is higher for storms from MC and is lower by a factor of ~2 for the storms from other types of SW.
The version of the model with the approximation coefficients averaged over SW type describes worse varia-
tions of the measured D, index: the correlation coefficient is the lowest for the storms caused by MC and the
highest for the Sheath- and CIR- induced storms. The model accuracy is the highest for the storms caused by
Ejecta and, for the storms caused by Sheath, is a factor of ~1.42 lower. Addition of corrections for the prehis-
tory of the development of the beginning of the main phase of the magnetic storm improves modeling param-
eters for all types of interplanetary sources of storms: the correlation coefficient varies within the range from
r=0.81 for the storms caused by Ejecta to » = 0.85 for the storms caused by Sheath. The highest accuracy is

for the storms caused by MC. It is, by a factor of ~1.5, lower for the Sheath-induced storms.
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1. INTRODUCTION

This paper is dedicated to modeling the time
behavior of the D,, index at the main phase of magnetic
storms induced by various types of solar wind (SW)
streams. It presents a continuation of the series of pub-
lications [1—7] dedicated to study of the process of
generation of magnetic storms by various types of solar
wind streams. Based on our results that the D,, index at
the main phase of a magnetic storm is well approxi-
mated by the linear function of the integral of the B,
component of the interplanetary magnetic field (IMF)
(substituted at the data processing by summation
sumB,) or of the integral of the electric field E,
(sumk)) [1-3], we showed in our previous publica-
tions [4—6] that the linear character of the D,, depen-
dence on sumE, on the average is observed for all types
of the solar wind, but differs by values of the coeffi-
cients. For several types of magnetic storms related
mainly to the compression regions (CIR, Sheath), the
magnetic storm intensity increases strongly (D,
decreases) in the subgroup of points at the main phase
with high dynamic pressure. On the background of the
D,, dependence on sumkE), at the main phase of mag-
netic storms, a very weak dependence on the fluctua-

401

tion level sB in IMF is observed almost for all types of
flows [5, 6].

Note that the linear character of the D, depen-
dence of the main phase of a magnetic storm on the
integral of £, (sumE,) follows from [8] in the case of
neglecting the term related to the decay of the ring
current at the main phase. This result has been con-
firmed in a series of publications (without any selec-
tion of magnetic storms by the type of their source in
the solar wind) (see, for example, [9—11] and refer-
ences therein).

On the basis of these results, we have earlier per-
formed a modeling of the D,-index behavior during
the main phase of magnetic storms induced by mag-
netic clouds (MC). It was assumed that the linear rela-
tion between D, and the integral of the electric field E,
plays a key role in development of the main phase,
whereas the dependencies on pressure P,; and varia-
tions sB in IMF were believed to be small [7]. The
results obtained showed that the proposed approaches
make it possible not only to describe satisfactorily the
relation of interplanetary parameters of MC to the
dynamics of the D,, index but to create forecasting
schemes for prediction of D, values 1—2 hours in
advance.
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Currently, there exist a vast number of publications
dedicated to the modeling of magnetic storms and
their prediction (see, for example, [8, 12—19] and ref-
erences therein). Various methods are used to predict
D, index, for example the method of filters, when the
solar wind—magnetosphere system is considered as a
black box, artificial neuron networks, and nonlinear
auto-regression schemes (see, for example, [20—32]).

In the overwhelming majority of papers, the type of
SW stream which generated storms is not taken into
account. However, there are publications which show
that various types of SW streams lead to different dis-
turbances in the magnetosphere (see, for example,
[33—47, 1-6]).

In one of the recent publications [32], a compari-
son is presented of 6 different models [8, 13, 14, 16,
27, 28, 31] by the results of their prediction of 63
strong magnetic storms (minimum D; < —100 nT)
which were split to four groups depending on the type
of their source in SW. Twenty seven sMC-induced
storms (MC with the preceding rapid shock wave),
18 SH events (the compression region Sheath), 8 CIR
events (corotating interaction regions), 10 nonMC
events (i.e., the ICME type but the field structure dif-
fers from MC, i.e., Ejecta) were analyzed separately.
As a result, it was shown that the TL model [27, 28] is
the best for prediction of the D,, index during strong
magnetic storms for any type of source in SW, and also
for 63 strong storms and all 139 moderate and strong
magnetic storms without separation according to the
type of sources in SW.

We use the traditional description of the storm
dynamics by the D,, index for which there are long
homogeneous series of data in spite of the fact that var-
ious current systems of the magnetosphere and iono-
sphere could contribute to its value (see, for example,
[48, 49]).

In this paper, a possibility of approximation of the
main phase of magnetic storms generated by four types
of solar wind streams by linear dependence on the
solar wind parameters: the integral electric field
sumE),, the dynamic pressure P,, and the fluctuation
level sB in the IME The correctness of these assump-
tions is checked by the comparison of the calculation
results to experimental data and results of modeling in
other publications.

The main aim of this paper is to reveal the differ-
ences in the development of the main phase of mag-
netic storms, the source of which are various types of
solar wind streams (CIR, Sheath, MC, and Ejecta), by
comparison of results of modeling the main phase for
various types of storms and by estimation of the con-
tributions of the main parameters of the SW into the
D, index at the main phase of the storm.

2. INITIAL DATA AND METHOD

On the basis of the OMNI database for the period
1976—2000 [50], we identified large-scale types of the
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solar wind (see “Catalog of Large-Scale Solar Wind
Phenomena during 1976—2000” at ftp://ftp.iki.
rssi.ru/pub/omni/ and in [51]). The method of identi-
fication of large-scale streams of the solar wind com-
prises a comparison of each point of the OMNI data-
base [50] to a set of threshold criteria for the key
parameters of the solar wind and IMF and is described
in detail in [51].

In this paper, magnetic storms for which there were
gaps in measurements in the OMNI database making
it possible to calculate three parameters (£, P, and
sB) in the period of the main phase of a magnetic
storm were excluded from the analysis. Moreover, to
reduce the error and improve the approximation, the
storms having the approximation coefficients which
lie outside two standard deviations from the mean
value were also excluded [7]. As a result, 93 magnetic
storms (—250 < D, < —50 nT) induced by 4 types of
solar wind streams (CIR (31 storms), Sheath
(21 storms), MC (10 storms), and Ejecta (31 storms))
were selected for the analysis.

It was shown in several previous publications [52—54]
that the strongest (on average) magnetic storms caused by
sporadic (i.e., conglomerate Sheath+ICME) streams are
related to nonisolated events when the distance
between consecutive interplanetary events (between
the arrivals of interplanetary shock waves and SSC)
was less then 40 hours. In this paper, we did not ana-
lyze the distance between SW events, but we sorted
storms and compared them to the source in SW in the
following way. If the time between the D, minimums
was longer than 24 hours, the storms were considered
as isolated. If the time between the D,, minimums was
less than 24 hours (multistep storm), both minimums
were considered as one storm with the intensity equal
to the minimum value of D,,. There were a few percent
of such single storms with two minimums during
24 hours. Therefore, their contribution to the total
dependence is insignificant, whereas the D, level from
the prehistory is accounted for by the coefficient c)
(see below).

While modeling the main phase of a magnetic
storm, a linear approximation of the D,-index value of
the main phase of a magnetic storm is taken into
account by three parameters of the solar wind: the
integral of the convective electric field of the solar
wind sumE,, the dynamic pressure P,, and interplane-
tary magnetic field variations sB [7]:

D, (i) = ¢y + cg -sumE () + cp - Py(i) + ¢y - sB(),

- )
sumE, (i) = D E, k),
k=1

where i is the current point of the storm phase (varies
from i = 1 in the beginning of the phase to i = im at the
last point of the phase (in Dy, ;,,)) and the summation
in sumE,, is performed in terms of k (from the begin-
ning of the storm at the k = 1 point to the current point
of the phase k = i). The coefficients c, cg, cp, and cg
COSMIC RESEARCH Vol. 51
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Table 1. The mean and median values of the approximation coefficients at the main phase of a magnetic storm, mean SW
parameters to the value of the Dy, index for four types of SW streams

Type of SW MC 10 storms Sheath 21 storms CIR 31 storms Ejecta 31 storms
(coy, nT —13.77+ 14.4 —13.1 +£28.8 —28.7 £ 30.5 -30.7 £ 23.1
median —11 —18 -32 -32
{cp), nT/mVm~'h —2.55+0.75 -3.2%+1.6 —-2.82+1.1 -23%+1.0
median -2.4 -3.3 -2.8 -2.2
(cpy, nT/nPa —-0.92+£29 0.97+3.3 3.3+3.7 2.8+39
median 1 1 2.6 2.8
(cg), dimensionless 1.28 +3.3 —0.8t1.8 —0.19 £1.96 —-0.2t2.1
median 0 -1 0 0
(sumEy) 16.24 +9.78 16.4 + 13.5 13.3+ 104 15.6 + 11.8
(cg) - (sumky) —41.41 —-52.5 -37.5 -35.9
(Py 3.62 £2.27 5.7+5.7 55+3.1 4.3+2.7
(cp) - (Pp) -3.33 5.5 18.15 12.04
(sB) 3.07+t2.4 5.1+4.1 54133 3.6+x2.5
(cp) - (sB) 3.93 —4.08 -1.03 —0.72

were estimated by the standard least squares method
(at the same time, the number of points during the
main phase should be larger than the number of
unknowns, i.e., im > 4). The coefficients cg, cp, and cg
determine the value of the linear relation of the D,,
index to the integral of convective electric field of the
solar wind sumE,, dynamic pressure P,, and variations
in the interplanetary magnetic field sB. The c, coeffi-
cient is related mainly to the prehistory of the D, index
prior to the magnetic storm commencement, because
the storm can “start” from any initial value of the
index both due to the beginning of a new storm during
the recovery phase of the previous storm (a decrease in
the level relative to “zero”) and due to the presence of
the storm sudden commencement (SSC) related to
the arrival of the shock wave prior to the storm com-
mencement (an increase in the level).

For each type of magnetic storm, the modeling of
the main phase was performed in three steps. First, the
individual approximation coefficients (c,, cg, Cp, Cg)
are determined for the main phase of a particular
storm of each type. Then the approximation coeffi-
cients of the main phase of a storm are averaged
according to the type of SW ({c), {cg), {Cp), {cp)) and
for the version of the model, the contribution to D,,
during the main phase from particular SW parameters
entering equation (1) is estimated. On the basis of the
analysis of these versions of the model, for each type of
SW, third version of the model is created due to the
corrections taking into account the prehistory of the
development of the main phase of a magnetic storm by
the calculation of a linear function relating the average
value of the D, index over three points (the first point
of the main phase and two previous points) and the
value of c,, [7].
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Each version of the model was estimated by two
parameters (for example, [12]): 1) the linear correla-
tion coefficient (r) between the measured D, and
modeled Dy ,,, values (how correctly the model
describes the real variations in the D, index) and 2) the
standard deviation (o) between the measured value of
D,, and the value calculated using the model D, .,
(how strong are the differences between the measured
D, and D, ,,,, values calculated in the model, i.e., the
modeling accuracy).

3. RESULTS

3.1. Estimation of Contribution of Various SW
Parameters to the Approximation of the Main Phase
of a Magnetic Storm Induced by Various Streams of SW

Table 1 shows the mean and median values of the
approximation coefficients of the main phase of a
magnetic storm ({cy), {cg), {cp), {Cp)), mean SW
parameters ((sumkE,), (P,), (sB)) and contributions of
these parameters ((Cg) - (Sum&k,), (cp) - (P, (cp) - (sB))
to the value of the D, index for four types of SW
streams (MC, Sheath, CIR, and Ejecta). Although the
scatter of individual coefficients is sufficiently high
(which one can see in the standard deviations of the
values) their mean values are close to the median ones,
that is, the scatter of the individual values is fairly sym-
metrical relative to the mean values. In all cases, when
the standard deviation exceeds the mean (median)
value, the statistical significance of the corresponding
coefficient is not high enough to draw a reliable con-
clusion on the basis of this coefficient, so we show such
results as a possible hypothesis which requires further
checks.
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The {c,) coefficient is negative for all types of SW
(that is, it always “reduces” D, which is natural due to
the definition of the magnetic storm beginning and its
main phase). The {c,) coefficient varies by a factor of
~2.4 from the maximum value for MC and Sheath
(high level of D,, from which the storm begins possibly
due to SSC prior to the storm beginning) to the mini-
mum value for CIR and Ejecta. However, the scatter in
values of c,, (for particular storms) is high and compa-
rable to the value of the mean value {c,) itself and even
exceeds it (for the storms caused by Sheath).

The coefficient {cg) is determined by how strong
the electric field (the sumE, parameter) changes the
D, index at the main phase of storms. The {cg) coeffi-
cient is negative and reduces the D, value for all four
types of storms. The strongest and weakest reduction
in D, from the integral electric field is observed for the
storms caused by Sheath and Ejecta, respectively (it
varies by a factor of ~1.4). The strongest decrease in D,
is observed for the Sheath-induced storms and it leads
under the same value of the field to more rapid
decrease in D,, than for other types of SW.

The contribution of E, into D, (i.e., the value of
(cg) - (sumkE))) is the largest and the smallest for the
storms caused by Sheath and Ejecta, respectively. The
maximum difference in the contribution of this term
reaches a factor of ~1.4 and is determined mainly by
the (cg) coefficient but not by the (sumE,) value.

The {(cp) coefficient determines the contribution of
the dynamic pressure into the value of D, at the main
phase. On average, the (cp) value varies from the mini-
mum value for the MC-induced storms (i.e., slight inten-
sification of the storm or a decrease in D, to the maxi-
mum value for the CIR-induced storms (i.e., weakening
of the storm or increase in D,,). However, the strong scat-
ter in the cp values within each type is comparable and
sometimes exceeds the mean value of {cp) for the given
type of storm. One can say only that there is a tendency of
D, increase (weakening of the storm) with an increase in
P, for three types of storm (except MC).

The contribution of P,to D,, (i.e., the value of (cp) - (P,)
is maximum for the CIR- and Ejecta-induced storms
(a strong weakening of the storm) and minimum for
the Sheath-induced storms (weaker by a factor of
~2.5—3.5). An inverse effect (a very weak decrease in
D, i.e., an intensification of the storm) is observed for
the MC-induced storms. The large positive contribu-
tion of (P, to D, for the CIR- and Ejecta-induced
storms leads to a weakening (by 30—50%) of the con-
tribution of the main parameter (sumk,). Higher pres-
sure (P,;) within these types of SW is a possible cause of
this effect.

The (cg) coefficient determines the efficiency of
the contribution of the magnetic fluctuations sB in
IMF into D, at the main phase. On average, the value
of {cp) varies insignificantly for all types of SW, reduc-
ing slightly D,, and increasing the strength of a Sheath-
induced storm and increasing slightly D, and reducing
the strength of a MC-induced storm.
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The mean values of the fluctuations level (sB) cor-
respond to physical conditions in SW types and vary
from a minimum value for the MC-induced storms to
a maximum value for the storms caused by the com-
pression regions of the CIR- and Sheath-induced
storms (that is, almost by a factor of 2 higher in the
compression region, corresponding to the definition
of the given type of streams).

The contribution of the fluctuation level (sB) into D,
is small (as compared to the contribution of (sum£,) for
all types of storms and depends on the type of SW. For
the Sheath-induced storms, it reduces D,, intensifying
the storm, whereas for the MC-induced storms, on the
contrary, it increases D,, weakening the storm. The
magnetic fluctuations intensify the storm slightly for
the CIR- and Ejecta-induced storms.

Because of insufficiently high accuracy, the data
shown in Table 1 by non-bold type could be interpreted
in the following way: (1) for cp the mean {(cp) = 0 for MC
and Sheath and (2) for cgz the mean (cg) = 0 for all types
of SW. For these data the statistics should be increased
and an additional analysis should be performed.

Thus the largest contributions to D, of the main
phase are provided by the (c,) parameters (by a factor
of 2.4 higher for MC than for Ejecta) and the integral
electric field sumE, (by a factor of 1.4 higher for
Sheath than for Ejecta), the value of which depends on
the SW type. The contribution of the pressure P, is the
largest for CIR-induced and by a factor of 1.5 lower for
the Ejecta-induced storms. For the Sheath-induced
storms, the contribution of P, is by a factor of 3.3 weaker
than for the CIR-induced storms. For Ejecta the con-
tribution of P, weakens the storm (a positive cp coeffi-
cient), whereas for MC the contribution of pressure
intensifies the storm (a negative cp coefficient). For all
types of SW, the contribution of magnetic fluctuation
level sBin IMF to D,, at the main phase is insignificant
as compared to the main contribution from the sumg,
and its value presumably depends on the SW type. For
the MC-induced storms, the fluctuations in IMF lead
to a small increase in D, of the phase (a weakening of
the storm) which is almost compensated by a slight
decrease in Dy, (an intensification of the storm) due to
the contribution of the pressure P, On the contrary,
for the Sheath-induced storms, the fluctuations sB in
IMF lead to a slight decrease in D,, (an intensification
of the storm) which is almost compensated by a slight
increase in D, (a weakening of the storm) due to the
contribution of the pressure P,.

3.2. Comparison of Three Versions of Models
of the Main Phase of Magnetic Storms Induced
by Four Types of SW Streams

The dependence of the D,, index measured during
the main phase on the model value D, 4 calculated
using individual approximation coefficients for each
storm and four types of SWis shown in Fig. 1: (a) CIR,
(b) Sheath, (c) MC, and (d) Ejecta. The correlation
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Fig. 1. The dependence of the Dy, index measured during the main phase on the model value Dy; ,,,,4 calculated using individual
approximation coefficients for each storm: (a) 31 CIR-induced storms; (b) 21 Sheath-induced storms; (c) 10 MC-induced

storms; (d) 31 Ejecta-induced storms.

coefficients (r) and standard deviations (o) as well as
the lines of regression of D, on D, .4 for three versions
of models are shown in Table 2. Three bottom lines in
the first column show the model versions: (1v) model
with individual coefficients, (2v) model with averaged
coefficients, and (3v) third model. For the model with
individual approximation coefficients (1v) the corre-
lation coefficient between D, and D,, .4 for all four
types of SW is very high (r = 0.98 for the CIR- and
Ejecta-induced storms and » = 0.99 for the MC- and
Sheath-induced storms). The standard deviation is the
lowest for the MC-induced storms, by a factor of two
higher for the CIR- and Ejecta-induced storms, and is
the highest for the Sheath-induced storms (the difference
is a factor of 2.3). As expected, the individual coefficients
obtained from an approximation for a particular storm
Vol. 51 No. 6
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provide the best result for modeling the main phase of a
storm with any type of source in SW. Various storm types
differ only by values of the correlation coefficients and G.
The current version of the model describes the main
phase of the MC-induced storms [7] most accurately, but
its accuracy is lower for the storms caused by Ejecta and
Sheath by a factor of 2—2.3.

Figure 2 shows the same as in Fig. 1, but the model
calculations of D, .4 are performed using the values of
the approximation coefficients (cy), {(cg), {Cp), {Cp)»
averaged over SW type (see Table 1). For this version of
the model (2v), the correlation coefficient between the
D,, values measured during the main phase and the
modeled Dy, .4 and also the model accuracy decrease
substantially for all types of SW. The highest correla-
tion coefficient is for the storms caused by Sheath and
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Table 2. The dependence of approximation coefficient cO on (ave D) and measured Dy, on D, .4 for 3 versions of models

and for 4 types of SW streams

Type of SW| MC Sheath CIR Ejecta
10 storms 21 storms 31 storms 31 storms

Values of parameters 77 points 116 points 279 points 324 points
coon (aveDy) Y=0.69- X—6.51 Y=0.26-X-9.8 Y=1033-X-26.15| Y=04-X-245
r 0.730 0.239 0.233 0.292
(3v) Dgon (Dg o) Y=09-X+0.84 Y=08-X-2.55 Y=09-X-6.5 Y=07-X-12.6
c B 15.64 23.4 17.8 16.5
r 0.832 0.837 0.846 0.810
(2v) Dy on (D 100) Y=0.68-X—9.96 Y=0.8-X-3.5 Yy =09-X-6.6 Y=0.7-X-12.6
c - 21.74 26.2 20.1 18.4
r 0.648 0.804 0.803 0.758
(1v) Dy on (Dy 100) Y=1.0-X+2445 | Y=1-X—4x10"8 |[Y=1.0-X—5x1077|Y=1-X—4.5x10"°
c B 2.6 6.06 5.5 5.2
r 0.994 0.988 0.984 0.978

CIR, whereas the lower correlation coefficient is for
the storms caused by MC (the difference is a factor of
~1.23). The Ejecta-induced storms have an interme-
diate value. The highest accuracy of the model (low o)
is for the Ejecta-induced storms. The lowest accuracy
is for the storms caused by Sheath and MC (that is, a
decrease in the accuracy by a factor of 1.4—1.2 as com-
pared to Ejecta). In comparison to the previous ver-
sion of the model (using individual coefficients), the
reduction of the accuracy for the given types of SW is
by a factor of ~4—8.

In order to increase the accuracy of the main phase
modeling, we introduced corrections taking into
account the prehistory of development of the begin-
ning of the main phase of a magnetic storm [7].
Instead of a constant mean value of the {c,) coeffi-
cient, for each stormj (within the given type of SW) we
took values of c(j) calculated on the basis of the
dependence of the cy(j) coefficient on the average
value ave D(j). This improved version of the model has
the form:

Dstmod(i) = CO(j) + <CE> : SumEy(i)
+{cpy - P(i) +{cp) - sB(i), where i is the point in the phase;

co() = a - aveDy(j) + b (here aveD(j) for the j storm of
the given SW type is the average value over three points
including two points prior to the storm commence-
ment and the first point of the main phase of the
storm, a and b are coefficients of approximation of the
cy(j) dependence on aveD,(j), and the other coeffi-
cients (cg), (Cp), (Cp) as earlier are taken from the aver-
aging over all storms of the given SW type). Estimates
of a possible relation of the ¢, (j) coefficients to the value
of D, ave D(j) averaged over three points (that is, the coef-
ficients of correlation between them) and the approxima-
tion coefficients “a, b” are shown in the top line of Table 2.
For 10 MC-induced storms, a linear dependence between

these parameters c, = 0.69 - aveD,, — 6.51 is observed
with a correlation coefficient of 0.73.

Figure 3 shows the D, dependence on D, .4 for
four types of storms for the third version of the D .4
model when instead of a constant average value {c,) for
each stormj values of ¢y(j) calculated using the above-
mentioned linear dependence of the c(j) coefficient
on aveD,(j) are taken. One can see that this version of
the model (3v) describes the experimental data better
than the version with averaged coefficients (2v). The
highest correlation coefficient is for the CIR-induced
storms; it is slightly lower for the storms caused by
Sheath and MC. The lowest correlation coefficient is
for the storms caused by Ejecta (the difference in the r
values is only ~1.05). The lowest value of the standard
deviation is for the storms caused by MC and the high-
est standard deviation is for the storms caused by
Sheath (they differ almost by a factor of 1.5). The storms
caused by MC and Ejecta have similar values of c.

4. DISCUSSION

Thus, we proposed and tested a model for descrip-
tion of the main phase of magnetic storms induced by
four types of SW (10 MC-induced storms, 31 CIR-
induced storms, 21 Sheath-induced storms, and 31
Ejecta-induced storms). The model is based on the
assumption of linear dependence of D,, at the main
phase on the integral electric field sumE,, dynamic
pressure P,, and fluctuation level sB in IME

The analysis of results shows that the main contri-
bution into the D, index at the main phase is provided
by the integral electric field sum£, which for all types
of SW reduces the D,, value (intensifies the storm), the
value of the reduction depending on the type of the
storm source in SW. The strongest dependence of the
D,, index on the integral electric field is observed for
the Sheath-induced storms, this fact manifesting their
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Fig. 2. The same as in Fig.1, but for model calculations of Dy .4 the averaged by SW type values of the approximation coeffi-

cients were used.

higher efficiency (that is, ability to lead to stronger
intensity of magnetic storms, D, .;,) as compared to other
types of storms. This statement is confirmed by the sam-
pling of storms caused by Sheath for which the intensity of
amagnetic storm at its minimum reaches Dy, ~ —250 nT
(super-strong storms), whereas for other type of SW
the value of D, ., during magnetic storms varies
within more narrow range (from —50 to —150 nT).
The higher intensity of the storms generated by Sheath
was earlier noted qualitatively in [3, 35, 36, 39, 41, 47,
55—58]. However, in this paper, we, for the first time,
present a numerical comparison of contributions (the
(cg) coefficients) for various interplanetary sources of
storms.

The contribution of the dynamic pressure to D, of
the main phase also depends on the storm type. In par-
ticular, for two types of storms caused by MC and
Sheath, the contribution of P, is almost an order of
magnitude less than the main contribution to D, from
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sumkE), and so it influences weakly D;, at the main
phase (about 10%). At the same time, for two types of
storms caused by CIR and Ejecta, the pressure P,
weakens the main phase of the storm by 30—50%.

The contribution of the fluctuation level sBin IMF
to D, at the main phase is small as compared to the
contribution of sumE), and also depends on the type of
storm source. For example, for storms caused by CIR
and Ejecta, it is a minimum and hardly influences D,,
at the main phase (an intensification of the storm by
3%). For the storms caused by Sheath, it is a maximum
(a factor of ~4 higher than for the CIR- and Ejecta-
induced storms) and leads to (~10%) decrease in D, at
the phase (an intensification of the storm).

The third version of the model with the c, coeftfi-
cient obtained from the ¢, dependence on D,, values in
the preceding times prior to the storm beginning is
characterized by higher values of the correlation coef-
ficient between the measured D, and D, .4 for Ejecta
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Fig. 3. The same as in Fig.1 and 2, but for model calculations of
development of the beginning of the main phase of a magnetic sto

and CIR, and lower standard deviations for MC and
Sheath, which is substantially better than for the model
version with averaged approximation coefficients.

It is worth comparing our results obtained with the
third model to the results of modeling the D,, index of
magnetic storms separated by the SW type presented
in other publications. Note that testing of various
models should be performed using an independent set
of data different from the data set used for the optimi-
zation of these models. Table 3 shows the correlation
coefficients () and standard deviations for four types
of SW and seven models including six models from
[32] (which have been tested using a data set different
from ours, see Introduction) and our third model (3v)
taking into account the prehistory of D,, development
prior to the beginning of the main phase.

Our third version of the model (3v) describes fairly
well the main phase of storms for all types of SW. The

Dy moa the corrections taking into account the prehistory of
rm were used.

value of the correlation coefficient (r) and the accu-
racy of the model (c) depend on the SW type. For par-
ticular types of SW, our model could be better than
many others, for some types it is, on the contrary,
worse than other models. For example, the value of the
correlation coefficient in our third model depends on
the type of SW: (1) for the Sheath-induced storms it is
better than all models except the TL model [27, 28],
(2) for the MC and Ejecta models it coincides with the
FL model [13] specially aimed at the MC-induced
storms, but is worse than all other models including
the B model [8]; (3) for the CIR-induced storms it is
better than the B and FL models [8, 13] but worse than
the other four models [14, 16, 31, 27, 28]. Similarly,
concerning the accuracy (¢ in nT) our third model:
(1) for the MC-induced storms it is better than all
models (including the TL model [27, 28]) and by a fac-
tor of three more accurate than the B and FL models [8,
13], (2) for the Sheath-induced storms it is better than
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Table 3. The correlation coefficients and standard deviations for four types of SW streams and seven models
MC Sheath CIR Ejecta
Models
r c r o r c r c References
3v 0.83 15.6 0.84 23.4 0.85 17.8 0.81 16.5

B model 0.89 51.4 0.71 56.1 0.77 48.2 0.88 39.2 [8]
FL model 0.83 51.7 0.66 50.0 0.66 39.9 0.81 34.2 [13]
OM model 0.9 26.5 0.8 27.6 0.87 19.0 0.9 20.2 [14]
W model 091 22.4 0.81 25.4 0.87 16.2 0.92 15.3 [16]
TL model 0.94 18.5 0.92 12.5 0.95 11.8 0.94 11.8 [27, 28]
NM model 0.88 24.1 0.82 26.4 0.87 19.5 0.89 19.6 [31]

all models except the TL model (which is a factor of
two more accurate than our model) [27, 28] and is by
a factor of 2—2.5 more accurate than the B and FL
models [8, 13], (3) for the CIR-induced storms it is
better than all models except the TL model [27, 28]
and by a factor of 2.2—2.7 more accurate than the B
and FL models [8, 13], but a factor of 1.5 worse than
the TL model [27, 28], (4) for the Ejecta-induced
storms our model is better than four models but worse
than the Wand TL models [16, 27, 28] (which is a fac-
tor of 1.4 more accurate than our model) and by a factor
of 2—2.4 more accurate than the B and FLL models [8, 13].

Thus, the results of calculations using the third ver-
sion of the model (with a correction for the storm
beginning) agree with the experimental data and by
their quality are no worse than the results of modeling
by other authors.

5. CONCLUSIONS

The modeling of the main phase of 93 magnetic
storms (—250 < D, < —50 nT) for four types of SW,
assuming a linear dependence of D,, on the parameters
sumkE,, P, and sB in IMF, showed that the contribu-
tion of each parameter of the SW to D,,, as well as the
correlation coefficient and accuracy of the model on
average depend on the type of storm source in SW.
However, the statistical significance of the coefficients
for P, and sB in IMF for some types of SW requires
further investigations.

The modeling of the main phase is performed in
three versions: (1) using individual approximation
coefficients, (2) using the averaged approximation
coefficients, and (3) using the averaged approximation
coefficients as in case (2) but taking into account the
prehistory of the development of the beginning of the
main phase. The results of the analysis show that:

1) For all types of SW, the model version with indi-
vidual approximation coefficients is the most accurate
and describes in the best way the D,, variations during
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the main phase as compared to other models. Its accu-
racy depends on the SW type: the highest accuracy is
for the storms caused by MC, the accuracy for the
storms caused by Ejecta and CIR is lower by a factor of
two, and the lowest accuracy (a factor of 2.3 lower) is
for the storms caused by Sheath.

2) The largest contribution into D,, at the main
phase of storms caused by various types of SW is pro-
vided by the integral electric field sumE,. For the
storms caused by Sheath, the contribution is higher
(by a factor of 1.4), this fact being caused by higher
efficiency of these interplanetary sources of storms rel-
ative to other types of SW.

3) The contribution of the dynamic pressure P, to D,
at the main phase also depends on the SW type: the low-
est contribution is for the MC- and Sheath-induced
storms and it is higher for the CIR- and Ejecta-induced
storms (it weakens D,, of storms by 30—50%).

4) The contribution of the fluctuations sBin IMF is
small for all types of SW, but its value also depends on
the SW type.

5) The third version of the model (with the correc-
tion for the storm beginning) is the best for a descrip-
tion of the development of the main phase of a storm
for all types of SW, both for a description of variations
in D, and in accuracy. The correlation coefficient var-
ies within the range from »= 0.81 for the storms caused
by Ejecta to r=0.85 for the storms caused by CIR. The
highest and lowest accuracy is for the MC-induced
storms (15.6 nT) and Sheath-induced storms (worse
by a factor of 1.5), respectively.

6) The comparison to six models [8, 13, 14, 16, 27,
28, 31] from [32] shows that our third version of the
model for the storms caused by MC and Ejecta is as
good (by the correlation coefficient) as the FL model
[13] (but worse than the other models [8, 14, 16, 27,
28, 31]). For the Sheath-induced storms it is better
than almost all models except models [27, 28] and for
the storms caused by CIR its efficiency is higher than
that of the FL and B models [8, 13]. In accuracy our
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third model is better for the MC-induced storms than
almost all models including the TL model [27, 28], for
the Sheath-induced storms is only worse than the TL
model [27, 28], but is more accurate than five other
models [8, 13, 14, 16, 31], and for the Ejecta- and
CIR-induced storms is only worse than the TL and W
models [16, 27, 28] but better than four other models
[8, 13, 14, 31].

Thus it is shown that the contributions of the main
parameters of SW into D, at the main phase, the cor-
relation coefficient between the measured D, and
modeled D, .4 values, and the accuracy of various
versions of models depend on the SW type. The results
agree with the earlier conclusions and confirm them
quantitatively (for example, [3, 47]). We selected each
of the SW types on the basis of certain physical criteria
with various values of the SW parameters [51]. More-
over, in our sampling of storms with different type of
SW, very strong storms (—250 < Dy pmin < —150 nT) are
present only in the sampling for the storms caused by
Sheath. Nevertheless, the model (third version of the
model) of the main phase for various types of SW rivals
successfully other models both in the description of real
variations in D,, and in accuracy (see [32] and references
therein). Different coefficients of the model obtained for
different interplanetary sources make it possible to forecast
magnetic storms more accurately, analyzing in real time
parameters of the interplanetary environment measured
on board space vehicles of the type Wind or ACE |7].
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