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Abstract—The main goal of this paper is to compile a catalog of large-scale phenomena in the solar wind over
the observation period of 1976-2000 using the measurement data presented in the OMNI database. This work
included several stages. At first the original OMNI database was supplemented by certain key parameters of the
solar wind that determine the type of the solar w1nd stream. The following parameters belong to this group: the
plasma ratio [, thermal (NkT) and Kinetic (mN V? ) pressures of the solar wind, the ratio 7/7,,, of measured and
expected temperatures, gradients of the plasma velocity and density, and the magnetic field gradient. The results
of visualization of basic plasma parameters that determine the character of the solar wind stream are presented
on the website of the Space Research Institute, Moscow. Preliminary identification of basic types of the solar
wind stream (FAST and SLOW streams, Heliospheric Current Sheet (HCS), Corotating Interaction Region
(CIR), EJECTA (or Interplanetary Coronal Mass Ejections), Magnetic Cloud (MC), SHEATH (compression
region before EJECTA/MC), rarified region RARE, and interplanetary shock wave IS) had been made with the
help of a preliminary identification program using the preset threshold criteria for plasma and interplanetary
magnetic field parameters. Final identification was done by comparison with the results of visual analysis of the
solar wind data. In conclusion, histograms of distributions and statistical characteristics are presented for some
parameters of various large-scale types of the solar wind.
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1. INTRODUCTION

Since the advent of the space era, the solar wind has
been permanently the focus of attention in numerous
studies (see proceedings of regular “Solar Wind” con-
ferences and, in particular, of the last of them, “Solar
Wind-11" in 2005 [1]). Based on the scientific issues,
one can conventionally classify these studies onto two
types. On the one hand, the heliosphere represents a
huge “laboratory setup” using which one can investi-
gate dynamics of the solar wind magnetized plasma
under various conditions. On the other hand, the solar
wind is the main agent that transports disturbances
from the Sun to the Earth. Therefore, without studying
it one cannot solve a variety of space weather problem.
It is precisely from this second standpoint that we
describe the solar wind in this paper.

By now a large body of experimental and theoretical
material concerning the mechanisms of disturbance
transfer from the Sun to the Earth has been accumu-
lated. However, the problem of quantitative description
of the entire chain of interactions and, chiefly, the prob-
lem of forecasting the state of the Earth’s magneto-
sphere based on the solar observations, is far from
being solved (see, for example, recent papers on this
topic [2, 3] and references therein). First of all, this is
due to complexity of constructing a mathematical
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model that could describe the complex system includ-
ing a chain of plasma regions (solar atmosphere, inter-
planetary medium, and magnetosphere), where differ-
ent processes dominate. The initial and boundary con-
ditions for these regions are as yet imperfectly
understood. In addition, one needs to take into account
that a part of the phenomena originate in the solar atmo-
sphere, while another part is a result of dynamic pro-
cesses in the interplanetary medium. In this situation, of
great importance become the simplified approaches
that describe the probability of separate typical phe-
nomena instead of dynamics of the totality of physical
parameters. Typical phenomena reveal themselves in
distinctive sets of these parameters, which allows one in
some cases to uncover dominant physical connections
and to construct prognostic schemes for the “Sun—solar
wind—geomagnetosphere system.”

In spite of the fact that solar wind parameters are
subject to large and fast variations, it was established
experimentally that on characteristic scales of ~1 solar
radius (700000 km) to ~1 AU (150000000 km) the
solar wind is structured (i.e., it consists of differing
regions and stream types propagating in the interplane-
tary space; inside them the parameters of plasma and
interplanetary magnetic field vary comparatively
slightly or according to certain known laws), and its
structure is representative of the large-scale structure of
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the solar corona. Certain types of the streams can be
formed already in the interplanetary space at interac-
tions of various types of the solar wind streams, and
typical dimensions of these regions are, as a rule, some-
what smaller than typical dimensions of the solar wind
streams associated with the large-scale structure of the
solar corona. Detailed investigations of the large-scale
streams in the solar wind and a comparative analysis of
them would allow one to get information about physical
processes in the solar wind and solar atmosphere under
different conditions, as well as about processes of trans-
ferring disturbances from the Sun to the Earth with the
help of various types of the solar wind. Therefore, in
this paper we describe the catalog of large-scale types
of the solar wind compiled by us and some preliminary
results obtained with its help.

When the types of solar wind streams are classified,
we use both available world experience and our original
method [4, 5, 6]. This method allows us, using the set
of parameters available in the OMNI database, to iden-
tify reliably 3 types of quasi-stationary streams of the
solar wind (heliospheric current sheet, fast streams
from the coronal holes, and slow streams from the coro-
nal streamers), and 5 disturbed types (compression
regions in front of incoming fast streams (CIR), and
interplanetary manifestations of coronal mass ejections
that can include magnetic clouds (MC) and EJECTA
with the compression region SHEATH preceding
them). In addition, we have included into our catalog
such events (rare enough) as direct and reverse shock
waves, and the rarefaction region RARE. Unlike CIR
and SHEATH, in this case in front of MC/EJECTA a
slow stream in observed after a fast stream (however, at
the present stage, we do not isolate subclasses RARE
after the fast stream or after a fast MC/EJECTA). All
these types of the solar wind are used most frequently
in the studies of similar nature, and they are described
below (see Section 2.1) in more detail. It should be
noted that there also exist more elaborated systems of
classification of the solar wind types, including larger
numbers of the types (see, for example, [7, 8] and ref-
erences therein), however, we restricted ourselves to a
minimum of phenomena that are usually considered in
studies on solar-terrestrial physics.

To create such catalogs is an extremely important stage
of these studies into solar-terrestrial physics (see, for
example, the catalog of magnetic clouds (MC) according
to the data of the WIND satellite http://lempfi.
gsfc.nasa.gov/mfi/mag_cloud_publ.hmtl, http://star.mpae.
gwdg.de/cme_effects/, and the ISTP Solar Wind Cata-
log on the website http://www-spof.gsfc.nasa.gov/
scripts/sw-cat/Catalog_events.html or the Belgian cata-
log http://sidc.oma.be/cactus/ of solar events CME
(coronal mass ejections) made using the images of the
SOHO coronagraph http://lasco-www.nri.navy.mil/,
and their manifestations in the interplanetary medium),
since different types of solar wind streams are charac-
terized by differing extent of action upon the magneto-
sphere or geoeffectiveness [2, 3, 6, 9—12]. However, the

approaches existing at the moment have the following
drawbacks.

1. Only separate chains of phenomena are analyzed
(for example, only coronal mass ejections and their
manifestations in the interplanetary medium [13, 14] or
only CIR [12]).

2. Not continuous series of the solar wind are stud-
ied, but only those interplanetary phenomena which are
either consequences of some events on the Sun or
causes of some disturbances in the magnetosphere (see,
for example, [3] and references therein).

3. The roles played by all types of the solar wind in
solar-terrestrial links are not compared between them-
selves.

4. The phenomena under consideration have small
statistics, and their time series are short.

We have tried to eliminate these drawback in our
catalog which was compiled starting in 2000 and
underwent some changes and extension based on
acquired data and new experience (some important
results [6, 15-18] were obtained using a prototype of this
catalog). We hope that this catalog in its present form
(including the digital version ftp:/ftp.iki.rssi.ru/omni/)
can, on the one hand, help our colleagues in studying
solar-terrestrial links. On the other hand, it can be
extended and improved by our joint efforts. Some sug-
gestions on further development of the catalog are
given at the end of this paper.

2. DESCRIPTION OF METHOD

This description includes three basis sections: (1) a
review of published data with substantiation of the solar
wind types whose inclusion into our catalog is neces-
sary, (2) a description of the initial database OMNI, cal-
culations of new parameters and their inclusion into an
extended database, and visualization of the data, and
(3) computer and visual selection of the data according
to the solar wind types.

2.1. Adopted Classification of the Solar Wind
Types. It has been shown by numerous investigations
that basic types of large-scale streams of the solar wind
can be conventionally divided in quasi-stationary and
disturbed plasma streams [19-24]. Figure 1 illustrates
6 types of the solar wind streams (some of them with
sub-types), three of which (HCS, SLOW, and FAST)
belong to quasi-stationary events, and three types with
their sub-types (CIR/SHEATH, MC/EJECTA, and
RARE) are disturbed streams.

The following streams of the solar wind can quali-
fied as quasi-stationary: the Heliospheric Current Sheet
(HCS) related to the sector structure of the solar wind
and dividing regions with solar and anti-solar directions
of the IMF [12, 25, 26]; the SLOW plasma stream
observed above the equatorial streamer belt; and FAST
plasma stream above coronal holes in which open mag-
netic lines dominate [27-31] (see types (1), (2), and (3)
in Fig. 1). In addition to simultaneous reversals of By
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and By components of the magnetic field, the HCS
event is characterized by observation of cold plasma
with low velocity and high density, as well as by
reduced magnetic field strength. There is no sharp
boundary between the SLOW stream of the solar wind
and the FAST plasma stream, just as there is no sharp
boundary in topology of the coronal magnetic field
when one goes over from the regions with low diver-
gence of magnetic field lines to the regions with open
field lines. Therefore, the demarcation line between the
SLOW and FAST solar wind streams can be drawn con-
ventionally. For example, we considered fluxes with
velocities V < 450 km/s as SLOW plasma, while the
solar wind with velocity V > 450 km/s was classified as
FAST. It is worthwhile to note that the SLOW plasma
stream represents denser and colder solar wind than hot
and rarefied high-velocity FAST stream [31, 32].

Large-scale disturbances of the solar wind can be
associated both with large-scale disturbances on the
Sun and with disturbances originating in the interplan-
etary space. The phenomena originally known as “pis-
ton” belong to the first type. Later they have been asso-
ciated with Coronal Mass Ejections (CME): magnetic
clouds (MC) and EJECTA (or interplanetary coronal mass
ejections, ICME) [11, 12, 33—41] (see Fig. 1, type (5) of
streams). The magnetic fields of MC and EJECTA
events have the form of a rope, and magnetic pressure
dominates over thermal pressure inside them ( < 1).
Strictly speaking, MC is a subclass of EJECTA, being
distinct by stronger and more regular magnetic field, in
this case observation differences can be associated both
with the intensity of CME on the Sun and with the tra-
jectory of a spacecraft relative to the magnetic rope axis
in MC/EJECTA [33, 37-39, 42]. There are at least two
reasons for selection of MC into a separate class:
(1) historically, due to instrumental limitations in sensi-
tivity, precisely the strongest EJECTA, i.e., MC, were
first identified in the solar wind and juxtaposed with
CME; (2) the strongest magnetic storms on the Earth
are associated with MC. Although distinctions between
MC and EJECTA are sufficiently relative (MC have
stronger and more regular magnetic field than
EJECTA), according to tradition we have selected a
subclass MC from EJECTA and consider it separately
[33, 34, 37, 42].

If a large-scale plasma volume with frozen-in mag-
netic field overtakes a slower plasma volume, then a
compression region is formed on their boundary where
plasma has increased values of density, temperature,
and field strength, and 3 > 1. Such a scenario is realized
in the solar wind in two cases. (1) When a faster
MC/EJECTA moves in a slower solar wind, a compres-
sion region called SHEATH is formed before it, and
under certain conditions an interplanetary shock wave can
be formed on the leading edge of SHEATH [9, 43, 44]
(that is, the SHEATH region often accompanies the
MC/EJECTA event). (2) The fast solar wind stream can
play the role of a piston, if there is a sufficiently large
velocity gradient (dV/dt). In this case a region is formed
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Fig. 1. Schematic representation of large-scale types of the
solar wind. Digits designate (1) heliospheric current sheet
(HCS), (2) slow streams from coronal streamers (SLOW),
(3) fast streams from coronal holes (FAST), (4) compressed
plasma (CIR on the front of fast and slow streams, and
SHEATH before the leading edge of a “piston”), (5) “pistons”
(magnetic cloud (MC) and EJECTA pistons), and (6) rarefied
plasma on the front of slow and fast solar wind streams (RARE).

that has become known as Corotating Interaction
Region (CIR) because of the fact that fast streams are
formed, as a rule, in long-living coronal holes and dem-
onstrate co-rotation with the Sun, appearing with a peri-
odicity of solar rotation (27 days) [10, 45] (see Fig. 1,
type (4)). Thought the general principle of formation is
identical for SHEATH and CIR, they differ not only in
the form of “pistons” forming them, but in some obser-
vational facts as well [46—48]. In view of the fact that,
unlike MC/EJECTA, CIR boundary between the fast
and slow streams is tilted at a small angle to the radial
direction, a certain internal structure of CIR is observed
at the Earth’s orbit (in particular, at first an increase in
density and field strength is observed and only later an
increase in temperature [12]). For SHEATH events
these increases are observed almost simultaneously.
However, in our catalog we present the entire interac-
tion region as CIR, without marking out finer substruc-
tures (like density increases distinctly from temperature
increases).

An opposite situation is also possible in the solar
wind, when fast plasma volume goes away from slow
volume. In this case, a rarefaction region RARE is
observed with N < 1 cm™ [49, 50] (see type (6) in Fig. 1).
As in the case of SHEATH and CIR, two types of events
are possible for a volume producing rarefactions: the
fast solar wind stream and MC/EJECTA, but we did not
come to divide this type into two subclasses in our cat-
alog, because of poor statistics and small geoeffective-
ness of RARE.

We have included in our catalog of large-scale phe-
nomena of the solar wind such small-scale events as the
forward and backward interplanetary shock waves IS
and ISA [10, 36, 51-53]. The typical time of observa-
tion of a shock wave front is of order of one minute, and



84 YERMOLAEYV et al.

1

1 1 L

______ = x — —100%
/

L anid
v,
\

L L 1

Number of points

0 1 L
1976 1980 1984

1988

1992 1996 2000

Fig. 2. Annular distributions of the number of hourly data with simultaneous measurements of three parameters (N, V, T) of plasma
(crosses), magnitude and three components (B, By, By, and By) of the magnetic field (diamonds), and all seven parameters (three
parameters of plasma and four of magnetic fields) (points) for the period 1976-2002 over the OMNI database. The horizontal dashed

line show the maximum 100% level of data in a year.

when mean hourly values are used in the database, in
most cases it is impossible to identify these boundaries
(the more so, to check the validity of the Rankine—
Hugoniot relations on them). Nevertheless, we have
made this analysis, since interplanetary shock waves
are natural boundaries of the large-scale types
SHEATH and CIR, and they are frequently used when
the solar-terrestrial links are studied.

Thus, a decision was made to include eight types of
large-scale stream of the solar wind plasma into our cat-
alog: HCS, SLOW, FAST, CIR, SHEATH, EJECTA,
MC, and RARE, as well as two short events suspected
to be IS shock and ISA inverse shock.

2.2. Calculation and Extension of the OMNI
Database. The OMNI database  (http://omni-
web.gsfc.nasa.gov) [54] was used as original data for
determination of the types of solar wind streams. It
includes near-terrestrial data obtained by various satel-
lites in the observation period from 1963 to 2001. The
database represents a compilation of the magnetic field
data (GSE and GSM), plasma data (densities, veloci-
ties, and temperatures of plasmas), fluxes of energetic
particles, as well as certain solar indices (sunspot number)
and geomagnetic indices (K, Dy, and C9 indices) with
one-hour averaging. A more detailed description of the
database is given on the website ftp:/nssdcftp.
gsfc.nasa.gov/spacecraft_data/omni/old_hourly/ow_data.
html [54].

The original OMNI database was preliminary sup-
plemented by the following calculated parameters of
the solar wind, which are the key parameters for identi-
fication of the types of solar wind streams.

1) The ratio of thermal and magnetic pressures (beta
parameter) [ = NkT/(B*/8m), where N, T, and B are,
respectively, density (cm™), temperature (K) of plasma
(protons), and magnetic field strength (nT).

2) Expected mean temperature at expansion of the
solar wind calculated based on the velocity dependence
of T: Ty, = (0.031V — 5.1)* at V < 500 km/s and T, =

(0.51V—142) at V=500 km/s, where V is the solar wind
velocity [55].

3) The ratio of measured and expected temperatures,
T/T,

exp*

4) Kinetic pressure of the solar wind in nPa: mNV?,
where N and V are the plasma density and velocity,
respectively.

5) Thermal pressure of the solar wind in nPa: NkT,
where N and T the plasma density and temperature.

6) Corrected D index (nT) in which there is no
contribution of dynamic pressure of the solar wind:
D¥* =D, —0.2(N[cm>] x V?[km/s])'”? + 20, where D,,

is the usual index, and N and V are the plasma density
and velocity, respectively [56, 57].

7) Increments (gradients) of density and magnetic
field magnitude, DN and DB on an interval of six hours,
and of velocity DV6 and DV 10 on intervals six and ten
hours, respectively.

It should be noted that, since the relations Texp ~V2~1/N
are valid on the average, parameter 7/T,, turns out to
be proportional to thermal pressure NkT, however, ther-
mal pressure allows one to distinguish HCS and
MC/EJECTA more reliably [2]. Nevertheless, parameter
T/T., is convenient for classification of MC/EJECTA,

and we have included it into the extended database and
used in the analysis.

The period of observations from 1976 to 2000 was
selected for compiling the catalog of large-scale events
in the solar wind, since the data about the earlier period
of 1963—1075 was to scanty and fragmentary. Figure 2
shows the degree of coverage of the solar wind by
plasma and magnetic field data for the interval 1976—
2000 according to the OMNI database. One can see in
the figure that the number of simultaneous measure-
ments of plasma and magnetic field is small (the region
of simultaneous measurements of the velocity and mag-
netic field magnitude is equal to 48.7% of the total time
in the interval under study (1976-2000)) and for some
years it does not exceed 50% of time. The latter circum-
stance should be taken into account when comparing
some yearly averaged values of some parameters, for
example, the number of events per year.

2.3. Method of Data Selection. Two ways of iden-
tificated of separate stream types were used when com-
piling the solar wind catalog: computer identification of
the solar wind types according to threshold criteria and
identification by eye. To this end, a preliminary pro-
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Table 1. The set of criteria used for identification of various types of solar wind streams
1 |HCS 5 >7 <500 >0.7
0.5 0.5 0.5 2.5 2.5
2 |SLOW 3 >3 <450 <l
0.5 2.0 0.5
3 |FAST 3 | <20 |=450 <1
0.5 2.0 0.5
4 |CIR 5 >3 >5 >1 >0.007| >1
0.5 0.5 3.0 0.5 0.5
5 |EJECTA| 4 | <10 <0.5 | <0.01| <0.5
0.5 4.0 1.0 1.0
6 |MC 5 | <10 >10 <0.5 | <0.01| <0.5
0.5 3.0 3.0 1.0 1.0
7 |RARE 4 <1 |<500 <1 <0.01
2.5 0.5 0.5 0.5
8 |1IS 4 >50 >2 >2 **a
1.0 1.0 1.0 1.0
9 |ISA 4 <50 <2 <2 **b
1.0 1.0 1.0 1.0

Note: 1. HCS and IS (ISA) are boundaries rather than extended regions, therefore, for HCS * one should check reversals of By and By
components of the IMF relative to their preceding values, and for IS ** a and ISA ** b the increments of temperature A7 > 0 and

AT < 0, respectively, should be checked.
2. For SHEATH the same criteria as for CIR were used.

gram point-by-point binding of measurements to the
above-listed types of streams was performed. Based on
numerical criteria imposed on plasma and magnetic
field parameters (see Table 1), we have estimated the
probability (or the degree of reliability) that each sepa-
rate one-hour point of measurement is ranked among
one or another type of events. Since the time behavior
of parameters is rather important (for example, CIR and
SHEATH types can be distinguished only by a “piston”
observed behind them: fast wind or MC/EJECTA), at
the next stage we refined the kind and duration of each
type of the solar wind stream identified according to
threshold criteria. In addition, since we are interested in
large-scale phenomena, we also smoothed to some
extent small-scale variations of both measurements
results and results of identification according to the
threshold criteria.

As a result of such a processing, we have created an
archive of graphical data of extended OMNI database
including the figures with key parameters specified
above over the time period 1976-2000. Figure 3 presents
an example of visualization of the key solar wind param-
eters in the period from April 23, 1989 to April 30, 1989
(panels /—7) and of the results of identification of the streams
according to specified criteria taking into account the
weights presented in Table 1 (panel 8§ in Fig. 3). (Figure 3
represents a black-white variant of color plots taken
from the SRI web pages ftp:/ttp.iki.rssi.ru/pub/omni/. and
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ftp://ftp.iki.rssi.ru/pub/omni/catalog/. Therefore, it is
less pictorial than its originals, and we recommend to
look at the Internet data.) As is seen in Fig. 3 (panel §),
first propagates the EJECTA type wind which then goes
over into the CIR type. The reliability of identification
of these type of events using the threshold criteria is
close to unity. An interaction of the two types of events,
EJECTA and CIR, is observed. During the EJECTA
event, a weak magnetic storm with D, < =50 nT is
observed, while the CIR event has caused stronger
magnetic storm with D, < —150 nT (Fig. 3, panel 7).
After the CIR type, changes in the wind parameters are
not significant, and their values do not correspond to
the criteria of disturbed types of events. In this case, the
solar wind interval following CIR is estimated accord-
ing to the velocity criterion and classified as the fast
solar wind (FAST). Thus, according to solar wind
parameters this time interval can be attributed to two
types of events at once (with different reliability): first
EJECTA on the SLOW background, then CIR on the
background of transition between SLOW and FAST, and
finally simply FAST. The archive has been resided on the
Internet, SRI website ftp:/ftp.iki.rssi.ru/pub/omni/. After
that, thus obtained archive of graphical data of the
extended OMNI database can be used for visual identi-
fication of various types of the solar wind.
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Fig. 3. An example of visualization of key solar wind parameters of the modified OMNI database for the time interval April 23-30,
1989. From top to bottom: the first panel presents B parameter, 7/T, exps and NkT (nPa); the second panel shows B, By, By, and field
gradient DB (nT); T and Tex (K) are given in the third panel the fourth panel presents N (cm™ ) mNV? (nPa), and density gradient
DN (cm™); the fifth panel demonstrates velocity V and its gradient DV6 (cm™ 3); the sixth panel shows the K, index; and the seventh
panels presents D, corrected D¥; indices (nT). The last, eighth panel demonstrates identification of the solar wind types according

to specified criteria (see text).

The set of criteria that are used by us in program
identification of the above-listed types of the solar wind
plasma stream (solar wind types) is presented in Table 1.

It follows from Table 1 that each out of nine types of
the solar wind (see column 2, SW type) is characterized
by its own set of parameters. The number of parameters
used for identification of different types is specified in

column 3 (P). For example, five parameters were used
for identification of the heliospheric current sheet
(HCS), their threshold values being presented in corre-
sponding columns (N, V, B, By, By). At the same time,
only three parameters were used for determination of
the SLOW and FAST types (N, V, B). Graphic files with
the numbers of satisfied criteria for each type of events
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at every point of measurements (the file type is
YYYYMMDD.jpg, where YYYY is year, MM is
month, and DD is day) are also presented on the SRI
website: ftp://ftp.iki.rssi.ru/pub/omni/catalog/, where
they are allocated in separate directories according to
years, from 1976 to 2001.

In addition, inside the set used for identification of
various solar wind types the contribution (significance)
of each parameter to event determination can differ.
Therefore, for each type we had determined the main
parameter of selection criterion, to which the maximum
weight was assigned (see Table 1, where the main
parameter is marked out in boldface, parameter weights
W for each type are presented in corresponding col-
umns). For example, simultaneous reversal of By and
By components of the magnetic field is the main indica-
tor of HCS (each of them has weight W=2.5, see Table 1).
The main criterion for SLOW and FAST is the plasma
velocity V <450 km/s or V =450 km/s (weight W = 2.5).
For rarefied plasma or the RARE event very low den-
sity is the main indicator. It is worthwhile to note that,
in order to identify three type of the wind (fast wind
FAST, slow wind SLOW, and rarefied wind RARE),
one needs information only on plasma parameters, and
no magnetic data are required at all. The ratio of tem-
peratures 7/T,,, was assumed to be the main indicator
for CIR, EJECTA, and MC (for MC one should add the
large strength of magnetic field B as well). In actual
practice, parameter 3 is shown to be more reliable for
identification of these stream types, however, in order
to calculate it, one needs the parameters of both plasma
and field. Therefore, B is absent in the database more
frequently than 7/T,,,, and due to this reason the latter
parameter was selected as a main parameter for the
analysis on this stage. For interplanetary shock waves
(events IS and ISA) representing the boundaries, it is
necessary to satisfy all four conditions simultaneously
(i.e., contributions of all four parameters to the selec-
tion criterion of these events are identical, in other
words, their weights are equal). It should be noted that
in case, when no magnetic data were available, for
identification of the CIR, EJECTA, MC, IS, and ISA
types whose criteria include the magnetic field, only
plasma data were used, though such identification had
lower reliability.

Thus, in order to determine to which type of the
solar wind every measurement point belongs and with
what probability, we calculated the ratio of the number
of met criteria (taking weights into account) to their
total number, also taking weights into account (see
Table 1). The obtained ratio varies from O (if none of the
criteria presented in Table 1 is met) to 1 (if all threshold
criteria for a given event type are satisfied). Thus, one
can assume that all measurement points having the sum
of relative weights above a certain threshold value W,
(possibly different for every type of events) belong to a
given stream type with a probability exceeding some
threshold value. After a preliminary analysis the thresh-
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old values W, > 0.6 were used for selecting various type
of events excluding events IS (and ISA), for which it
was assumed W, > 0.75, since all conditions should be
met in this case (W, = 1 when magnetic field data are
available, and W, = 0.75 if there are no field data and
only plasma data are used).

A preliminary analysis shows that for six types of
the wind (HCS, SLOW, FAST, CIR, EJECTA, and
RARE) selection of points with the threshold weight
W,2 0.6 means that those points are classified as a
given type for which, as a minimum, the main criterion
is met (while none of secondary importance criteria are
met) and the points for which additional criteria (any
number of them) are satisfied within the limits specified
in Table 1. For the IS type the threshold value of the rel-
ative weight is W, 2 0.75. This means that only those
events are selected for which either all conditions for a
given type are met (when field data are available) or
only plasma conditions are met (when there are no field
data). Selection W, > 0.6 for the MC type means that we
select only those points at which, as a minimum, one of
two main conditions (high field B > 10 nT or low tem-
perature ratio 7/T,, < 0.5) is valid, and two of three sec-
ondary importance conditions (see Table 1).

As a result of processing (by program and by eye)
we have got the files of point-by-point reference of the
OMNI data to different types of the solar wind (see the
bottom panel in Fig. 3). Namely, each point of measure-
ments can be considered as belonging to any of nine
stream types (sometimes to two types), but with differ-
ent probability (degree of reliability), depending on
corresponding relative total weight which was calcu-
lated for each stream type using its own numerical cri-
teria of selection.

3. RESULTS OF ANALYSIS

In this section we present some results characteriz-
ing the behavior of various plasma and magnetic field
parameters in various types of the solar wind. The total
statistics (the number of intervals) of all visually iden-
tified events of different types is presented in Table 2.
In so doing one should remember (see Fig. 2) that the
number of annually available measurements can vary
from year to year approximately twice, and it is neces-
sary to increase the total number of events by approxi-
mately 50%. Since it is difficult to formulate the
“event” concept for fast and slow streams in a physi-
cally unequivocal way, we have not included these
types into those data, where events are analyzed, but
they are used when parameters are determined using
the number of measurements. The EJECTA and HCS
events appeared most frequently, more rare were the
CIR and SHEATH events, EJECTA and MC together
being observed approximately twice more frequently
than CIR, and only a half of them had SHEATH. Rar-
efied plasma RARE and reverse shock wave ISA occur
least often. The number of such events per year varies
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Table 2. Statistics of visually selected events (number of intervals) over the entire period 1976-2000

Type of event Total number Mmlr;glrn;;llimber Maximum number | Average number | Standard deviation
HCS 1449 17 219 57.96 46.12
CIR 884 21 55 354 9.04
SHEATH 740 10 51 29.6 13.9
EJECTA 1567 36 123 62.68 23.45
MC 136 0 15 5.44 4.19
RARE 18 0 8 0.72 1.8
IS 319 2 43 12.8 10.2
ISA 14 0 5 0.56 1.3

Table 3. Average values and standard deviations of parameters in various types of the solar wind during the 1976-2000 period

HCS SLOW FAST CIR EJECTA MC SHEATH RARE

Duration, h 4.67 £6.05 20.6 +12.229.8+£20.5({28.2+13.4(15.7+10.1|20.1 £ 14.3

Number of events 1443 718 1127 101 642 9

N, cm™3 121+6.6 | 108+7.1 | 6.6x5.1 | 141+£99 | 7.8+£53 | 10.1£8.0 |143+10.6| 1.7x£1.8
6208 84299 44543 12647 27259 2225 8596 139

V, 10% km/s 38£06 | 3.7£04 | 54+£0.8 | 4509 | 41£09 | 41+£1.1 45+1.1 51£1.6
6214 84805 44798 12666 27310 2233 8615 146

B, nT 39+£22 | 59+29 | 64135 | 8.7+4.1 6.4+2.8 12+52 85+45 | 6.7+£2.2
6322 67719 36179 10493 23857 2237 7286 116

T/Texp 0.8+0.9 1.0x14 1.0x£0.7 1.7£20 | 0713 | 0.7x£1.5 1.5£1.2 1.1£0.9
5950 75901 40026 11149 25275 2016 7851 124

T,10*K 41+x41 | 44+44 |13.1£11.8|13.8x13.3| 42+£53 | 45+6.6 |129+17.6(11.1£10.7
5950 75901 40026 11149 25275 2016 7851 124

NkT, 1072 nPa 06+13 | 0.6£1.3 1.3£23 | 22+28 | 04+1.2 | 0.7£20 | 22+£36 | 0.3+£0.5
5950 75901 40026 11149 25275 2016 7851 124

B, 107! 95+02 | 52200 | 6.1+0.1 6.5+0.1 3.1£0.0 1.6 £0.1 6.5%0.1 23105
5878 59669 32244 8829 20518 1725 6465 100

B,,nT -0.01£23| 0.08+3.1 [ 0.05+34 | 02+44 | 0.03+33 | -08+7.7|0.10x49 | 0.80+2.8
6322 67719 36179 10493 23857 2237 7286 116

D, nT -6.5£15.0-10.7 £ 18.2|-28.7 £25.9|-18.0 £ 27.2|-21.1 £ 25.4|-52.1 £45.8| -21.5 £ 33 |-27.0£22.0
6415 85459 45017 13120 29046 2571 6856 147

mNV2, nPa 29+14 | 24216 | 32128 | 44+28 | 2117 | 33+£32 | 49+4.7 | 0.8£0.6
6208 84299 44543 12647 27259 2225 8596 139

over the entire time interval under consideration, and
this value can scatter by an order of magnitude (see the
difference between the minimum and maximum number
of events per year). For some events (for example, HCS
and MC) the standard deviation relative to the mean

annual number is comparable with the average value.

Numerical values characterizing the behavior of
various plasma and magnetic field parameters in differ-
ent types of the solar wind are presented in Table 3. The
second row of the table gives average durations and

their root mean square deviations for different types of
the solar wind. Here and further in the table the data are
presented in the form {(a) * s(a), where {(a) and s(a) are
the mean value and root mean square deviation of quan-
tity a, respectively. In the second row of Table 3, below

these values, the numbers of events are presented that

COSMIC RESEARCH  Vol. 47

were used for calculation of the above parameters.
These numbers are somewhat lower than in Table 2,
since in this case (for Table 3) we have taken only those
events that had neither initial nor final intervals without

No. 2 2009
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Fig. 4. Duration distributions of different types of the solar
wind for the period 1976-2000.

plasma and magnetic field data, i.e., they were not trun-
cated due to absence of data. These numbers turn out to
be still more underestimated than in Table 2. In this
case, the number of events decreases approximately
proportionally to the number of events in Table 2, and
it is underestimated stronger for those solar wind types
that have longer duration of events. The remaining rows
(after row 2) of Table 3 include the numbers of one-
hour points belonging to a given type of the solar wind.

Histograms of duration distributions for events from
Table 3 are presented in Fig. 4. For all types the distri-
butions have sharp boundaries from the side of short
durations and long tails in the region of long durations,
which results in the fact that mean values turn out to be
a bit larger than maxima of the distributions. The
EJECTA and MC types whose durations are equal to 30
and 28 hours, respectively, are the longest. CIR and
RARE last about 20 hours, durations of SHEATH and
HCS are 16 hours and 5 hours, respectively. For the
events resulted in magnetic storms [17, 18, 58] dura-
tions of EJECTA/MC and CIR turn out to be 28.3+12.0
and 19.8 £ 7.7, respectively, while SHEATH events are
almost twice shorter: 8.9 =4.7.

Below, in Figs. 5-14 we present histograms of dis-
tributions for various parameters of the solar wind
plasma and magnetic field (N, V, T, T/T.,, NkT, B,
mNV? = Py, B, By) and D,, index for all types of solar
wind streams in the time period 1976-2000.

The strongest differences in velocity (Fig. 5) are
observed for FAST and SLOW solar wind streams in
accordance with their definition (=450 and < 450 km/s).
For the other types of the solar wind this difference is
smaller, all of them have a maximum near 400-
450 km/s and long tails extending beyond 600 km/s.
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Fig. 5. The same as in Fig 4, for the solar wind velocity V.

Unlike velocity, density has larger variations (see
Fig. 6, where the data are presented on logarithmic
scale), and distinctions between various types of the
streams are noticeable. The density in SLOW streams is
higher than in FAST events. It is also higher in HCS,
CIR, and SHEATH than in EJECTA and MC.

Dynamic pressure defined as a combination of
squared velocity and density, mNV?, varies in a way
similar to velocity (see Fig. 7): high values are observed
in fast streams FAST, CIR, and SHEATH, while low
values are typical for HCS, SLOW, EJECTA, MC, and
RARE.

15000F FAST —
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2 10000 | FJECTA----
5
£
S 5000
=1
4000 F
s HCS——
8 3000F CIR—
E MC——
| SHEATH- - - -
Z 2000 SHEATH----
1000

107" 10 10! 102
N,cm_3

0
102

Fig. 6. The same as in Fig 4, for the solar wind density N.
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Fig. 7. The same as in Fig 4, for the solar wind dynamic
pressure mNV~.
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Fig. 9. The same as in Fig 4, for the relative temperature of
solar wind 7/T;

exp*

The behavior of proton temperature (Fig. 8) is close
to the velocity behavior: high temperature is observed
in FAST, CIR, and SHEATH, and low temperature val-
ues take place in SLOW, EJECTA, MC, HCS, and
RARE. Relative temperature 7/T,, (Fig. 9) is close to
unity in undisturbed solar wind types FAST and SLOW,

15000
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£ 5000 |-
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E _. 1 |
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O Lo L el h
102 103 10* 107 10°
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Fig. 8. The same as in Fig 4, for the temperature of solar
wind protons, 7.
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Fig. 10. The same as in Fig 4, for the thermal pressure of the
solar wind NkT.

it is higher than unity in compressed types CIR and
SHEATH, and lower than unity in EJECTA, MC, HCS,
and RARE.

Thermal pressure of the solar wind NkT (Fig. 10)
behaves itself similarly to 7/T,,,: it is high in CIR and
SHEATH, and low in EJECTA, MC, HCS, and RARE.

COSMIC RESEARCH  Vol. 47  No. 2 2009
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Fig. 11. The same as in Fig 4, for the interplanetary mag-
netic field magnitude, B.
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Fig. 13. The same as in Fig 4, for the ratio of thermal and
magnetic pressures ([§ parameter).

The interplanetary magnetic field magnitude
(Fig. 11) has high values in MC, CIR, and SHEATH,
middle values are typical for FAST, SLOW, and
EJECTA, and low for HCS and RARE. The IMF value
is one of basic parameters for selection of MC of
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Fig. 12. The same as in Fig 4, for the B; component of the
interplanetary magnetic field.
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Fig. 14. The same as in Fig 4, for the D; index.

EJECTA. The distribution of the B, component of the
IMF (Fig. 12) for all types of the solar wind has suffi-
ciently symmetrical form (with equal numbers of posi-
tive and negative values), and its mean value is close to
zero.
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It is worthy of noting in this case that disturbed
types HCS, CIR, SHEATH, MC, and EJECTA have
broader distributions. This means that for them the
probability of observing a noticeable south component
of the IMF is higher.

The ratio of thermal and magnetic pressures
(B parameter, Fig. 13) have higher values for CIR and
SHEATH, and lower values for MC and EJECTA.

The D,, index has a maximum near the interval from
0to —20nT for all types of the solar wind. However, for
disturbed types (having, according to Fig. 12, the
broader distributions of the IMF B, component) CIR,
SHEATH, MC, and EJECTA, and for FAST the distri-
butions have long tails into the region of low D,, index
values, so that the mean values turn out to be nonzero.

4. DISCUSSION ANS CONCLUSIONS

The results of our identification were partially com-
pared to tabulated data of various events presented on
the website http://star.mpae.gwdg.de/cme_effects/, and
to the ISTP Solar Wind Catalog on the website
http://www-spof.gsfc.nasa.gov/scripts/sw-cat/Catalog_
events.html. It has been shown by preliminary analysis
that strong discrepancy of the results, for example, con-
cerning identification of the shock waves (IS) and of
HCS events (up to 50%), is associated with the fact that
in the catalog either magnetic field alone or field simul-
taneously with plasma data are absent (for example,
37 out of 47 HCS events missed by us are explained
by gaps in the data). One can conclude that the main
cause of the lack of coincidence is the use of different
original databases. At the same time, comparison with
the ISTP Solar Wind Catalog on the website
http://www-spof.gsfc.nasa.gov/scripts/sw-cat/Catalog_
events.html, which is compiled based on the data of sat-
ellites WIND and IMP8, demonstrates very good coin-
cidence (95-100%) with the FAST, SLOW, and MC
events. Thus, comparing our results of identification
with previously obtained tables of different types of
streams we have got a good agreement in more than
90% of events, some discrepancies being observed
under conditions when either some parameters were
not measured or complicated observed phenomenon
had the features specific for several types of streams
and, thus, no unequivocal interpretation was possible.
For example, when two or more EJECTA/MC interact
between themselves, a sufficiently complicated phe-
nomenon comes into being. The compressed
EJECTA/MC can have in this case some properties of
both EJECTA/MC and SHEATH, and precisely these
phenomena turn out to be heliospheric sources of the
strongest magnetic storms [59]. In the future such inter-
vals (interactions of differing stream types) apparently
should be classified as separate subtypes of the solar
wind streams.

Comparison of the events obtained by us with the
data of other authors will be continued. Moreover, soon

we hope to improve the situation considerably by using
more complete OMNI2 database.

The above distributions of plasma and magnetic
field parameters in various large-scale types of the solar
wind clearly demonstrate that boundary values selected
on the basis of numerous experiments have allowed us
to make selection of all measured intervals of the solar
wind and to assign each of them to a certain type (or
several types, but with different degree of identification
reliability). It is important to note that, unlike numerous
papers where similar boundary approaches were used
for selection of only one or two stream types (see, for
example, [12, 13]), this paper realizes this approach
with a single set of criteria to eight large-scale stream
types and demonstrates that it can operate reliably. The
obtained statistical characteristics and histograms of
the solar wind and IMF parameters in various types of
the streams well agree with previously obtained results
(see [60] and references therein).

As for the plans of future development of the cata-
log, we would like to (1) extend it into the region of ear-
lier observation; (2) to go over to the OMNI2 version,
which would allow us to extend the catalog in the
region after 2000; (3) to include into analysis the data
with higher time resolution for more reliable identifica-
tion of forward and backward interplanetary shock
waves; and (4) to investigate the influence of thresholds
on identification of rarefaction regions RARE whose
selection at the moment is preformed with rather rough
threshold.
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