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Abstract

Herein we present a detailed list of ICMEs at 1 AU
for the period 1995-2004 based on Wind and ACE
observations. In the course of the study, we find that
variation of total perpendicular pressure (Ptpp) 1s a very
effective complementary criterion to distinguish ICMEs
from other solar wind disturbances such as stream
interactions, and to characterize ICME strength. Of the
227 ICMEs, 67% are associated with shocks. We classify
200 of the ICMEs into 3 groups based on the
characteristic temporal variation of Ptpp. Group 1
includes those events that appear to be traversed near the
center of the ICME and show evidence for enhanced
central magnetic pressure. We find that about 36% are
Group 1 events, which 1s consistent with the conventional
wisdom that a magnetic cloud 1s found during crossings
of only one third of the ICMESs. In addition, we examine
the variation in the properties of ICMEs over the solar
cycle, and find, as expected, characteristic variations in
occurrence rate and strength.

Introduction

Interplanetary Coronal Mass Ejections (ICMESs) are
the interplanetary manifestations of Coronal Mass
Ejections (CMEs), seen 1n light scattered from enhanced
electron densities in the solar corona. The 1dentification of
ICMESs 1s usually based on patterns of change in the
individual component of the magnetized plasma: a
stronger than ambient magnetic field, a rotating magnetic
field, low beta, low ion temperature, declining velocity
profile and others. Based on the somewhat subjective
criteria, several observers have compiled lists of ICME:s,
which are not a little different from each other.

A magnetic field exerts no pressure along its length,
but magnetic field and plasma both contribute to the
pressure force perpendicular to the field direction. We
define total perpendicular pressure, Ptpp, as the sum of
the magnetic pressure and thermal pressure
(B2/2uy+tnkT). If magnetic field lines are straight (no
magnetic curvature force), the action of compressional
waves should tend to keep Ptpp spatially uniform in the
absence of an interaction with an obstacle. If there 1s a
collision of the plasma with an obstacle, a gradient in the
pressure will develop that deflects the plasma around the
obstacle. In addition, 1f the magnetic field 1s twisted and
not straight, the magnetic field strength may be higher
than 1f it were straight because twisted magnetic fields
can balance pressure gradients. Therefore, Ptpp can assist
in the 1dentification of magnetic clouds in ICMEs.

Ideally the identification of stream interactions and
ICMEs should be undertaken with the minimum set of
parameters necessary for an unambiguous identification.
There are many solar wind properties that change during
stream 1nteractions and ICMEs, and only a few of these
occur sufficiently regularly to be necessary and sufficient
identifiers of these two solar wind disturbances. These
identifiers are the Ptpp and the solar wind speed.
Supplemented with the solar wind flow direction and the
magnetic field direction, we have an over determined set
of 1dentifiers that can robustly characterize all
dynamically active solar wind disturbances.

Signatures in the Total Perpendicular Pressure (Ptpp)

Assuming a constant solar wind electron temperature
130,000 K and a constant 4% fraction of alpha particles
by number with a temperature 4 times that of the protons,
we have calculated the total perpendicular pressure for all
the Wind (SWE and MFI) data and ACE (SWEPAM and
magnetometer) data.

In Figure 1, we have inserted a fluxrope as the
obstacle to the flow 1n Spreiter et al.’s [1966] gas dynamic
simulation of the flow past a blunt object. The contours
show the density which we will take as a rough proxy for
the pressure. Depending on where the spacecraft passes

Figure 5. Annual Statistics of Some Properties of ICMEs
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through the ICME relative to the center of the flux rope, there are three groups
of Ptpp profiles of ICMEs, illustrated by 3 examples of Figures 2-4. For Group
1 ICMEs, the spacecraft penetrates the central fluxrope where magnetic
curvature forces (twist in the rope) contribute to enhancing the magnetic field
strength and our simple pressure balance calculation 1s 1nsufficient to describe
the forces. Group 2 ICMEs, having a rapid rise (at the shock) with a pressure
plateau and a much later return to earlier lower pressure (Figure 3), are
interpreted as occurring further from the nose of the obstacle and perhaps the
outer parts of the obstacle are penetrated. When the spacecraft just passes
through the shock well to one side of the central ICME interaction without
entering the magnetic obstacle, we get a pressure profile having a short
transient with a rapid rise followed by a decay over hours or over days (Figure
4). These ICMEs are classified as Group 3 ICMEs in our study, and the
individual features of the magnetic cloud, such as the stronger than ambient and
rotating magnetic field, may not be recognizable. Here the behavior of Ptpp
assists our 1dentification.

Variation of the Properties of ICMESs during the Period 1995-2004

Mainly depending on the behavior of the total perpendicular pressure (Ptpp)
and also considering the individual criterion of ICMEs, but not confined to
magnetic clouds, we have classified 227 ICME events from 1995-2004 Wind and
1998-2004 ACE solar wind data. So, the annual average ICME event number is
about 23. Based on two spacecraft, we feel more confident than before, but we do
not rule out that we might miss some events due to data gaps and noise.

We denote AP as the change of the Ptpp across the discontinuity, Pmax,
Bmax as the peaks of Ptpp and B, Rv as the ratio of Vmax to Vmin, AV as the
change in the solar Wind speed during each event. In the study, we define the
boundary between which we can see the apparent flux rope structure and
properties, rather than starting from the magnetic sheath region. However, if
there 1s no obvious magnetic obstacle boundary, we fix the boundary at the jump
of pressure 1f there 1s a shock; if neither, we generally set the boundary based on
the behavior of total pressure, like where the pressure structure emerges from and

decays back to the ambient solar Wind.

Table 1 presents a detailed list of ICMEs for 2002. And similarly we lis
ICME events for the whole 10 years. For a discontinuity simply indicated by
Ptpp, we basically check the V, Np, Tp, B one by one, to verify if it 1s a forward
or reverse shock. From the list, we emphasize that most ICMEs have the
declining solar wind velocity, indicated by the negative value of AV.

We classify 200 ICMEs with clear characteristics in Ptpp into 3 groups,
shown in Table 2. And among them, there are 72 Group 1 events, indicating that
about 36% of ICMEs are encountered by the Wind or ACE through the flux rope.
This 1s consistent with the general wisdom that about 1/3 ICME observations are
encounters with magnetic clouds. This suggests in turn that all ICMEs may
contain magnetic clouds but the spacecraft does not pass through this cloud in the
majority of the events. In Table 2, we also list the number of our identified
ICMEs and compare them with ICMEs identified by Cane and Richardson (not
confined to magnetic clouds, MCs, and confined to MCs) as well as MCs
identified by Lepping for the 10 years. Generally, we find over 10 fewer events

per year than Cane and Richardson during 1998-2001.
However, as expected, the number of Group 1 events in
each year 1s close to the count of MCs by the other two
groups.

Table 3 lists the number of ICME events, the
number and percentage of eventsmean for the 10 years,
also the maximum and minimum values among all
events duing the 10 years. In all, 67.0% of ICMEs occur
with shocks. We have found no ICMEs associated with
forward-reverse shock pairs. This number 1s 2.20% of
all ICMEs. Additionally, Figure 5 shows the solar cycle
variation of the annual ICME statistics. Besides the
parameters in Table 3, Figure 5 also displays the
variation of Duration, Vmax, Vmin of events. Averaged
over all these events, Pmax 1s 212+18 pPa; Bmax is
17.5£ 0.6 nT; Rv 1s 1.36+0.02, and AV 1s -122+9 km/s,
where the uncertainty 1s the probable error of the mean.

In contrast to SIRs, the occurrence rate of ICMEs
has a clear solar cycle dependence, with a maximum
occurrence of 38 events in 2000, at solar activity
maximum, and a minimum occurrence of 7 events in
1996, at solar minimum. The duration and change in
velocity of events are both generally larger around solar
maximum than solar minimum. In addition, the Pmax
distribution 1s quite wide, centered on 125 pPa, varying
from 20 pPa up to 2250 pPa, as 1llustrated in Figure 6.

Moreover, there are 79 hybrid events over the 10
years, and we list them in Table 4. Such events
consisting of more than 1 event are usually more
geoeffective and may lead to better understanding of the
heliospheric structure near the Sun.

Conclusions

Total perpendicular pressure Ptpp has a simple
temporal variation, smooth except for shocks, while the
temporal variations of its individual components are not
simple. Depending on the position of the spacecraft
passing through the ICME, we can classify the Ptpp of
ICME:s into three groups. Corresponding to Group 1, 2
and 3 ICMEs, the profile of Ptpp has a central pressure
maximum, a sharp rise followed by a steady plateau, and
a gradual decay respectively. From 1995-2004 the solar
wind data from Wind and ACE, we 1dentify 227 ICMEs,
and 67% of these ICMEs occur with forward shocks.
The occurrence rate and change in velocity of ICMEs
both have a clear solar cycle dependence. The peak
pressure Pmax has a broad distribution, centered on 125
pPa, with the average value 212£18 pPa. We also
classify 79 interesting hybrid events.

We look forward to the launch of STEREO that
will allow us to make two to three (using ACE or
WIND) cuts through ICMEs at varying distances from
the center, enabling us to establish the ecliptic longitude
variation of these structures and to test our hypothesis
that the pressure signature of ICMEs depends on the
impact parameter.
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