JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A12, 1425, doi:10.1029/2003JA010088, 2003

Merged interaction regions at 1 AU
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[1] We discuss the existence of large, complex merged interaction regions (MIRs) in the
solar wind near Earth. MIRs can have configurations that cause more prolonged
geomagnetic effects than a single flow structure. A MIR or successive MIRs can produce
relatively long lasting Forbush decreases at 1 AU. We illustrate MIRs at 1 AU with two
examples (MIR-1 and MIR-2) seen by WIND and ACE in the interval from 18 March
through 29 March 2002. We determined the probable structure and origin of each in terms
of interacting flows and shocks using in situ and solar observations, but we emphasize that
there are uncertainties that cannot be resolved with these data alone. The MIRs were
relatively large structures with radial extent ~2/3 and 3/4 AU, respectively. MIR-1 was
formed by interactions related to at least two complex ejecta, a magnetic cloud, and two
shocks. MIR-2 was related to a corotating stream, the heliospheric plasma sheet (HPS),
two complex ejecta, a magnetic cloud and at least two shocks. A MIR can evolve
significantly while it moves to 1 AU, and memory of the conditions near the Sun is lost in

the process. Thus one cannot unambiguously determine the structure of a MIR and the
manner in which it formed using observations from a single spacecraft at 1 AU. The
magnetic field strength profiles in MIRs are not correlated with the speed and density
profiles so that one cannot infer the magnetic field strength in MIRs from remote sensing
observation that give density and speed information. It will be possible to better
understand the dynamical processes leading to the formation of MIRs with remote

sensing observations, but they cannot measure the magnetic fields in MIRs.
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1. Introduction

[2] Interactions among flows between the Sun and 1 AU
can produce “merged interaction regions” (MIRs) with
strong magnetic fields at 1 AU. MIRs can strongly influence
geomagnetic and ionospheric activity, cosmic ray modula-
tion, and energetic particle propagation. In situ observations
of the solar wind at a point at 1 AU provide signals giving
detailed information about the local structure of a MIR
moving past that point, but the signals cannot tell us directly
how the MIR formed. Continuous remote sensing observa-
tions (such as the available scintillation observations and the
observations that will be obtained by the STEREO space-
craft) together with solar observations can provide a global
view of the speed and density patterns related to the flows
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and interactions that produce the MIRs. Unfortunately, the
remote sensing observations cannot provide detailed infor-
mation about the structures, and they give no information
about the magnetic fields within MIRs, which are crucial in
SEC (Sun-Earth Connection) processes. A fundamental
problem in Sun-Earth Connections is to predict the plasma
and magnetic field profiles at a point at 1 AU, given the
appropriate solar observations. The problem of predicting
the profiles in MIRs at 1 AU is important and particularly
challenging.

[3] Interaction regions are defined as regions in which the
sum of the magnetic field and plasma pressure is relatively
high [Burlaga and Ogilvie, 1970]. Several types of interac-
tion regions are found at 1 AU: corotating interaction
regions ahead of corotating streams (CRS), interaction
regions ahead of ejecta, and interaction regions in the
sheaths behind transient shocks. In practice, interaction
regions can usually be identified by magnetic field obser-
vations alone, since interaction regions have a scale of the
order of 12 hours or more and the magnetic and plasma
pressures are generally positively correlated on these scales
[Burlaga and Ogilvie, 1970]. Since the magnetic field
strength is high in magnetic clouds and in some other types
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of ejecta, interaction regions might include ejecta them-
selves. We consider two types of ejecta: (1) magnetic clouds
defined by Burlaga et al. [1981] and (2) complex ejecta
(CE) that include all types of ejecta that are not magnetic
clouds [Burlaga et al., 2001, 2002]. Early work on ejecta is
reviewed by Hundhausen [1972, 1999], Burlaga [1995],
and Gosling [1996, 1997]. See also Cane et al. [2000] and
Cane and Richardson [2003].

[4] Merged interaction regions form by the interaction
and coalescence of individual interaction regions and ejecta
[Burlaga, 1995, chapter 8]. Neighboring corotating interac-
tion regions interact as one fast corotating stream overtakes
the slower corotating stream. A transient shock can interact
with a corotating interaction region. A corotating shock can
interact with a magnetic cloud. Ejecta can interact with
other ¢jecta, and so on. Much is known about the formation
of MIRs beyond 1 AU because one can (1) compare in situ
observations of flows and interaction regions 1 AU with
those at larger distances and (2) model the evolution of
flows and interaction regions with observations at 1 AU as
input. However, relatively little is known about the structure
and formation MIRs observed at <1AU.

[s] The Helios spacecraft provided an opportunity to
study flows and shocks between 0.3 AU and 1 AU
[Schwenn, 1991] and their interactions [Behannon et al.,
1991; Burlaga et al., 1983, 1985a, 1987; Burlaga, 1995].
Observations of coronal mass ejections by the LASCO
instrument [Brueckner et al., 1995] on SOHO were used
to show that CMEs interact and merge to produce fast
streams and complex ejecta at 1 AU [Burlaga et al., 2001,
2002]. Berdichevsky et al. [1998, 2003] and Lepping et al.
[2001] also analyzed the coalescence of ejecta. Gopalswamy
et al. [2001] used observations of CMEs by LASCO and
observations of radio waves by WIND to show that CMEs
can interact with one another even in the solar corona.

[6] This paper discusses the challenges of understanding
and predicting the magnetic fields in MIRs at 1 AU. We
analyze two MIRs observed at 1 AU during March 2002
that illustrate the basic features of MIRs at 1 AU. By
combining the detailed in situ plasma and magnetic field
observations made by one spacecraft near 1 AU with solar
observations of photospheric magnetic fields, coronal holes,
and coronal mass ejections, we derive a qualitative picture
of the structure, formation, and evolution of these two
MIRs. We point out the limitations of these results and
show how a more complete (but still limited) understanding
of formation of MIRs at 1 AU could be obtained by the
addition of continuous remote sensing observations from
STEREO, SMEI [Jackson and Hick, 2002], and interplan-
etary scintillation (IPS) observations.

2. Overview of the Solar Wind and Solar
Observations

[7] Two large-scale features of the interplanetary medium
that are observed throughout most of the solar cycle are the
heliospheric current sheet and corotating streams. Since
these two features generally persist longer than the time it
takes for the ejecta to move from the Sun to Earth, they
determine the basic structure of the medium through which
ejecta move. The intersection of the heliospheric current
sheet with a source surface near the Sun forms a curve (the

BURLAGA ET AL.: MERGED INTERACTION REGIONS AT 1 AU

“neutral line’”) that is the boundary between positive
magnetic fields in one hemisphere and negative magnetic
fields in the other. Corotating streams originate from coro-
nal holes, which are regions of open magnetic lines on the
Sun. Given observations of the photospheric magnetic field
in the Sun, it is possible to predict the locations of the
coronal holes and other regions with open magnetic fields
as well as the neutral line, using a potential field model and
a source surface [Schatten et al., 1969; Altschuler and
Newkirk, 1969; Sheeley and Wang, 1991]. It was found by
Wang et al. [1997] and Wang and Sheeley [1997] that one
could predict the speed in corotating streams by determining
the spreading of the magnetic field lines from coronal holes,
using the potential field model between the photosphere and
2.5 solar radii. Maps of these features as a function of
Carrington longitude and the heliospheric latitude are com-
puted routinely and posted by NOAA/SEC on http://solar.
sec.noaa.gov/ws/index.html. Figure 1 shows a part of such a
map, based on magnetic field observations from the Wilcox
Solar Observatory (WSO), for the period considered in this
paper. Hundhausen [1977] reviewed the relations between
the solar wind observations and solar observations such as
those in Figure 1. Recent work concerning the mapping of
corotating streams to open field lines on the Sun was
published by Neugebauer et al. [2002] and Neugebauer
and Liewer [2003].

[8] The top panel in Figure 1 shows a map of the regions
of open magnetic field lines, corresponding to coronal holes,
as a function of Carrington longitude and heliographic
latitude. The coronal holes are colored according to the
solar wind speed that is computed from the divergence from
these coronal holes. We shall analyze solar wind data from
the WIND and ACE spacecraft located within +7.5° of the
equatorial plane of the Sun. The numbers at the top of the
panel are the dates of central meridian passage of the points
marked by plus signs in the middle of each of the panels in
Figure 1. Two coronal holes crossed the equatorial plane on
Carrington rotation 1987. The first coronal hole (CH-1)
was located near Carrington longitude 145°, and it passed
central meridian on 18 March 2002. The second coronal
hole (CH-2) was located near Carrington longitude 85°, and
it passed central meridian on 23 March 2002.

[¢] The middle panel of Figure 1 shows a curve
corresponding to a neutral line on a source surface, which
is determined by extrapolating photospheric fields using a
potential field model. The neutral line is the locus of the
heliospheric current sheet (HCS) at the model source
surface. The HCS crosses the solar equatorial plane at a
relatively large angle at a longitude between the longitudes
of CH-1 and CH-2. Thus a sector boundary (SB) at which
the polarity of the magnetic field reverses should be
observed in the solar wind near the ecliptic plane.

[10] The bottom panel of Figure 1 shows a map of the
solar wind speed projected on the Sun as a function of
latitude and Carrington longitude. This figure shows a
narrow band of slow solar wind above the magnetic neutral
line. The estimated solar wind speed near Earth as a
function of time is given approximately by the colors on
the line of 0° heliospheric latitude, moving from right to left
in Figure 1.

[11] The predicted speed profile, V(t), at I AU upstream
of the Earth, based on the potential field model and the solar
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Figure 1.

(top) Two coronal holes on Carrington rotation 1987 derived from solar magnetic field

observations and the potential field model. (middle) The magnetic neutral line (yellow) separating
positive and negative polarities of the solar magnetic field. (bottom) The solar wind speed on Carrington

rotation 1987.

observations in Figure 1, is simple: two corotating streams
separated by a slow flow. Assuming that the mean propa-
gation time of the solar wind from the Sun to 1 AU was
4 days, corresponding to 430 km/s, Figure 1 predicts that
ACE and WIND should have observed the following flow
pattern, with an uncertainty of ~+1 day: (1) a corotating
stream from CH-1 with the speed of ~400 km/s centered on
~22 March (81), (2) a slow flow (=300 km/sec) near
24 March (83), and (3) a corotating stream from CH-2 with
the speed of V ~ 450 km/sec centered on 27 March (86).
Throughout this paper the number in parenthesis following
a date is the time in DOY (1 January = 1), which is used in
the plots of particle and magnetic field data.

[12] The observed speed profile at 1 AU, shown in
Figure 2b, is significantly different than the predicted
profile. The plasma data are from WIND [Ogilvie et al.,
1995] on DOY 77 and from ACE [McComas et al., 1998]
for the rest of the interval in Figure 2b. WIND/ACE
observed a corotating stream, CRS-1, with a speed V =
400 km/s on 22 March (81), as predicted for CH-1. ACE
observed another corotating stream, CRS-2, with an average
speed V ~ 450 km/s on 27 March (86), which corresponds
to the predicted stream from CH-2. However, instead of the
predicted slow flow, WIND/ACE observed moderate speeds
with three local peaks from 23 through 25 March (82—-84).
Moreover, ACE observed two streams that were not pre-
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Figure 2. An overview of the magnetic field and plasma
data at 1 AU from 17 to 29 March 2002. (a) The magnetic
field strength profile showing two merged interaction
regions, MIR-1 and MIR-2. (b) The speed profile showing
two corotating streams, CRS-1 and CRS-2, and other flows
that were not predicted by the potential field model. The
two bold bars show the relations between the corotating
interaction regions and the corotating streams.

dicted based on the solar data in Figure 1, on 18/19 March
(77/78) and on 20/21 March (79/80).

[13] Typically, a corotating stream is associated with a
corotating interaction region at the leading edge of the
stream in which the maximum B ~ 13-25 nT and the
passage time is ~4—16 hours [Burlaga and King, 1979].
Thus one might expect to see a simple magnetic field
strength profile in the data at 1 AU, consisting of two
narrow enhancements in B (with magnitudes ~10 nT and
widths ~12 hours), one at the leading edge of each
corotating stream, and a relatively constant field B ~ 6 nT
throughout the rest of the interval under consideration. The
vertical bars in Figure 2 show the expected positions of
these two narrow peaks.

[14] The observed magnetic field strength profile, B(t),
(see the ACE data [Smith et al., 1998] in Figure 2a) is very
different than that expected from the discussion above.
Instead of two isolated narrow peaks corresponding to the
two “‘corotating interaction regions” (CIRs) there is only
one isolated peak, CIR-1 associated with CRS-1. The
narrow peak CIR-2 is part of a much broader region with
strong magnetic fields, a merged interaction region MIR-2
(Figure 2a). The observed passage times of MIR-1 and
MIR-2 are /2.5 and 3 days, respectively, much larger that
those of the CIRs.

[15] We conclude that the two corotating streams predicted
by the solar observations and the potential field maps in
Figure 1 were observed at 1 AU. However, the observed
speed profile contained other features that were not predicted.
More importantly, the observed magnetic field strength
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profile is very different than that expected for the predicted
streams. Instead of two narrow magnetic field strength
enhancements correlated with speed and density profiles
related to two corotating streams and CIRs, ACE observed
two broad MIRs and one narrow isolated CIR between them.
There was no correlation between B(t) in the MIRs and the
speed profile, V(t).

3. Merged Interaction Regions

[16] Let us now determine why the magnetic field
strength profile at 1 AU is so different from that predicted
from the solar data. Our discussion is based on the plasma
and magnetic field data from WIND for the interval
17 March (76) to 29 March (88). We consider ~8.2 min
averages of the magnetic field strength (B(nT)), elevation
angle 0, and azimuthal angle ¢ measured by the magnetic
field instrument on WIND [Lepping et al., 19951. The
~8.2 min averages of speed V(km/s), density N(cm™ "), and
proton temperature T(10°°K) were measured by the SWE
instrument on the WIND spacecraft [Ogilvieetal., 1995]. The
helium abundance, He*'/H" is from the SWEPAM instrument
[McComas et al., 1998] on ACE. The data are “level 2 data
obtained from http://www.srl.caltech.edu/ACE/ASC/level2/
IvI2DATA SWEPAM.html. The instrument and data are
discussed at http://www.srl.caltech.edu/ACE/ASC/level2/
swepam_ 12desc.html. Finally, we shall consider the ratio of
07*/0°%" observed by the SWICS/SWIMS instrument
[Gloeckler et al., 1998] on ACE. The data are “level 2”° data
obtained from http://www.srl.caltech.edu/ACE/ASC/level2/
IvI2DATA SWEPAM.html. The instrument and data are
discussed at http://www.srl.caltech.edu/ACE/ASC/level2/
swics_swims_12desc.html.

3.1. Merged Interaction Region-1

[17] MIR-1 moved past the WIND spacecraft from the
middle of 18 March (77) to the beginning of 21 March (80)
2002 (Figure 3). Note that even on this scale there is no
simple relation between B(t) and either N(t) or V(t). Thus
one could not infer B(t) from measurements of N and V
such as those obtained from remote sensing observations.

[18] The leading boundary of MIR-1 is a forward
shock, “S1,” indicated by a vertical line on 18 March
(77) in Figure 3, across which there is an abrupt increase
in B, V, N, and T. The shock S1 associated with CE-1 is
relatively strong, the density increasing by a factor of >3
from ~15 cm > to ~50 cm °. Strongly fluctuating
magnetic fields with a maximum strength ~15 nT were
observed for ~12 hours following the passage of the
shock on 18 March (77).

[19] The shock S1 was followed by a flow moving
<400 km/s past the WIND spacecraft at 1 AU. The boundary
between this flow and the sheath is not well defined; two
possibilities are shown by vertical lines in Figure 3, one
defined by the change in composition and the other by the
change in magnetic field strength. This flow was still
moving faster than the solar wind speed ahead of the shock,
~375 km/s. The flow corresponds to complex ejecta (CE-1),
as indicated by the relatively strong and variable magnetic
fields that do not lie in the spiral field direction [Burlaga
et al., 2001, 2002] (Fi 7gures 3e and 3f) and the relatively
high ‘He*/H* and O7/0% ratios in Figure 3g. For a
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Figure 3. Plasma and magnetic field observations for MIR-1. (a-f) The magnetic field strength, solar
wind speed, density, proton temperature, elevation angle of the magnetic field and azimuthal angle
of the magnetic field, respectively. (g) The abundance ratios of He*'/H" (points) and an interval when

07"/0°* > 0.1 (horizontal line).

discussion of the composition signatures of ejecta, see
Hirshberg et al. [1972], Ogilvie [1985], Henke et al.
[1998], Neugebauer [1981], Neugebauer and Goldstein
[1997], Zurbuchen et al. [2002], and Zwickl et al. [1983].
The density in CE-1 (Figure 3c) is near the average solar
wind value, 6 cm . Thus the momentum flux of CE-1,
NV?, is comparable to that of the average solar wind.

However, the density in the sheath between the shock and
CE-1 was very high, between 40 and 50 cm >, &7 or § times
the average solar wind density. Of course, CE-1 could not
be predicted from the quasi-steady solar magnetic field
observations in Figure 1. It is likely that the complex ejecta
that moved past 1 AU on 19 March (78) are related to the
halo CME [Howard et al., 1982; Webb et al., 2000; St. Cyr
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Figure 4. Coronal mass ejections (CMEs) associated with
MIR-1 (a, b) and MIR-2 (c, d).

et al., 2000; Plunkett et al., 1998] observed by the LASCO
instrument on 15/16 March (74/75), 2002 (see Figure 4a
and Table 1). Note that Figure 4 shows images from the
LASCO C-3 field of view, whereas Table 1 is based on
images from the C-2 field of view, closer to the Sun.

[20] The next component of MIR-1 in Figure 3 is a
magnetic cloud that arrived at 1 AU near the beginning of
20 March (79). A magnetic cloud is a region containing
strong B, low T, and a smooth rotation in the magnetic field
direction as a magnetic cloud moves past 1 AU [Burlaga et
al., 1981]. The magnetic cloud was enriched in the ratio
He*™"/H" and O7"/0%" as indicated Figure 3g.

[21] The magnetic cloud was being overtaken by ejecta
CE-2 (Figure 3) that began to move past WIND on
approximately the beginning of 21 March (80). CE-2
probably did not contain strong magnetic fields, but it was
driving a shock S2 that entered the rear of the magnetic
cloud, as indicated by a vertical line on 20 March (79) in
Figure 3. The magnetic field was strong for several hours in
the sheath following the shock. CE-2 did not have a high
O”*/0°" ratio, but there were two enhancements in He*" "/
H" at the rear of CE-2, which also had unusual and highly
variable magnetic field directions. CE-2 was associated with
a halo CME on 18 March (77) (see Figure 4b and Table 1).
However, we cannot be certain that CE-2 is the interplan-
etary manifestation of that CME, owing to the limited
observations. We cannot even be certain that CE-2 is related
to only one CME. The same can be said of CE-1.

[22] The spatial configuration of the flows associated
with MIR-1 is summarized in Figure 5a. The basic struc-
tures are those identified in Figure 3 and discussed above.
The positions of the shocks and the front boundaries of the
ejecta (to the extent that they can be identified subjectively)
were estimated from the times that they were observed
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Table 1. CMEs Associated With MIR-1 and MIR-2 During

March 2002
Time, PA, V, Flare,

DOY  Date UT  Location deg km/s peak MIR Ejecta
74 15Mar 2306 SO8 W03 307 911 23:10 1 CE-1
1 MC-1
77 18 Mar 0254 SI15 W22 311 989  2:31 1 CE-2
78 19 Mar 1154 S10 W58 259 698 12:31 2 CE-3
79 20 Mar 2354 S19 W60 242 1075 0:23 2 MC-2
81 22 Mar 1106 S20 W81 259 1750 11:14 2 CE4

at 1 AU. Their positions in Figure 3 are estimated on the
assumption that they were all propagating at a speed of
~1 AU/4 days, =430 km/s. The shocks and the boundaries
of ejecta are drawn as arcs of circles, since the actual shapes
cannot be determined with observations from one spacecraft
or two closely spaced spacecraft. In general, CMEs can
accelerate and or decelerate in the corona [see, e.g.,
Gopalswamy et al., 2000], but Berdichevsky et al. [2002]
and Lepping et al. [2001, 2002] found that ejecta do not seem
to change their overall speed between the Sun and 1 AU.
More accurate transit speeds would require knowledge of
how the objects decelerated and/or accelerated between the
Sun and 1 AU, which cannot be determined from in situ
observations at a single point. Thus, the structure illustrated
in Figure S5a is only semiquantitative; the curves can be
moved relative to one another, but the basic structure is
roughly to scale. MIR-1 has a relatively large radial extent
~2/3 AU.

[23] We infer that the magnetic fields in MIR-1 consisted
of the following components: (1) compressed, highly var-
iable magnetic fields in the sheath between CE-1 and its
shock S1; (2) strong magnetic fields carried by CE-1;
(3) strong magnetic fields within a magnetic cloud; and
(4) compressed magnetic fields behind a shock S2 driven by
CE-2 that was advancing into the magnetic cloud. The
magnetic field was not strong in CE-2. The compression
of the strong magnetic fields in a magnetic cloud by a shock

MIR-1 MIR-2

(a) (b)

§2 _ 1 Magnetic "\
\r"—-———"‘"

A
;] Cloud1
- I Magnetic
Cloud-2 \
CE-1
CE-3
Sheath|
Sheath
Earth

Figure 5. The configurations of the flows and shocks
associated with MIR-1 (a) and MIR-2 (b).
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Figure 6. Plasma and magnetic field observations for MIR-2. (a-g) The same meaning as in Figure 3.

passing through the magnetic cloud can have significant
geomagnetic effects [Burlaga et al., 1987].

3.2. Merged Interaction Region-2

[24] MIR-2 moved past the WIND and ACE spacecraft
from the middle of 23 March through the first half of
26 March 2002 (82-85) (Figure 6). Again, there is no
relation between B(t) and either V(t) or N(t) in the MIR.

[25] The MIR-2 was bounded on front by a shock S3
shown by a vertical line on DOY 82 in Figure 6. The
shock was probably driven by ejecta, CE-3, whose arrival

might coincide with the increase in V on DOY 82 shown
in Figure 6b. There were enhancements in He*""/H" and
07"/0°" on DOY 83, consistent with the passage of ejecta.
MIR-2 was associated with at least three earthward moving
CMEs observed by LASCO from the middle of 19 March (78)
through the middle of 22 March (81) (see Table 1). However,
it is difficult to make a one-to-one correspondence between
the ejecta in MIR-2 and CMEs observed by LASCO. CE-3
was possibly associated with a CME on 19/20 March (78/79).

[26] A magnetic cloud (MC-2) was overtaking CE-3, and
its antisunward boundary moved past 1 AU on 24 March
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(83.5), as indicated by a vertical dashed line in Figure 6.
The magnetic cloud was moving at a moderate speed,
~400 km/s, and it was an “old” magnetic cloud in the
sense that it was not expanding at 1 AU (the signature of
which is a decreasing speed profile as the magnetic cloud
moved past 1 AU). There was an enhancement in He*""/H"
and O7"/0°" within the magnetic cloud (Figure 6g). The
magnetic cloud might be related to the CME observed on
20/21 March (79/80) (see Figure 4b and Table 1).

[27] A shock, S4, was moving through the rear of
the magnetic cloud and passed 1 AU at the beginning of
25 March (84) (Figure 6). This shock was related to slowly
moving ejecta, CE-4 on DOY 84, in which there was an
enhancement in He*"'/H" and O"*/O°"* CE-4 is related to a
CME observed on 22 March (81) (Figure 4d and Table 1).
Radio wave observations from WIND suggest that the CME
was driving a shock in the corona, which could be the
shock S4. A second CME was also observed on 22 March
(81) (Table 1). We cannot determine whether it overtook
and merged with the first CME to form CE-4 or whether it
was not intercepted by WIND.

[28] A sector boundary (SB) moved past WIND on
25 March (84.75) (Figure 6f). This corresponds to the neutral
line on the Sun that crossed the subsolar point on 21 March
(80) (see the middle panel of Figure 1). The SB was
embedded in a high density, slow speed flow (Figures 6c¢
and 6b) across which the magnetic field direction rotated
from one sector to the next over a period of ~9 hours as the
material moved past 1 AU. This region might be the
heliospheric plasma sheet (HPS). This interpretation is
supported by the observations of a relatively low He*™"/
H' ratio, which is characteristically observed near sector
boundaries [Borrini et al., 1981; Gosling et al., 1981].
Burlaga et al. [1990] identified the HPS as a region with
high N, low V and entropy that is relatively thick (passage
time of the order of several hours or more), as observed
here. On the other hand, Winterhalter et al. [1994] sug-
gested that the HPS is very thin (passage time of the order
of a minute). It is possible that Winterhalter et al., were
mistakenly identifying the HPS with a magnetic hole, since
magnetic holes are often seen at or near a SB and the
density is typically high in a magnetic hole [Klein and
Burlaga, 1980]. The HPS was bounded on the sunward side
by a stream interface (SI), defined by an abrupt decrease in
density and abrupt increase in proton temperature in front
of a corotating stream [Burlaga, 1974] that moved past
1 AU on DOY 84.15 (Figure 6). The corotating stream,
with the characteristically low N and high T, was observed
on the second half of DOY 85. This corotating stream,
CRS-2, corresponds to the coronal hole CH-2 in Figure 1.

[29] The spatial configuration of the flows associated with
MIR-2 is summarized in Figure 5b. The basic structures are
those identified in Figure 6. As in the case of MIR-1
discussed above, the positions of the shocks and the front
boundaries of the ejecta were estimated from the times that
they were observed at 1 AU (see Figure 6) with the
assumption that they were all propagating at a speed of
~1 AU/4 days, 430 km/s. Figure 5b shows that MIR-2 was
related to at least three ejecta (including a magnetic cloud),
the HPS and a corotating stream. A shock S3 was driven
by ejecta CE-3, and a sheath was observed between S3 and
CE-3. A magnetic cloud was overtaking and interacting with
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CE-3, and it was being overtaken by ejecta CE-4 that was
driving a shock S4 which was probably propagating into the
rear of the magnetic cloud. The front boundary of CE-4
could not be identified with certainty. The rear boundary of
CE-4 was probably at the HPS, which contained the sector
boundary SB. A corotating stream CRS-2, which might have
compressed the material in the HPS, was overtaking the
sector boundary. The CRS-2 was bounded in front by a
stream interface (SI-2), and it produced a corotating inter-
action region that was bounded in the rear by an abrupt
change that had the signature of a reverse corotating shock,
marking the sunward boundary of MIR-2. MIR-2 had a
radial extent ~3/4 AU, somewhat larger than that of MIR-1.

4. Geomagnetic Effects of the Merged
Interaction Regions

[30] It is well known that geomagnetic activity, measured
by the Dst index, is related to the passage of fast flows in
which the interplanetary magnetic field has a significant
southward component and to narrow regions in which the
momentum flux is relatively high. Southward magnetic
fields in fast flows cause a decrease in Dst, and a pulse in
the momentum flux causes an increase in Dst [Akasofu and
Chapman, 1972]. It is usually assumed that a geomagnetic
storm is associated with a single transient flow [Lyatsky and
Tan, 2003]. However, interactions among flows and shocks
can amplify these geoeffective quantities [Burlaga et al.,
1987]. Thus one might expect that MIRs can be associated
with relatively long intervals of increased geomagnetic
activity, at least when they contain southward directed
magnetic fields.

[31] Figure 7 shows how Dst varied during the interval
containing the two MIRs that we have discussed above. The
Dst index is plotted in Figure 7a, and the MIRs can be seen
in the profile of the magnetic field strength that is plotted in
Figure 7b. The momentum flux and the B, component of
the magnetic field are plotted in Figures 7c¢ and 7d,
respectively; the magnetic field is in heliographic coordi-
nates [Burlaga, 1995, Figure 1.1]. Figures 7a and 7b show
that each of the MIRs was associated with a geomagnetic
storm lasting /3 days.

[32] Storm-1, associated with MIR-1, began with a large,
abrupt increase in Dst associated with the very large
increase in momentum flux across the shock S1, which
was caused by the high densities behind the shock. Dst
decreased when the magnetic field turned southward, and
Dst remained below 0 throughout most of the passage of
MIR-1 even when the magnetic field was northward.
Finally, Dst increased abruptly following the shock S2,
which was near the end of MIR-1. Storm-1 lasted ~2.5
days, which is longer than a typical magnetic storm
[Lockwood, 1971].

[33] Storm-2, associated with MIR-2, began with a rela-
tively small increase in Dst associated with a small increase
in momentum flux across the shock S3. Dst decreased to
moderately low levels (Dst < 100) when the magnetic field
turned southward, and it remained low throughout the rest
of the passage of MIR-2, even when the magnetic field was
northward. During the recovery of storm-2, there was a
spike in Dst related to the shock S4. Storm-2 lasted ~3 days,
again longer than a typical magnetic storm.
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Figure 7. The merged interaction regions MIR-1 and
MIR-2, identified by the magnetic field strength profile (b)
caused two magnetic storms identified by the Dst index (a).
Peaks in the momentum flux NV? (c) caused increases in
Dst, and decreases in B, caused decreases in Dst (d).

[34] During the 2.5 days between MIR-1 and MIR-2, Dst
was approximately zero, despite the passage of the corotat-
ing stream and CIR on DOY 81. The magnetic field was
northward throughout this geomagnetically quiet interval.

[35] The two MIRs discussed above were chosen on the
basis of solar wind observations alone, without consider-
ation of geomagnetic effects. It happens that B, was
northward throughout most of the two MIRs we selected,
and the associated geomagnetic activity was therefore
moderate. In general, there will exist MIRs in the solar
wind in which B, is primarily southward, and interactions
among flows can cause significant amplification in B, in
these MIRs [Burlaga et al., 1987]. Such MIRs can cause
major prolonged geomagnetic storms. A typical magnetic
storm, caused by a magnetic cloud for example, lasts of the
order of 1/2 day [Zhang and Burlaga, 1988].

5. Effects of the Merged Interaction Regions
on Cosmic Rays

[36] Typically, a Forbush decrease at 1 AU is an asym-
metric worldwide depression in cosmic ray intensity
recorded by neutron monitors at 1 AU lasting several days
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[Parker, 1963; Lockwood, 1971]. The major portion of the
decrease phase is completed within 12—24 hours, and the
recovery phase of a Forbush decrease generally lasts several
days [Lockwood, 1971]. Barouch and Burlaga [1975]
showed that Forbush decreases at 1 AU are related to
enhancements in the interplanetary magnetic field strength
and shocks. An association between systems of transient
flows, MIRs, and long-lasting decreases in the cosmic ray
intensity was observed by Burlaga et al. [1984, 1985b].

[37] Figure 8a shows the cosmic ray rate measured by the
Oulu neutron monitor (available at http://cosmicrays.oulu.fi/
#database) for the period DOY 77-88 discussed above and
extending through DOY 95, 2002. The neutron monitor
counting rate shows a Forbush decrease from DOY 77.5—
94.5. The decrease phase lasted 8 days, which is an order of
magnitude greater than a typical decrease phase. The
recovery phase lasted 9 days, which is slightly larger than
the typical recovery phase.

[38] The structure of this Forbush decrease is related to a
series of flows and shocks, rather than a single transient
flow. The unusually long decrease phase was caused by the
two closely separated MIRs (Figure 8). A large decrease in
the cosmic ray intensity was associated with the passage of
MIR-1, and a further decrease occurred during the passage
of MIR-2. The cosmic ray intensity showed no net decrease
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Figure 8. A Forbush decrease with the relatively long
decrease phase (a) was caused by the two MIRs, as shown
in the magnetic field strength profile (b). The recovery (not
shown) was associated with two corotating streams.
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during the passage of the flows between the two MIRs. The
recovery of the cosmic ray counting rate occurred during the
passage of two corotating streams, namely, CRS-2 and a
large, fast corotating stream associated with a large equato-
rial coronal hole that falls outside the range of Figure 1. The
recovery was related to entry of Earth into the region
occupied by two corotating streams, which had an angular
extent of ~120°. Cosmic rays from large distances have
relatively free access to 1 AU along the spiral magnetic field
lines in corotating streams. The cosmic rays did not have to
diffuse through MIRs, although the MIRs, particularly the
shocks, probably influenced the recovery phase as well as
the decrease phase. To our knowledge, there are no models
of Forbush decreases related to complicated flow config-
urations and MIRs such as those discussed in this paper.

6. Summary and Discussion

[39] We identified two merged interaction regions (MIR-1
and MIR-2) at 1 AU during the interval from 18 March
through 28 March (77 through 87) 2002, and we discussed
their probable structure and origin in terms of interacting
flows and shocks. The observations were made near a single
point at 1 AU as the MIRs moved past a spacecraft. MIR-1
and MIR-2 were relatively large structures, moving past
Earth in ~2.5 and 3 days, respectively, corresponding to
radial dimensions ~2/3 and 3/4 AU, respectively.

[40] MIR-1 formed by interactions involving at least two
complex ejecta (CE), a magnetic cloud, and two shocks.
One CE was associated with a shock that interacted with a
magnetic cloud ahead of it (farther from the Sun). The
shock entered the magnetic cloud, compressing the mag-
netic fields in the rear of the magnetic cloud. The magnetic
cloud was overtaking and interacting with a second CE that
was also associated with a shock. The magnetic field in the
sheath between the shock and the CE was strong, and the
density behind the shock was very high.

[41] If we had observations of the speed (V) and density
(N) such as those that will be obtained by the coronagraph
and the heliospheric imager that will be flown on STEREO,
we could have presented a more definitive and quantitative
discussion of the structure of MIR-1. Moreover, we could
have followed its formation and evolution as its components
moved and interacted between the Sun and Earth. The
origin and evolution of the strong shock at the beginning
of MIR-1 and the very high densities in the sheath behind
the shock could have been determined unambiguously. The
nature of CE-1, which seems unusual, might be better
understood if we could have followed its motion from the
Sun. The interaction between CE-1 and its shock on the one
hand and the magnetic cloud on the other could have been
studied as a function of time as they moved from the Sun to
Earth. The CMEs associated with the two ejecta in MIR-1
could have been identified and their paths could have been
measured using STEREO observations, rather than being
inferred from the images of halo CMEs made from a single
point. The CME related to the magnetic cloud might have
been determined, and the interaction of the magnetic cloud
with the ejecta ahead of it could have been followed as the
magnetic cloud moved to 1 AU.

[42] MIR-2 was related to a corotating stream, the helio-
spheric plasma sheet (HPS), two complex ejecta, a magnetic
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cloud, and at least two shocks. The corotating stream was
overtaking the HPS and CE, compressing the magnetic field
in the HPS. There were strong magnetic fields at the leading
edge of the corotating stream and possibly a corotating
reverse shock forming the sunward boundary of MIR-2. The
CE was driving a shock that entered the rear of a magnetic
cloud, compressing its relatively strong fields. The magnetic
cloud was overtaking another CE that was driving a shock.
The magnetic field was strong in the sheath behind the
shock and CE as well as in the CE itself.

[43] It is important to understand that MIRs are dynamic
structures. A MIR can evolve significantly even during the
several days during which it moves to and past 1 AU. More
importantly, the structure of a MIR is determined by the
nonlinear evolution of distinct flows and shocks between
the Sun and Earth. Memory of the conditions near the Sun is
lost in the process. Thus one cannot unambiguously deter-
mine the structure of a MIR and the manner in which it
formed using observations from a single spacecraft at 1 AU.
It is necessary to follow the dynamical evolution of these
flows and the formation of MIRs continuously from the Sun
to 1 AU. It is even possible that a CE observed at 1 AU is
formed by the merging of two or more CMEs and that a
single shock at 1 AU is formed by the merging of two
shocks between the Sun and 1 AU.

[44] Assume that we had observations of the speed (V)
and density (N) such as those that will be obtained by
STEREO. From the coronagraph images and the helio-
spheric imager we could have determined whether all or
some of the CMEs seen by LASCO did in fact move past
WIND and ACE. From the heliospheric imager we could
have identified the shocks near the Sun and determined
whether some shocks merged en route to Earth. The
heliosphere imager could also have identified the helio-
spheric plasma sheet and the corotating interaction region
and followed their motions as they overtook and merged
with MIR-2. Information from the instruments such as those
on STEREO and SMEI together with other solar observa-
tions and other in situ observations might also have revealed
additional complexity in the structures and interactions
involved in the formation of MIR-2 that we did not identify
in our analysis of more limited observations.

[45] One of the most significant limitations of current and
planned instruments for the study of the solar wind is the
inability to make remote observations of the magnetic field
in the solar wind and the corona. STEREO, SMEI, and
interplanetary scintillation observations cannot measure the
evolution of magnetic fields leading to the formation of
merged interactions, and they cannot provide direct knowl-
edge of magnetic field profiles such as those discussed in
this paper. There is no general relation between the profiles
B(t), V(t), and N(t) in MIRs such as that in corotating
streams. Thus one cannot use remote sensing observations
of density and speed to infer B(t). It is important to develop
MHD models that can describe complicated interactions
such as those discussed in this paper that lead to the
formation of MIRs.

[46] The interactions that produce MIRs can produce
configurations that cause greater geomagnetic effects than
a single shock, magnetic cloud, or any other isolated
structure. Thus MIRs provide a new perspective for the
study of geomagnetic activity. MIRs and successive MIRs
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can also produce Forbush decreases with relatively long
decrease phases at 1 AU, followed by a recovery related to
corotating streams that “‘rotate” past Earth after the MIRs
move into the outer heliosphere. Thus models of such
Forbush decreases must consider MIRs and several inter-
acting flows (possibly including both ejecta and corotating
streams), as opposed to the conventional model of a For-
bush decrease as the result of the passage of complex ejecta
or a magnetic cloud. Perhaps some day it will be possible to
calculate the evolving spatial distribution of cosmic rays
and low energy particles associated with MIRs and interact-
ing flows.

[47] Acknowledgments. Most of the in situ data used in this paper
were placed on the internet by the Principal Investigators of the respective
experiments. Solar wind and alpha particle data from ACE are from the
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