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Abstract. Using a hydrodynamic simulation, we have studied the two—dimensional
(symmetry in the azimuthal direction) evolution of a fast, high—pressure coronal
mass ejection (CME) ejected into a solar wind with latitudinal variations similar
to those observed by Ulysses. Specifically, the latitudinal structure of the ambient
solar wind in the meridional plane is approximated by two zones: At low latitudes
(< 20°) the solar wind is slow and dense, while at higher latitudes the solar
wind is fast and tenuous. The CME is introduced into this ambient wind as

a bell-shaped pressure pulse in time, spanning from the equator to 45° with a
speed and temperature equal to that of the high—latitude solar wind. We find
that such an ejection profile produces radically different disturbance profiles at low
and high latitudes. In particular, the low—latitude portion of the ejecta material
drives a highly asymmetric disturbance because of the relative difference in speed
between the fast CME and slower ambient solar wind ahead. In contrast, the
high—latitude portion of the same ejecta material drives a much more radially
symmetric disturbance because the relative difference in pressure between the CME
and ambient background plasma dominates the dynamics. The simulations reveal
a number of other interesting features. First, there is significant distortion of the
CME in the interplanetary medium. By ~ 1 AU the CME has effectively separated
(in radius as well as latitude) into two pieces. The radial separation is due to the
strong velocity shear between the slow and fast ambient solar wind. The latitudinal
separation arises from pressure gradients associated with rarefaction regions that
develop as the CME propagates outward. Second, there is significant poleward
motion of the highest—latitude portion of the CME and its associated disturbance.
The main body of the CME expands poleward by ~ 18°, while the forward and
reverse waves (produced by the overexpanding portion of the CME) propagate all
the way to the pole. Third, the simulations show that the high—pressure region,
which develops at low latitudes as the fast CME ploughs through the slow ambient
solar wind, penetrates significantly (~ 10°) into the high-latitude fast solar wind.
We compare the simulation results with a CME-driven interplanetary disturbance
observed at both low and high latitudes and find that the simulation reproduces
many of the essential features of the observations.

1. Introduction

The disruption of magnetically closed regions in the
solar corona often leads to the eruption of large quan-
tities of material from the solar atmosphere into inter-
planetary space. During these events, known as coro-
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nal mass ejections (CMEs), 1012 — 10'® Kg of material
are typically released. CMEs play a central role in the
large-scale evolution of the solar corona [e.g., Hund-
hausen, 1988] and are the prime cause of transient solar
wind disturbances and large, non recurrent geomagnetic
storms [e.g., Gosling, 1993].

At high heliographic latitudes, observations by the
solar polar—orbiting spacecraft Ulysses have led to the
identification of a new class of shock wave disturbances
produced by CMEs [Gosling et al., 1994]. Whereas in
the ecliptic plane, transient shock wave disturbances
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are driven by a relative difference in speed between
fast CMEs and slower ambient solar wind ahead, these
high-latitude disturbances are driven by a relative dif-
ference in pressure between the CMEs and the sur-
rounding ambient solar wind. It has been suggested
that these “overexpanding” CMEs are ejected with in-
ternal pressures considerably larger than the surround-
ing solar wind but with comparable speeds [Gosling et
al., 1994]. The overpressure causes the CME to expand
relative to the ambient solar wind, eventually produc-
ing an expansion front that surrounds it and a region of
low pressure within the central portion of the CME. We
note in passing that little distinction is made between
strong compressive waves and shocks in this study. For
simplicity, the term “shock” is used even when there
may be some doubt that the wave has steepened suffi-
cently to be labeled a shock.

One-dimensional (1-D) simulations have been quite
successful in reproducing many of the essential features
of observed CME—driven disturbances at low latitudes
[Hundhausen and Gentry, 1969; Hundhausen, 1985] and
high latitudes [Gosling et al., 1994]. However, they
cannot provide a self-consistent model of the global
evolution of CME-driven disturbances and, further-
more, tend to overemphasize the strength of interac-
tions through neglect of velocity shear. In this report
we present results of a two—dimensional fluid simulation
that mimics the ejection of a CME into interplanetary
space and follows its subsequent evolution. We include
sharp latitudinal variations in the ambient plasma flow
based on Ulysses observations during its fast latitude
scan in early 1995. Although the simulation is repre-
sentative in the sense that we are not attempting to
model any specific event in detail, we do compare our
results with a CME—driven interplanetary disturbance
that was observed by both Ulysses and IMP 8 at signif-
icantly different heliographic latitudes and heliocentric
distances.

There have been a number of previous multidimen-
sional fluid and MHD simulations of transient distur-
bances in the solar wind (see, for example, reviews by
Pizzo [1985] and Dryer [1994]). Forward-reverse shock
pairs are commonly produced in these simulations [e.g.,
D’Uston et al., 1981; Smith and Dryer, 1990], as well as
in one-dimensional fluid simulations [e.g., Hundhausen
and Gentry, 1969], because of relative speed differences
between fast initial perturbations to the flow and slower
ambient wind ahead. On the other hand, shock pairs
driven by relative speed differences are only rarely ob-
served in CME—driven disturbances at low heliographic
latitudes [e.g., Gosling et al., 1988] and have yet to be
observed in CME—driven disturbances at high latitudes.
Several studies have considered disturbance propaga-
tion in a solar wind whose ambient properties vary with
latitude. For example, Krimsky and Transky [1973] and
Odstréil et al. [1996] investigated shock wave propa-
gation in a solar wind with simple latitudinal density
variations. They found that the shock was impeded in
regions of higher density.
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The simulation presented in this paper differs from
previous simulations in several important respects. First,
as opposed to the simulations of Gosling et al. [1994,
1995], the simulation is two—dimensional. Second, the
ambient solar wind in the present simulation includes,
in addition to a large discontinuity in density, a large
shear in flow speed that has not been considered ex-
plicitly in previous work. Third, the perturbing pulse
at the inner boundary of the simulation, which mim-
ics a CME, includes a combined velocity and density
signal that leads to substantially different disturbance
evolution at high and low latitudes. In particular, at
high latitudes the disturbance is driven primarily by
overexpansion of the mimicked CME, while at low lat-
itudes the disturbance is driven primarily by the rel-
ative speed between the CME and the ambient wind.
Fourth, in contrast to many previous two— and three—
dimensional fluid and MHD simulations that simply in-
troduce shock disturbances at an inner boundary, our
simulation both includes and tracks the evolution of the
perturbing CME.

Our simulation does not explicitly include the mag-
netic field. We are therefore obviously unable to ad-
dress questions related to the magnetic structure of the
CME, and the characteristic speed with which pressure
disturbances propagate in the simulation is less than in
the real solar wind. Further, magnetic forces, including
those associated with pressure gradients and magnetic
tension, are not included. Thus, although we find it
convenient to mimic an initial high internal CME pres-
sure with a density pulse, in real events the high inter-
nal pressure may also be a consequence of either high
temperature or high magnetic field strength or both.
Despite these liitations, gasdynamic calculations have
proven to be extremely useful in the past in illuminat-
ing fundamental aspects of the processes by which both
transient and corotating disturbances evolve in the solar
wind (see, for example, reviews by Hundhausen [1985]
and Gosling [1996]). They provide an excellent starting
point for understanding how strong latitudinal shears in
the ambient solar wind affect the evolution of solar wind
disturbances associated with CMEs having high initial
internal pressure and that span both high and low he-
liographic latitudes. We expect that simulations that
include the magnetic field will obtain results in quali-
tative agreement with the present simulation although
differing in some of the quantitative details.

2. Simulation of a CME-Driven
Disturbance in a Two-Dimensional Solar
Wind

The numerical model employed in this study is a
single-fluid, two-dimensional, hydrodynamic code that
uses Eulerian finite differencing [Stone and Norman,
1992]. Magnetic fields, radiation transport, and rota-
tion are neglected. The internal energy is treated with
the polytropic approximation and vy = $.
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The simulations are performed in a meridional (north—
south) plane with axisymmetry imposed in the azimuthal
(east—west) direction. The modeling region extends in
heliocentric distance from 30 solar radii (Rg) (~ 0.14
AU) to 5 AU and in latitude from the equator to the
pole. Thus the entire modeling region is supersonic, and
all disturbances (especially, reverse waves/shocks that
propagate back toward the Sun in the rest frame of the
solar wind) are convected away from the Sun. At the
inner (radial) boundary, inflow boundary conditions are
imposed. This is achieved by holding the flow fixed at
predetermined values. Outflow boundary conditions are
imposed at the outer boundary by setting the flow at
the boundary equal to the flow just interior to it. This
method for handling outflow is precise for supersonic
flow [e.g., Stone and Norman, 1992] and thus appropri-
ate for the present study. The mesh spacing is 2 Rg
in radius and 1° in latitude. Reflecting boundary con-
ditions are imposed at the equator to ensure that the
simulation is symmetric about the equator. Owing to
the assumed symmetry in the azimuthal direction, any
transient phenomena in the simulation must necessarily
be toroidal in character.

The background solar wind flow structure is charac-
terized by dense, slow radial flow from the equator to
20° and fast, tenuous radial flow from 20° to the pole.
The two regions are separated by a thin transition layer
(see below). At the inner boundary we specify the low—
and high-latitude solar wind speed (v} and v", respec-
tively), high-latitude number density (n”) and temper-
ature (T?), and the ratio of low— to high-latitude den-
sity (g). The temperature in the slow flow is adjusted
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so that the gas pressure at low latitudes is the same as
in the fast flow along the inner radial boundary. Expe-
rience with 1-D simulations [e.g., Gosling et al., 1994,
1995; Gosling and Riley, 1996] has provided us with
a good indication of the types of densities, tempera-
tures, and speeds at 30 R that produce reasonable
matches with Ulysses observations at larger heliocentric
distances. For the specific simulation described here,
we set v\ = 250 km s71, v# = 500 km s71, n? = 500
ecm™3, Th = 5 x 10° K, and g = 3. Note that mass and
momentum fluxes in the two regions along the inner
boundary differ. Ulysses observations have suggested
that the mass flux may be as much as ~ 47% higher
near the equator than over the poles and momentum
flux may be ~ 20% higher over the poles than at near—
equatorial latitudes [Phillips et al., 1995; Riley et al.,
1997]. The values used here correspond to a 50% in-
crease in the mass flux from pole to equator and a 25%
increase in momentum flux from equator to pole. These
values are used to fill the entire simulation region, and
the program is run until a steady state equilibrium flow
is reached.

Plate 1 shows radial and meridional (positive north-
ward) velocity components and pressure after the equi-
librium flow is achieved. The left panel emphasizes the
sharp gradient in speed between the low— and high-
latitude regions. Color contours of density and tem-

' perature are qualitatively similar to this. In the high—

latitude solar wind, the plasma initially travelling at 500
km s~! at the inner boundary is accelerated to ~ 750
km s~! over several tenths of an astronomical unit. At
low latitudes the flow is accelerated from 250 km s~!
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Color—coded plots of radial velocity, meridional (positive northward) velocity, and

pressure for the steady state solution used in the simulation.
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to ~ 450 km s~! over a comparable distance. Radial
flow dominates the steady state solution, and the merid-
ional flow in the middle panel is negligible everywhere.
In the right panel, pressure is displayed logarithmically.
The decrease in pressure in the outward direction is
the result of the spherical, adiabatic expansion of the
solar wind. Although the pressure appears to be con-
tinuous across the slow/fast interface at all heliocentric
distances, this is an artifact of displaying 8 orders of
magnitude variation. Since the flows at low and high
latitudes differ both in speed and temperature at the in-
ner boundary, their acceleration profiles differ slightly
too. This causes the thermal pressure to vary with lati-
tude in the vicinity of the slow/fast interface. This vari-
ation, however, never exceeds ~ 4% at any heliocentric
distance. In turn, these pressure variations are respon-
sible for small (< 0.9 km s™!) equatorward meridional
flows near the velocity discontinuity. Although the ve-
locity shear is specified as an instantaneous change (i.e.,
over a single mesh zone) at the inner boundary by ~ %
AU, artificial viscosity (used to treat shocks) spreads
the shear over three mesh zones.

Figure 1 compares Ulysses measurements taken dur-
ing an interval of 10 months during the fast latitude
scan with the steady state equilibrium reached by our
model (smooth curves). During this interval, Ulysses
moved from 80.2°S to 80.2°N, and from 2.3 AU to 1.34
AU (aphelion) and back out to 2.3 AU. This radial vari-
ation is responsible for the small poleward gradients in
density, temperature, and thermal pressure at high lat-
itudes. Our steady state simulation reproduces the es-
sential large—scale features of the observations although
it does not include stream structure or corotating inter-
action regions.

A perturbation is introduced into this ambient solar
wind as a bell-shaped pressure pulse in time (in the
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Fizure 1. Ulysses measurements of proton speed,
number density, temperature, and thermal pressure
during the fast latitude scan in early 1995 compared
with the steady state equilibrium solution at the ap-
propriate distances and latitudes (smooth curves). The
poleward gradients visible at higher latitudes in the
lower three panels reflect Ulysses’ radial motion during
this interval, moving from 2.3 AU to 1.34 AU (aphelion)
and back out to 2.3 AU.
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form of an enhancement in density, 2 x n!), centered on
the equator, with a speed and temperature equal to that
of the high-latitude solar wind. The pulse extends from
the equator to 45° latitude and has a duration of 10
hours at the inner boundary. Thus, at low latitudes, the
pulse is travelling significantly faster than the ambient
solar wind, whereas at high latitudes it is coasting with
the ambient solar wind. Also, at low latitudes the pulse
is 2 times denser than the surrounding ambient solar
wind, and at high latitudes it is 6 times denser than
the ambient solar wind. However, since the pulse is
also 3 times hotter than the surrounding solar wind at
low latitudes, the initial peak pressure of the pulse is
a factor of 6 higher than the surrounding solar wind
in both the low— and high-latitude regions. Thus the
pulse mimics the ejection of a fast CME that initially
has a higher internal pressure than the ambient wind
at both high and low latitudes. Tracer particles (180 in
all) are added around the boundary of the ejected CME
(60 each on the front side, back side, and top). These
allow us to track the boundary of the ejecta material,
which would otherwise be difficult, if not impossible, to
infer based solely on the overall disturbance profiles.

Plate 2 shows snapshots of radial velocity, meridional
velocity, and pressure taken at 167 hours (6.9 days) after
the ejection of the CME. The boundary of the CME is
marked with the solid line. We note the following:

1. At launch the maximum latitudinal extent of the
CME is 45°. By 167 hours, the CME extends pole-
ward to ~ 63°, and its associated forward and reverse
waves have reached the pole. Most of this poleward ex-
pansion occurs close to the Sun where, because of the
diverging geometry, latitudinal distances are relatively
small. This suggests that it might be fairly common to
observe disturbances associated with CMEs at higher
latitudes without ever encountering the ejecta material
itself. Ulysses observations, however, do not appear to
support this conjecture: all high-latitude, CME—driven
disturbances observed to date appear to display at least
some property indicative of ejecta.

2. The disturbance associated with the CME is rad-
ically different at low and high latitudes. At low lat-
itudes the ejecta material behaves like a piston. As
it overtakes the ambient solar wind ahead of it, a re-
gion of high pressure develops at the leading edge of
the CME. Behind the CME a rarefaction develops as
the fast CME runs away from the slower wind behind
it. This result is qualitatively similar to the 1-D sim-
ulations by Gosling et al. [1995] (see their Figure 3,
bottom panel). At higher latitudes the disturbance as-
sociated with the CME is much more symmetric with
radius about the CME. The initial overpressure within
the CME drives a pair of relatively weak shocks. This
result is also qualitatively similar to the 1-D simula-
tions by Gosling et al. [1995] (see their Figure 3, top
panel).

3. By ~ 1 AU the CME has essentially separated
into two pieces. The radial separation is caused by the
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Plate 2. Color—coded plots of radial velocity, meridional velocity, and pressure ~ 7 days after
the launch of a coronal mass ejection. The CME is introduced into the ambient solar wind as a
bell-shaped pressure pulse (in the form of a density enhancement) over an interval of 10 hours,
with a speed and temperature equal to that of the high-latitude solar wind. The solid line marks

the boundary of the CME.

strong velocity shear between the slow and fast ambient
solar wind. The CME also separates in latitude because
of the rarefaction regions which develop in each of the
two portions of the CME. At high latitudes the expan-
sion of the high—pressure CME causes a rarefaction re-
gion to develop within the CME which drives poleward
motions of the plasma. At low latitudes the fast CME
outruns the slower plasma behind it, and a rarefaction
(expansion) wave propagates both back into the slow so-
lar wind behind the CME and forward into the CME it-
self. This rarefaction region drives an equatorward flow
of plasma. The net result is that high-speed ambient
plasma is sucked to lower latitudes just poleward of the
low-latitude portion of the CME, and slower ambient
wind located just equatorward of the high-lattude por-
tion of the CME is sucked to higher latitudes. Toward
the leading and trailing edges of both portions of the
CME, where the rarefactions disappear, the meridional
flow away from the slow/fast interface ceases, and the
sheared boundaries of both the low— and high-latitude
portions of the CME develop a bowed shape.

4. Thoughout the CME and its associated distur-
bance there is significant meridional flow. Within the
CME the large—scale meridional flow is poleward at lat-
itudes greater than the slow/fast solar wind interface
(> 20°). Below 45° the plasma flow is primarily driven
by the formation of a rarefaction region as discussed
above. At higher latitudes the plasma flow is a rem-
nant of the poleward motion caused by the strong pres-

sure gradient between the initially dense CME and the
tenuous high-latitude ambient plasma. In the sheath
region between the forward and reverse shocks and the
CME at latitudes > 20°, the meridonal component of
the flow is also poleward. This flow can be explained
in the following way: The shock fronts lie on elliptical
lines, with the radial distance to the shock being less at
higher latitudes, a consequence of the finite travel time
of the disturbance waves toward the pole. For gasdy-
namic shocks (as well as fast mode shocks), plasma is
deflected away from the shock normal as it flows across
the shock front. Since the upstream flow is radial, the
plasma must be deflected poleward for both the for-
ward and the reverse shock. Similar arguments can be
applied to the flow across the forward shock at low lat-
itudes. This relies on the assumption that the CME is
launched at all latitudes at the same time. For more
complex geometries the flow deflections might be differ-
ent.

Since there is considerable latitudinal and radial vari-
ation in the ambient solar wind flow, it is worthwhile
considering the relative perturbations. Plate 3 shows
difference images of v,., vg, and log(P), relative to the
equilibrium—flow solution. Thus the slow/fast speed dis-
continuity and radial variation in pressure have been
removed, and the perturbations driven by the CME are
emphasized. '

We focus first on the low-latitude portion of the CME
disturbance, where initally two pairs of waves are gener-
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Plate 3. Same as Plate 2, except that the difference between the solution at ~ 7 days and the

initial steady state solution is shown.

ated. Since the CME is overtaking and compressing the
ambient wind ahead, a region of high pressure develops
which is bounded by forward and reverse waves/shocks.
Furthermore, the CME is denser than the surrounding
plasma; as it expands, a pair of forward and reverse
waves form centered on the CME and propagating away
from it. The evolution of this system has been discussed
by Gosling et al. [1995]. Briefly, the reverse wave asso-
ciated with the expansion of the compressed region at
the leading edge of the CME interacts with the forward
wave associated with the expansion of the CME, weak-
ening both in the process. Furthermore, since the CME
is propagating away from the slow ambient solar wind
behind it faster than the reverse wave associated with
the expansion of the CME can propagate, the reverse
shock associated with the expansion of the CME does
not develop. It is interesting that the high—pressure re-
gion at the front of the disturbance is not confined by
the original slow/fast latitude interface. On the con-
trary, it extends poleward by ~ 10° into the fast solar
wind. This poleward expansion is associated with the
strongest meridional velocities (~ 50 km s~!) within
the disturbance.

At high latitudes the center of the CME is traveling
out from the Sun at the same speed as the ambient
solar wind. The forward and reverse waves are created
by the expansion of the high-pressure CME into the
surrounding solar wind, and the evolution proceeds in
a much more symmetric fashion. The pressure at the
leading edge of the disturbance maximizes at latitudes
< 45°, which maps to the initial latitudinal extent of
the CME.

3. Comparison With Observations

The simulation discussed in the present study is rep-
resentative in the sense that we have not attempted to
model any specific observed CME—driven disturbance.
Nevertheless, it is instructive to make a qualitative com-
parison of our results with a disturbance that was ob-
served at two significantly different latitudes and dis-
tances in the heliosphere. Gosling et al. [1995] pre-
sented high— and low-latitude measurements of a CME~
driven solar wind disturbance observed by Los Alamos
plasma instruments onboard IMP 8 and Ulysses in late
February to early March 1994. At the time, Ulysses was
located at a heliocentric distance of 3.53 AU and 54°S.
IMP 8 was 7° below the heliographic equator at a dis-
tance of 1 AU, and the two spacecraft were separated
by ~ 18° in solar longitude.

Figure 2 compares Ulysses observations of this event
with our simulation results. Note that the y axis scales
are not the same; they have been constructed so as
to emphasize variations in the parameters. Figure 2a
shows Ulysses measurements of proton speed, density,
and temperature for a period of 6 days in late February
to early March 1994. The CME interval, as identified
by counterstreaming suprathermal electrons [Gosling et
al., 1995], is indicated by the two dotted vertical lines,
and the forward and reverse shocks propagating away
from the CME are marked with the solid vertical lines
labeled F and R. Several interesting features are ap-
parent. First, the CME—-disturbance profile is fairly
symmetric (as a function of time). The forward and
reverse shocks bounding the CME are positioned at ap-
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(a) Proton speed (v), number density (N), and temperature (T) profiles for a CME

observed by Ulysses at 3.53 AU and 54°S [after Gosling et al., 1995]. (b) Simulation results at
the same heliocentric distance as Ulysses but at 35° latitude. Time in the simulation refers to

the time since the launch of the CME pulse.

proximately the same time interval before and after the
CME. Second, the speeds before the disturbance, dur-
ing the CME interval, and after the disturbance are
all approximately the same. Third, there is a slight
asymmetry in the shocks; the forward shock exibits a
larger jump in speed, density, and temperature, indicat-
ing that it is the stronger of the two. Figure 2b shows
our simulation results at 3.53 AU and ~ 35°. In reality,
Ulysses observed the CME at ~ 54°. However, in order
to reduce the potential contamination of our simulation
results with waves reflecting at the poles (which result
from the ejection of a torus), we restricted the initial
latitudinal extent of the CME to 45°. Thus we make
our comparison at ~ 35°. The time indicated along the
x axis is measured relative to the launch of the CME
from the inner boundary at 30 Rg.

Comparison between Figures 2a and b demonstrates
that our simulation has reproduced many of the essen-
tial features of the Ulysses observations. Both the for-
ward and reverse shocks stand off from the CME at
roughly comparable times (although this time is signif-
icantly less in the simulations). The least favorable as-
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Figure 3.

pect of the comparison concerns the speed profile within
the CME; our simulation indicates that the CME is
still undergoing some expansion (the leading edge of
the CME is travelling ~ 80 km s~! faster than the
trailing edge of the CME), whereas the CME observed
by Ulysses shows essentially no further expansion. It
should, however, be emphasized that all of the remain-
ing overexpanding CMEs observed by Ulysses show de-

-clining speed profiles across the CME, similar to the

simulation.

Figure 3 compares low-latitude (7°) observations by
IMP 8 with our simulation. Again note that the y axis
scales are not identical. IMP 8 observed a far more
asymmetric disturbance than Ulysses. The disturbance
did not include a reverse shock, and the CME was mov-
ing at speeds in excess of 250 km s~ relative to the am-
bient solar wind ahead. The CME was identified by low
proton temperature, high He abundance, and a strong
but declining magnetic field strength of low variance
which rotated ~ 120° in azimuth [Gosling et al., 1995].

Comparison of Figures 3a and b demonstrates the
reasonably good agreement between simulation and ob-

F CME

Time (days)

Same parameters as Figure 2 but for IMP 8 at low iatitudes [after Gosling et al.,

1995]. (b) Simulation results at same latitude and heliocentric distance as IMP 8.
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servations at low latitudes. There is at least one signif-
icant difference, however, concerning the extent of the
CME. In our simulations the CME takes ~ 1.75 days
to pass 1 AU. Observationally, however, the CME is
inferred to be ~ 1 day in duration. In addition, the
observed forward shock stands off at a slightly larger
distance than our simulation suggests.

We have identified four possible reasons that may ex-
plain the disagreements between the model and the ob-
servations. First, the CME probably had a far more
complicated geometry at launch than was mimicked
by our simulation. We suspect that the CME was
not ejected at the same speed at all latitudes. In
fact, the IMP 8 observations strongly suggest that the
CME initially was traveling significantly faster at near—
equatorial latitudes than at high latitudes. Second, the
solar wind expansion is not strictly adiabatic as is as-
sumed in the simulation. Thus we cannot adjust our
inner boundary ambient plasma values so that they
simultaneously provide a good match at both 1 and
3.5 AU. This problem could be partially cimcumvented
by reducing the polytropic index [Totten et al., 1996].
Third, in reality, the geometry of the slow—fast transi-
tion occurs on a tilted spiral front which changes with
heliocentric distance. Thus our neglect of variations in
the azimuthal direction does not allow for any east—west
interactions, stream structure, or limited azimuthal ex-
tent of the CME. Fourth, we neglect the magnetic field.
One consequence of this is that waves in the simulation
travel at the sound speed, which can be considerably
less than the magnetosonic speed. The smaller shock
standoff times in the simulation results can probably
be attributed to this.

4. Summary and Discussion

Using a two—-dimensional fluid model, we have sim-
ulated the ejection of a fast, high—pressure CME into
a solar wind containing latitudinal gradients similar to
those observed during Ulysses’ fast latitude scan. Com-
parison of these results with a CME—driven disturbance
observed both by Ulysses at high latitudes and IMP 8
at low latitudes indicate that we have reproduced many
of the essential features of the observations.

In spite of the simplifying assumptions used in the
simulation, the results display considerable complexity.
An outstanding feature is the way in which the CME
separates into two pieces, both in latitude and helio-
centric distance. The strong velocity shear at 20° is
responsible for the separation in distance. The separa-
tion in latitude is due to rarefaction regions that de-
velop as the CME propagates away from the Sun; the
sheared CME boundary on either side of the slow/fast
speed interface is effectively sucked away from the in-
terface. There is also considerable poleward expansion
of the highest latitude portion of the CME and its as-
sociated disturbance. The CME expands poleward by
~ 18°, and the forward and reverse waves propagate
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all the way to the pole. In addition, the high-pressure.
region, which develops at the leading edge of the CME
at low-latitudes as it ploughs through the slow ambi-
ent solar wind, penetrates significantly (~ 10°) into the
high-latitude solar wind.

The rich complexity of the simulation results indicate
that a single CME can present radically different pro-
files in interplanetary space depending on the latitude
at which it is observed. We have highlighted two such
profiles in this study for comparison with Ulysses and
IMP 8 observations. Let us now consider what a space-
craft located at several astronomical units and ~ 22°
latitude would observe for the event simulated. From
Plate 3 we would infer that there would be little or no
signatures of ejecta. On the other hand, the spacecraft
might see a weak forward shock (due to the expansion
of the high-latitude portion of the CME) followed by a
rarefaction region, a second strong forward shock, and
a strong reverse shock (from the penetrating portion
of the low—latitude high—pressure region) bounding any
remains of the CME. Since this complicated profile is
driven to a large degree by meridional fluid motions,
this is not a result that could be obtained from a 1-
D simulation. By extension, these results suggest that
three—dimensional calculations including stream struc-
ture and interaction regions will likely produce an even

richer set of results.

The latitudinal gradients in the ambient solar wind
speed, density, and temperature clearly have a strong
effect on the large—scale evolution of the CME and its
associated disturbance. Our simulation results suggest
that the global shape of the CME is convex except in
the vicinity of the slow/fast interface. This is sim-
ply a result of the near constancy of the ambient so-
lar wind speed within each region. This geometry may
be contrasted with previous visualizations of mid— and
high-latitude CMEs. First, Hammond et al. [1995] pro-
posed a concave shape (in the meridional plane) for a
CME-driven disturbance observed by both Geotail and
Ulysses in December—January 1993 at significantly dif-
ferent latitudes and heliocentric distances (see their Fig-
ure 5). This inferrence was based on the arrival times of
the disturbances at the two spacecraft and the speeds
of the CMEs. An alternative interpretation, based on
the results of the present study and consistent with
the observations, is that there existed a strong velocity
shear between the two spacecraft. We suggest the global
shape of the CME may have been convex, except in the
vicinity of the velocity discontinuity. Second, Gosling
et al. [1994] proposed that some high—latitude, CME~
driven disturbances might be elliptical in shape with
an expansion shock or wave that wrapped completely
around the CME. This picture, however, implies that
the CME is launched exclusively into fast solar wind.
Although our simulation results differ from this picture
of an elliptically shaped disturbance, they do provide a
mechanism by which isolated ejecta may be produced
in the fast solar wind as envisaged by Gosling et al
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[1994]. In reality, the geometry of the CME is likely
to be more complicated than either an ellipsoid or the
shape calculated in the idealized simulation presented
here.
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