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Abstract. The MHD simulations described here show that the latitude of the high-altitude
cusp decreases as the IMF swings from North to South, that there is a pronounced dawn—dusk
asymmetry at high-altitude associated with a dawn—dusk component of the IMF, and that at
the same time there is also a pronounced dawn—dusk asymmetry at low-altitude. The simu-
lations generate a feature that represents what has been called the cleft. It appears as a tail
(when the IMF has a B, component) attached to the cusp, extending either toward the dawn
flank or the dusk flank depending on the dawn—dusk orientation of the IMF. This one-sided
cleft connects the cusp to the magnetospheric sash. We compare cusp geometry predicted by
MHD simulations against published observations based on Hawkeye and DMSP data.
Regarding the high-altitude predictions, the comparisons are not definitive, mainly because
the observations are incomplete or mutually inconsistent. Regarding the low-altitude pre-
diction of a strong dawn—dusk asymmetry, the observations are unambiguous and are in good
qualitative agreement with the prediction.
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1. Introduction

To speak of the geometry of the dayside cusp one must differentiate between
the cusp viewed as a dimple in the surface of the magnetopause and the cusp
sensed as a weakening of the magnetic field or, equivalently, as a pool of
magneto-sheath plasma within the magnetosphere. The first of these two
ways to speak of the cusp refers to its surface geometry and the second to its
volume geometry. In both cases the question of interest is how does cusp
geometry — that is, its position and shape either as a surface expression or as a
3-D volume — change with variations in solar wind flow and magnetic field
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parameters and with dipole tilt. Both surface geometry and volume geometry
have been the subject of studies of measurements taken by the relatively few
high-latitude, high-altitude (and, so, cusp-traversing) spacecraft (e.g., IMP 5,
Hawkeye, HEOS 2, Prognoz 7, Magion 4, Polar, and Cluster 1I). As deter-
mined from statistical compilations of data thus accumulated, resolution of
cusp geometry has gradually increased from representations based on a few
cusp traversals, which characterized the discovery stage of cusp studies
(Frank, 1971), to images now that can distinguish the change with season in
the position and shape of the cusp dimple (Boardsen et al., 2000) and the
cusp volume (Tsyganenko and Russell, 1999). Despite the increased resolu-
tion in images of the cusp now possible through statistical processing of
accumulated measurements, some aspects of cusp geometry are still not
represented. An example of such a missing aspect is a clear representation of
how the dawn—dusk asymmetry of the cusp shape associated with the dawn—
dusk component of the interplanetary magnetic field (IMF) changes with
IMF clock angle. According to MHD simulations presented here, this dawn—
dusk asymmetry in cusp shape is pronounced. It possibly clarifies the relation
between the polar cusp and the polar cleft, which up to now has been unclear.
In addition to filling in aspects of cusp geometry covered in few or no studies
published up to now, we present here a series of images that illustrate how the
volumetric geometry of the cusp and its ionospheric image change with IMF
orientation. Thus this paper focuses on the volume aspect of cusp geometry
(as opposed to the surface aspect). The results presented here are based on
outputs of numerical simulations performed by a global MHD code called
ISM (which stands for Integrated Space Weather Prediction Model),
described in the next section.

2. The ISM code

As mentioned, the results presented here are based on numerical simulations
performed by the Integrated Space Weather Prediction Model (ISM), which
is a global-magnetospheric MHD numerical code, details of which are con-
tained in White et al. (2001) and Sonnerup et al. (1990). Here we repeat a few
of ISM’s essential features. The code integrates the standard MHD equations
over a volume that extends from 40 Ry upwind from the Earth to 300
downwind, and 60 R radially from an axis through the Earth parallel to the
solar wind flow direction. Pertinent to the present application is ISM’s
treatment of the coupling between the magnetosphere and the ionosphere,
which is unique among global MHD codes. Other codes project MHD
parameters from some inner boundary down to the ionosphere where a
separate code then computes the ionosphere response to the magnetospheric
input and feeds the result back to the MHD code. ISM, on the other hand,
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treats the magnetosphere and the ionosphere together as a single domain
governed by a single set of equations. This single set of equations moves
continuously from the ionosphere to the solar wind in the form of continuum
mechanics equations appropriate to each domain. The advantage that this
approach has in the present application is that whereas other codes can
project cusp plasma parameters only down to the inner boundary of the
MHD grid (usually an Earth-centered spherical surface with a radius between
3 and 4 Rg) ISM can project them continuously down to the ionosphere. This
allows the cusp’s image to be mapped at the ionospheric level.

The resolution of ISM’s finite-difference grid varies from a few hundred
kilometers in the ionosphere to several Earth radii at the outer boundary of
the computational domain. At the magnetopause, resolution ranges from 0.2
to 0.8 Rr ISM’s numerical algorithm consists of a second order finite dif-
ference, scheme with partial donor cell method (PDM) terms (Hain, 1987) to
provide numerical stability in regions containing large gradients. The Earth
does not rotate in these simulations, Pedersen conductance is uniform and set
to 6 S (except where otherwise stated), and Hall conductance is set to zero.
Other parameters vary from run to run and are specified as needed.

3. Cusp geometry in the noon meridian plane

Figure 1 shows the cusp in the noon meridian plane as rendered in contours
of electric current flowing into (solid contours) and out of (dashed contours)
the figure plane. The solar wind and IMF parameters in this case are 350 km/
s, 5 protons/em®, 2.2 x 10° K, and 5 nT straight South. Also shown is a
projection onto the figure plane of a narrow strip of the last-closed-field-line
surface. (Hereafter we refer to the last closed field line surface as the CFS,
closed-field surface.) The CFS in this instance happens to contain an island
shed by reconnection at the subsolar point. This feature is incidental to the
discussion of cusp geometry given here. The CFS separates the volume of
closed field lines (the volume embraced by its arch) from the volume of open
field lines (above it in the figure) and the volume of IMF field lines that are
not attached to the Earth (to the right of it).

Figure 1 illustrates basic aspects of cusp geometry such as the cusp as
outlined by current contours. This is equivalent to the definition of the cusp
given above — a weakening of the magnetic field owing to a pool of magneto-
sheath plasma within the magnetosphere — since the current is the plasma’s
diamagnetic current associated with the field weakening. Defined by the
currents, the cusp has the shape of a funnel in a meridian plane. The geo-
metrical core of the cusp, marked by an imaginary line that threads the
“hole” through the funnel, lies within the volume of open field lines. A part
of the cusp also lies within the volume of closed field lines, which in an MHD
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Figure 1. Contours in the noon meridian plane of the dawn (dashed lines) — to dusk (solid
lines) component of electric current. Contour levels separated by 0.2 nA/m? starting at this
level. Also shown are magnetic field lines on the last closed field line surface.

code probably reflects numerical diffusion. A third basic geometrical aspect
that the figure illustrates is that the funnel of current that outlines the cusp is
both deep at its tip and broad at its rim. That is, as defined by electrical
current the cusp occupies a relatively large volume. Because the current that
defines the cusp generates a magnetic field that weakens the field that would
otherwise be there (i.e., it is a diamagnetic current), this aspect implies that
the field within the cusp is in general weaker than that predicted by vacuum
models of the magnetopause. (This statement is false, of course, near the
topologically mandated null point or points in vacuum models where the field
strength vanishes.) Tsyganenko and Russell (1999) called attention to the
weak-field aspect of the cusp.

The presence of current within the cusp implies that there is also pressure-
bearing plasma within the cusp. This pressure is seen in Figure 2 which uses
contours of plasma pressure to compare the location and shape of the cusp as
a function of IMF clock angle. The figure plane of the panels is the noon
meridian plane. The solar wind speed, density, and temperature are the same
as in Figure 1. A zero-IMF case is also shown. (Zero IMF is not the same as
a vacuum magnetosphere since both cusp currents and tail currents are
present.) A property to note that is common to all panels in Figure 2 is that
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Figure 2. Contours in the noon meridian plane of the plasma pressure for the five cardinal
IMF clock angles and zero IMF cases. Contour levels separated by 0.067 nP, starting at this
level. Arrows point to the approximate location of the throat of the cusp. Black dots mark the
point of maximum field strength depression in this plane.

the pressure contours extend down to the ionosphere, which illustrates the
unique feature of the ISM code mentioned earlier; i.e., the absence of an
inner boundary within which codes other than ISM do not compute plasma
parameters. We use this feature later (Section 5) to mark the location and
shape of the cusp in the ionosphere. Here it serves the purpose of producing
realistic (i.e., non-truncated) contours. The black dot in each panel (Iabeled
“Max Field Depression™ in the 45° clock angle panel) shows where in the
figure plane the difference between the dipole field strength and the computed
magnetic field strength is maximum. This point marks the core of the cusp as
far as the magnetic field is concerned. It lies very close to the maximum in
plasma pressure (shown by the arrow) except for the 0° clock angle (north-
ward IMF) case. One expects the maximum field strength depression to lie
close to the maximum in plasma pressure so that the total pressure remains
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locally roughly uniform. The offset between the maximum field strength
depression and the maximum plasma pressure in the northward IMF case is
curious but is perhaps related to the contours of field strength depression
being quite broad in this case. That is the maximum depression is not very
marked, so that the offset between the pressure maximum and the black dot
appears more remarkable than the real difference in the depth of the
depression at the two places perhaps warrants.

Figure 2 shows that the latitude of the mouth of the cusp decreases as the
IMF rotates from straight North to straight South, illustrated here by
rotations in 45° increments. (Ignore the zero IMF case for now.) This
behavior is, of course, expected and has been inferred from analyses of data
taken at high, low, and middle altitudes (see a review and new results on this
topic from Magion 4 contained in Merka et al., 2002). Figure 2 shows the
expected behavior explicitly in a full geometrical setting. The latitude of the
center of the mouth of the cusp roughly doubles from about 35° to about 70°
between straight South and straight North IMF directions. The northward
IMF case has the weakest plasma pressure, 0.4 nPa versus 0.8 nPa in the
southward IMF case. This difference in pressure is consistent with the cusp in
the northward IMF case being farthest from the stagnation point (that is, it
lies at the highest latitude). For comparison we note that in all these cases the
solar wind ram pressure (pV?, where p and V are mass density and flow
speed, respectively) is very close to 1 nPa. (As an aside apropos of pressure,
note that pressure has a secondary maximum in the cusp, the primary
maximum being at the stagnation point as expected. The secondary maxi-
mum is a consequence of the cusp being a region of locally weak magnetic
field. The plasma pressure must therefore have a local maximum so that the
total pressure in the cusp (plasma plus magnetic) balance the adjacent total
magneto-sheath pressure the magnetic part of which has no local minimum at
the cusp. In this connection, note the absence of a local maximum of plasma
pressure in the zero IMF case. Here the magnetic pressure in the magneto-
sheath is zero, and it is also very weak in the cusp; therefore plasma pressure
is approximately continuous across the cusp-magneto-sheath transition).

As previously mentioned the latitude of the mouth of the computed cusp
shown in Figure 2 ranges from about 70° to 35°. How does this range
compare with observations? In a statistical study of cusp traverses, identi-
fied by field-strength depressions seen in magnetometer data taken by the
Hawkeye satellite, Farrell and Van Allen (1990) have given us what would
appear to be an appropriate data set for comparison. Taking field-strength
depressions greater than 30 nT to represent the heart of the cusp, Farrell
and Van Allen (1990) found that the latitude of the cusp is lower when the
IMF points southward than when it points northward (their Figure 17), in
qualitative agreement with our Figure 2. They found that Hawkeye
encountered the cusp over a latitude range from about 70° to about 45°.
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(This statement refers to latitude relative to the magnetic equator, which is
the appropriate latitude for comparison with Figure 2.) The comparison
suggests that the high-latitude end of the computed range (70°) is about
right but that, if the data are taken at face value, the low-latitude end might
be too low (35° versus 45°). The authors note, however, that “Because of
the geometric character of the Hawkeye orbit and consequent lack of
coverage, the low-latitude edge of this [cusp] region is not defined, and thus
may extend to latitudes even lower than those indicated.” (Farrell and Van
Allen, 1990, p. 20,951). The question therefore remains open regarding
whether or not high-altitude cusp traversals might occur be low 45° latitude
for southward IMF under typical solar wind conditions as Figure 2
predicts.

The issue of the latitudinal location of the high-altitude cusp under
southward IMF is important to those who, approach magnetospheric studies
through global MHD simulations. One other such study that has been
published based on the Lyon—Fedder—Mobarry (LFM) code indicates that
for southward IMF the high-altitude cusp resides above 50° latitude (Russell,
2000, Figure 11), considerably poleward of the cusp that the ISM code
computes. Here is an opportunity for observers to help guide the develop-
ment of global MHD codes by launching a project aimed at mapping the
latitudinal position of the high-altitude cusp for southward IMF.

The issue goes beyond assessing the ability of MHD codes to get the
latitude of the cusp right. Already there are indications that nature pro-
duces greater field-strength depressions in the cusp than MHD simulation
predicts. Farrell and Van Allen found that among 70 cusp traversals in
which the field-strength depression exceeded 30 nT (their criterion for
identifying bona fide cusp traversals) there were 21 cases (30%) in which
field-strength depression exceeded 60 nT. As we show in the next section,
none of Figure 2’s simulation runs produce field-strength depressions that
exceed 60 nT. This comparison is, of course, merely statistical and so might
be discounted as a fluke resulting from Hawkeye having encountered the
cusp perhaps more than the statistically expected number of times when the
solar wind was registering extreme conditions. During such times the
maximum field-strength depressions found in the ISM runs illustrated in
Figure 2 might not apply to the observations, and so it cannot be said that
Hawkeye’s having frequently observed bigger-than-predicted field-strength
depressions necessarily disagrees with the simulations. But there is a case
study based on Polar data in which the field in the cusp was substantially
weaker than MHD simulation predicted for the position of Polar under
appropriate solar wind conditions (Fritz et al., 2003). We have more to say
about this observation in the next Section. We mention it here because it
supports a straightforward (no statistical fluke) comparison with the
Hawkeye data and so adds to an emerging impression that non-MHD
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processes might be producing macroscale modifications of cusp geometry
compared with MHD simulation.

4. Cusp geometry perpendicular to the sun—earth line

Figure 3 compares the shape of the cusp for different IMF clock angles in
planes perpendicular to the solar wind flow direction, which for convenience
we call the Sun—Earth line although in reality it is only approximately that.
The distance along the Sun—Earth line that these planes lie from the Earth is
not the same in each case. The distance has been chosen so that the plane
contains the deepest field-strength depression. The contours in Figure 3 show
field-strength perturbation, which is defined as the field strength computed by
the MHD code minus the dipole field strength. Negative perturbations
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Figure 3. Contours of magnetic field strength perturbation (computed field strength minus
dipole field strength) for the five cardinal IMF clock angles and zero IMF cases as seen from
the Sun. Figure planes cut through the point of maximum field strength depression in each
case. A “picket fence” of short field line stubs in each panel marks the intersection of the last
closed field line surface with the figure plane.
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(indicated with dashed contours) therefore correspond to field-strength
depressions. Besides contours of field-strength perturbations, Figure 3 also
shows where the CFS (last-closed-field-line surface) penetrates the figure
planes. The CFS is marked by short segments of field lines that are centered
on the plane and are seen projected onto it. Magnetic field lines that cut the
planes within the areas that the CFS circumscribes are closed; outside these
area they are either open or IMF field lines that are unattached to the Earth.
Figure 3 contains perhaps this paper’s main contribution to the study of cusp
geometry in the form of images that show explicit dawn—dusk asymmetries as
seen in the right-hand panels.

Before considering these asymmetries, however, we point out a few more
general aspects of cusp geometry that can be seen in the symmetrical, left-
hand panels. Note first of all that positive perturbations dominate the
equatorial latitudes and negative perturbations the high latitudes. We see
here the trademark signature of the Chapman—Ferraro current system; it
strengthens the field at low latitudes and weakens it at high latitudes.
Although the Chapman—Ferraro model applies strictly to a vacuum mag-
netosphere and the case of zero IMF (see Siscoe, 1988 for a review of this and
related models), its influence continues to dominate the pattern of field-
strength perturbations even in the presence of plasma and a non-zero IMF.
(In MHD simulation when the IMF becomes strongly southward, however,
the Chapman—Ferraro pattern is replaced by one in which the field-strength
perturbation is negative everywhere on the dayside, that is, there is no
equatorial band of positive perturbation, Siscoe et al., 2002b). The high
latitude band of negative perturbations in each hemisphere is, of course, the
domain of the cusp.

The width of the cusp as measured by the dawn-dusk extent of the
—30 nT contour (i.e., a field strength depression of 30 nT) increases as the
IMF swings from North to South. It is about 3 Ry wide for the northward
case and about 10 Rz wide for the southward case. In terms of longitudes,
however (which takes account of the different distances of the figure planes
from the Earth) these dawn—dusk widths correspond to 48° and 78°,
respectively. The North—South extent of the cusp does not vary as much
with IMF orientation (from about 3 Rz to 4 Rg). The fraction of the cusp
that is on closed field lines varies from essentially 100% for the northward
IMF case to virtually nil for the southward IMF case. Conversely the
fraction that is plasma mantle goes from virtually nil to essentially 100%
over the same 180° rotation of IMF clock angles. In qualitative terms,
these properties concerning the relative amounts of plasma in the plasma
mantle agree with observations (Paschmann et al., 1976). In the respects
just mentioned, the zero IMF case unsurprisingly resembles the northward
IMF case. We should also note that the panels in Figure 3 refer to ide-
alized situations in which the IMF has no Sun—Earth component and the
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geomagnetic dipole is perpendicular to the solar wind flow direction.
Departures from these idealizations would probably change the fractions
of the cusp on open and closed field lines quantitatively but not qualita-
tively.

We may usefully compare these general properties, which are independent
of the dawn—dusk component of the IMF, against the statistical study of
Hawkeye magnetometer data that Farrell and Van Allen (1990) carried out
and to which we referred in the previous Section. Farrell and Van Allen
(1990) did not sort their data into separate positive clock angle (duskward
IMF) and negative clock angle (dawnward IMF) bins, which has the fol-
lowing important impact on comparing the MHD results with the Hawkeye
data. Assuming that the IMF was about equally likely to be dawnward or
duskward when Hawkeye traversed the cusp, the mixing of dawnward and
duskward cases mentioned earlier means that Figure 3’s asymmetries in the
right hand panels would be symmetrized in the data by reflection in the noon
meridian plane. The Hawkeye orbit had good longitudinal coverage (unlike
its latitudinal coverage at the altitude of the magnetopause), so there should
be no artificial cutoffs in the dawn—dusk direction (which Figure 3 addresses).
Farrell and Van Allen (1990) found that, as Hawkeye swept from dusk to
dawn through noon, it encountered cusp-like magnetic field depressions
throughout most of this range, but the depressions were deepest around the
noon meridian, a property which Figure 3’s left hand panels also display.
Hawkeye encountered the cusp most often around the noon meridian, as one
would naturally expect. The longitude sector within which Hawkeye was
more likely than not to intercept the cusp was about 100° wide, approxi-
mately centered on noon (but not exactly). This topic comes up again in more
detail below.

Turning now to Figure 3’s right-hand panels and their dawn-—dusk
asymmetries, we consider first the shape of the CFS and its relation to the
cusp. We have already mentioned that the cusp crosses the CFS from the
domain of closed field lines to the domain of open field lines as the IMF
swings from North to South. Figure 3’s right hand panels show intermediate
stages of this migration. When the IMF has a northward and a duskward
component (exemplified by the 45° clock angle case), the CFES is marked by
an interesting convolution where the field is weakest. In fact the CFS passes
directly through the point of weakest field (4 nT). The convolution of the
CFS just noted for the 45° clock angle case is absent in the 90° and 135° clock
angle cases (though there is a vestige of it in the 90° case). Yet in these cases
the CFS still passes very near the point of weakest field, notwithstanding the
fact that most of the cusp lies outside the CFS.

We consider next the very marked asymmetries in the geometry of the
perturbation contours in Figure 3’s right hand panels. The asymmetry that is
most obvious is the dawn—dusk shift away from noon of the “centers” of the
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contours-duskward in the northern hemisphere and dawnward in the
southern hemisphere. These shifts amount to about 1.5 Rz, 2.5 Rg, and 3.0
Ry for the 45°, 90°, and 135° clock angle cases, respectively. Besides dawn—
dusk shifts, the contours have acquired ““tails” on their terminator sides (i.e.,
the side opposite the noon meridian). These tails carry the cusp’s field-
strength depression toward the flanks of the magnetosphere.

The tail-like character of the extension of the field-strength depressions
toward the flanks is better seen in Figure 4, which shows field-strength
perturbation contours for the 90° clock angle case in a plane that lies
parallel to the equatorial plane but 7 Rz North of it. The contours resemble
tadpoles with their distinctive tadpole tails. The tails’ one-sided extensions
toward the flanks at high latitudes that one sees in Figures 3 and 4 suggests
that they are interior expressions of the magnetospheric sash (White et al.,
1998). The magnetospheric sash is a weak-field feature that is usually dis-
cussed as a surface feature of the CFS or as a product of anti-parallel
merging, which again stresses its surficial character (Siscoe et al., 2002a).
Here we see its relation to the entire, three-dimensional weak field volume
associated with the cusp. The tails that we have been discussing possess an
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Figure 4. Contours of field strength perturbation for the 90° clock angle case. The figure plane
is parallel to the equatorial plane and 7 Ry North of it.
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aspect that we associate with the cleft. (We use the words ‘“cusp” and
“cleft”” in a non-formal way. Cusp to us means that part of the feature that
has a roughly conical shape (that is, the body of the aforementioned tad-
pole) and cleft refers to its tail-like extension toward the flanks. This dis-
tinction does not work well for the 180° clock angle case where the tail of
the tadpole in Figure 3 is as thick its body.) An important difference
between the tails of Figures 3 and 4 and the cleft as usually conceived is
that the cleft is assumed to extend about equally dawnward and duskward
from the cusp in each hemisphere, whereas the tails in the figures are one
sided, that is, either they extend toward the dawn flank or the dusk flank,
but not in both directions in the same hemisphere. The northern cusp (to
pick one) has a duskward tail when the IMF points duskward (clock angle
lying between 0° and 180°) and a dawnward tail when the IMF points
dawnward (clock angle lying between 180° and 360°). To summarize this
discussion, Figure 4 displays for the first time the geometrical relations
between the cusp, the cleft, and the sash.

The sash turns out to be a one-sided cleft, which itself turns out to be a
tail-like appendage of the cusp. Said differently, the sash and the cusp are
attached by the cleft, which is an interior, one-sided (and, so, tail-like)
extension of the cusp.

Let us attempt to become quantitative by comparing the MHD results
against statistical results based on Hawkeye data pertaining, to the longitu-
dinal width of the cusp. We do this over procedural objections that might be
raised against MHD results referring to steady solar wind conditions unlike
Hawkeye results. We get around this mismatch of conditions by bracketing
the Hawkeye results between two extreme ways of statistically representing
the MHD results. To proceed. If we take the =30 nT contour in Figure 4 to
represent the outline of the cusp, as before, we find that for this 90° clock
angle case the longitude of the cusp relative to the noon meridian extends
asymmetrically over about 64° from 4° dawnward to 60° duskward. This is a
remarkably pronounced asymmetry also apparent in the LFM code (Russell,
2000, Figure 13).

For the purpose of comparing the MHD results against Hawkeye data, it
is useful to perform the same measurements of longitudinal limits of the
—30 nT contour relative to noon for the other clock angle cases. Table 1
shows the result. The column labeled “Clock Angle” combines situations in
which the IMF points dawnward and duskward. The row labeled “45° and
315°7, for example, refers to the upper-right panel of Figure 3, which gives
the geometry for the 45° clock angle IMF orientation and its mirror-sym-
metric image. The columns in Table I labeled “Minimum longitude” and
“Maximum longitude” give the longitudes to which the —30 nT contours
extend relative to noon. (The limits for the 90° clock angle case differ slightly
from the ones that we gave above that pertain to Figure 4 (that is, 4° and 60°)
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TABLE I
Clock angle Minimum longitude Maximum longitude Percentage occurrence
0° 24°24' 17°48’ 5.2%
45° 315° 380° 22.7%
90° 270° 9°65’ 45.5%
135° 225° 13°62’ 21.9%
180° 39° 39°2.7 5.1%

As determined with MHD simulations, longitudes relative to noon of the dawnward and
duskward extents of the 30 nT field-strength depression contours (representing the borders of
the cusp) for the clock angles listed in column 1. The last column gives the percentage of time
determined from ISEE 3 data that the IMF points within/pm 22.5° of the listed clock angles.

which were illustrative only. To construct Table I we searched a range of
planes to find the absolute limits in each case.) The 0° and 180° clock angle
cases are symmetric relative to noon, so the minimum and maximum limits
are the same.

The last column in Table I gives the percentage of time that the direction
toward which the IMF points lies within 45° sectors centered on the clock
angles listed in the first column. To compute these percentages we used
hourly averages of ISEE 3 IMF data available from the National Space
Science Data Center (covering August 1978 through the end of 1981). We see
the influence of the Parker spiral to coil the IMF in the dawn—dusk direction,
thereby giving the IMF a strong tendency to lie in the dawn—dusk direction
and so in the 45° and 135° sectors in Table 1. These percentages refer to clock
angles in the GSE coordinate system instead of the GSM coordinate system,
which might be more appropriate for this study. The effect of using GSM
coordinates instead of GSE coordinates would be to reduce somewhat the
percentage in the 45° and 135° row and increase it somewhat in the other
rows, that is, to reduce the peak and increase the wings in the percentage
distribution. Still the correction would not change the general conclusion
reached by comparing the numbers in Table I against Hawkeye data, which
we now proceed to do.

Figure 5 compares statistics derived from Table I against corresponding
statistics compiled from Hawkeye data. The thick line in the figure labeled
“Hawkeye Data” records the percentage of Hawkeye orbits in 10° longitude
sectors that intercepted the cusp (from Farrell and Van Allen, 1990, Figure
14). The thin line labeled “MHD Simulation: Fixed IMFB,” gives the
probability (as a percentage) of encountering the cusp as determined from the
angles and percentages listed in Table I. This line gives the percentage
assuming that the IMF is equally likely to be pointing dawnward or dusk-
ward when a satellite encounters the cusp, but that it stays fixed in that
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Figure 5. Probability of encountering the cusp (defined as a field-strength depression of 30 nT
or more) as a function of longitude relative to noon. Thick line (from Farrell and Van Allen,
1990) is based on Hawkeye data. Thin lines give maximum and minimum probabilities based
on MHD simulations and statistics of IMF pointing directions.

orientation throughout the satellite’s passage through the cusp region. For-
mally, this line is a plot of the function

+ inax(90)]/2 4 p(135) [hinin (135) + Pinax (135)]/2 + p(180)¢(180)

(1)
where P is the probability of a cusp encounter at longitude ¢; p(0), p(45), etc.
are the numbers listed in the “Percentage occurrence” column for 0°, 45°,
etc., clock angles; and ¢(0), $(45), etc., are the corresponding numbers listed
in the two longitude columns of Table I. The factor 12 in such terms as
[Dmin(45) + dmax(45)]/2 indicates that the minimum and maximum longitu-
dinal extents of the cusp contribute equally in an “‘either-or” sense to the
total probability. The “either-or” condition corresponds to the IMF being
dawnward or duskward throughout the satellite’s traversal of the cusp
region. This is an extreme assumption since the IMF can change from
pointing dawnward to pointing duskward, or vice versa, while the satellite is
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in the region of the cusp. Then the appropriate longitudinal width of the cusp
to use in Table I is the maximum angle (column 3) as we now do. The thin
line labeled “MHD Simulation: Variable IMFB,” represents the opposite
extreme assumption, that is, that the IMF changes its dawn—dusk orientation
during every satellite pass through the cusp region. This is probably closer to
the real situation for Hawkeye, since on average (based on the same ISEE 3
data used to compile Table I) the IMF changed its dawn—dusk orientation
about every 8 h, and Hawkeye typically spent more than 10 h traversing the
cusp region. Formally then, the “Variable IMFB,” line is a plot of the
function.

P(¢) =p(0)p(0) + p(45) Prmax (45) + P(90) Pinax (90)

+ P(135) Pinax + p(180)(180) (1)

The “Variable IMFB,” line fits the Hawkeye line better than the “Fixed
IMFB,” line. We could probably make the fit arbitrarily close by combining
the two MHD-derived lines with appropriate weighting factors that favor the
“Variable IMFB,” line. We would go beyond what the comparison allows,
however, to conclude that the apparent agreement just noted strongly con-
firms the MHD results. The problem is that the agreement is statistical
instead of a one-to-one matching of actual events.

An alternative reading of Figure 5, for example, is simply that the cusp is
about 100° wide in longitude nearly all of the time (80%), but that its width is
weakly modulated by the North—South component of the IMF. This reading
contradicts the marked dawn—dusk asymmetry seen here in Figures 3 and 4.
In support of this alternative reading, there is a case study based on Polar
magnetometer data that exhibits an interval of strong field-strength depres-
sion on the side relative to noon opposite to where it ought to be according to
Figure 3 (Fritz et al., 2003). Citing this and other similar cases, these authors
assert that the cusp is typically quite broad in longitude and by and large
independent of the IMF dawn-—dusk orientation. The relation between
observations and MHD simulation results remains ambiguous, however, if
we consider a report by Zhou et al. (2000). This paper concludes from a
statistical study also based on Polar measurements that the center of the cusp
as identified in magnetometer data at high altitude shifts dawnward and
duskward relative to noon in response to the dawn—dusk component of the
IMF in the sense of Figure 3.

Russell (2000) repeats this result and notes that the shifts can exceed 1 h of
local time when the dawn—dusk component of the IMF is 6 nT or greater.
Crooker et al. (1987) arrived at virtually the same result from an analysis of
data obtained by the ISEE 1 and 2 and HEOS satellites as they crossed the
magnetopause. Eastman et al. (2000), on the other hand, failed to detect such
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shifts in a statistical analysis of Hawkeye data. The reason for these disparate
results is unclear, but it might be related to different authors using different
criteria to identify the cusp. In the following section we make a similar
comparison between the results of MHD simulation and data taken at low
altitude. Here, unlike the high-altitude comparison just considered, there is
unambiguous agreement between the asymmetry seen in the model and in the
data.

There is another aspect of Figure 5 that can be compared with MHD
results: the noticeable dawnward shift away from noon of the center of the
“Hawkeye Data” line. The MHD-derived lines show no such shift as their
manner of construction, which is in itself dawn—dusk symmetric, precludes it.
Adding a component of the IMF parallel to the Sun—Earth line in the MHD
simulation, however, produces a shift like the one observed, as Figure 6
illustrates. This figure shows a situation corresponding to the 90° clock angle
panel in Figure 3, except that a Sun—Earth component has been added to give
the IMF a 45° orientation relative to the Sun—Earth line in the sense pre-
dicted by the Parker spiral. The IMF strength remains 5 nT, however. The

GSE Z (Re)

GSE Y (Rg)

Figure 6. Same as the 90° clock angle panel in Figure 3 except here there is a solar-wind
aligned component of the IMF to give it a Parker spiral orientation.
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pattern of the perturbation contours is very similar in Figures 3 and 6, except
that in Figure 6 they are extended dawnward relative to noon.

We see this in Figure 6 itself by comparing the tails of the contours in the
northern hemisphere against corresponding ones in the southern hemisphere.
The shift is greatest for the weak-perturbation contours (note, for example,
the —10 nT contour), but the effect is evident also in the tails of the two
—30 nT contours, which define the cusp in the construction of Figure 5. Thus
the shift in the Hawkeye data seen in Figure 5 probably has its origin in a
dawn—dusk asymmetry, of the magnetosphere that is induced by the solar-
wind aligned component of the IMF in its dominantly Parker spiral config-
uration.

To conclude this section, although MHD simulations reveal striking
dawn—dusk asymmetries in cusp geometry at high altitudes, it remains unclear
whether such simulations capture this geometry correctly. Regarding a dawn—
dusk asymmetry at high altitudes, the few directly relevant observations can
be (and have been) interpreted as favoring a longitudinally wide cusp whose
width is mostly independent of the dawn—dusk orientation of the IMF. The
lack of certainty regarding whether cusp geometry is sensitive to the dawn—
dusk component of the IMF should be short lived, we optimistically predict,
as more case studies are made that compare high-altitude cusp encounters
against each other with the same definition of the cusp, and as more case
studies are made that compare high-altitude cusp encounters against corre-
sponding MHD simulations. Case studies should be supplemented with sta-
tistical studies of the longitudinal extent of cusp-like field-strength depressions
at high altitudes. In such studies encounters should be separated into bins for
dawnward and duskward pointing IMF. This statistical approach would seem
to be the most direct way to test the prediction of MHD simulation that the
cleft is one sided, extending either dawnward or duskward away from the cusp
depending on the dawn—dusk orientation of the IMF.

5. Cusp geometry at ionospheric altitude

As previously mentioned, a novel feature of the ISM MHD code is its ability
to compute plasma parameters continuously from the solar wind to the
ionosphere. This ability was illustrated in Figure 2 by the plasma pressure
contours that extend from the magneto-sheath through the cusp down to the
Earth without a break. Thus we are able to map the geometry of the cusp at
ionospheric altitude. Figure 7 shows such a map for the 90° clock angle case.
This is the most interesting of the five clock angle cases in Figure 3 on
account of its being the most lopsided. The lines in Figure 7 are contours of
constant number density of protons that have entered the magnetosphere
through the cusp from the solar wind. (Besides its ability to compute plasma



404 G. SISCOE ET AL.

Figure 7. Contours of cusp ion density just above the ionospheric “plane’” at 2000 km altitude
(representing the low-altitude cusp) for the 90° clock angle case. Contour levels separated by
0.5 ions/cm?, starting at this level.

parameters down to the Earth, the ISM code also has the ability to track
plasma from various origins. Here we use this ability to isolate plasma of
solar wind origin that has reached low altitude.) The altitude of the contours
in this figure is 2000 km, which is above the ionosphere since at much lower
altitudes the solar wind density goes to zero, being stopped by the iono-
sphere. The contour levels run from a minimum of 0.5 ions/cm® to a maxi-
mum of 2.5 jons/cm?® (the peak density value is 2.75 ions/cm?). Thus this
island of contours can be taken to represent the cusp geometry at low alti-
tudes. The number density contours of cusp ions in Figure 7 display the same
marked dawn—dusk asymmetry seen in the right hand panels of Figures 3 and
in Figure 4, which pertain to the high-altitude cusp. The asymmetry is
therefore seen to be as strong at low altitude as at high altitude. The cusp
contours extend about 5 h of local time in the East-West direction, from
about 1 h before noon to about 4 h after noon. The peak of the density lies
about 1.5 h duskward of noon.

With respect to observations against which to compare the MHD simu-
lation results, the situation is better at low altitude than at high altitude, as
particle data from the DMSP satellites (with which to identify cusp features)
are plentiful. A compilation of data relevant for comparison (in that the data
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are sorted into separate bins for dawnward and duskward pointing IMF)
appears in Newell et al. (1989). From a statistical analysis of about 1000
DMSP passes through the cusp region when the IMF was pointing in the
duskward direction (the proper direction for comparing with Figure 7), these
authors have found that the probability of encountering the cusp is highly
asymmetric relative to noon in the sense that agrees with Figure 7. In their
data, the probability of encountering the cusp shows two, roughly equal local
maxima, one at noon and the other about 1.5 h after noon. The probability
falls off rapidly dawnward of the noon peak but more slowly duskward of the
local afternoon peak. Their findings are in qualitative agreement with the
geometry of the cusp contours shown in Figure 7. Certainly the gross
asymmetry is the same in terms of its magnitude and its direction.

A published event study also provides a data comparison with Figure 7
(Maynardetal., 2002). During the study event the IMF pointed dawnward, and
thus MHD simulation would predict that the northern cusp should shift
dawnward. The study indeed found a dawnward shift of nearly 1 hlocal time of
the low-altitude cusp and an East—West extent of the cusp of around 4 h. Both
the shift and the width of the cusp in this case agree with Figure 7 as well as we
could expect (after a requisite reflection in the noon meridian plane). The
Maynard et al. (1997) study combined particle data from DMSP 11 (which
threaded the East—-West width of the cusp) with optical measurements from
Svalbard. Thus the geometry of the cusp was well revealed in the data. The
agreement between the MHD result (Figure 7) and the observations in both the
statistical study (Newell et al., 1989) and the event study (Maynard et al., 1997)
are unambiguously good (in contrast to the high-altitude comparisons). Since
the low-altitude situation is a reflection of the high-altitude situation, we expect
that further analyses of high-altitude data will eventually uncover a strong
dawn—dusk asymmetry coordinate with that found at low-altitude.

6. Summary

This paper has presented “images’ obtained from MHD simulations which
reveal aspects of macroscale cusp geometry that MHD simulation is partic-
ularly well suited to investigate. We have focused on the geometry of the
volume of the cusp (marked by the presence of magneto-sheath plasma and
associated field-strength depression) as distinct from the geometry of its
surface (marked by a dimple in the magnetopause). We have concentrated
mainly on how the following aspects of macroscale cusp geometry vary with
IMF orientation:

e the latitude of the high-altitude cusp (it decreases as the IMF swings
from North to South, Figure 2),
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e a high-altitude dawn—dusk asymmetry associated with a dawn—dusk
component of the IMF (it is very pronounced, Figures 3 and 4), and

e a low-altitude dawn—dusk asymmetry associated with a dawn—dusk
component of the IMF (it, too, is very pronounced, Figure 7).

We have compared the MHD simulation results presented here with
observations with mixed results. Regarding results pertaining to the high-
altitude latitude of the cusp, the observed latitude is smaller on average when
the IMF has a southward component than when it has a northward com-
ponent, in qualitative agreement with the MHD simulations. But observa-
tions have not yet been processed to tell whether the equatorward shift of the
cusp for southward IMF is as great as MHD simulation predicts (Figure 2).
Moreover, comparisons made in connection with this part of the work sug-
gest that the cusp is more pronounced (in the sense of possessing greater field-
strength depressions) than MHD simulations predict. Regarding results
pertaining to a high-altitude dawn—dusk asymmetry associated with a dawn—
dusk component of the IMF, observations are ambiguous, some reporting
such an asymmetry and some not.

On the modeling side, the results are interesting in that they reveal the
relation between the cusp, the cleft and the magnetospheric sash. The geo-
metrical relation between these features has been previously unclear. Perhaps
the result of greatest significance in this part of the work is the prediction that
the cleft is one sided. Either it extends duskward from the cusp (as in Figure 4)
or it extends dawnward from the cusp, but not in both directions at once as in
the usual conception of the cleft. Which direction it extends (dawnward or
duskward) depends on whether the IMF points dawnward or duskward.
Regarding results pertaining to a low-altitude dawn—dusk asymmetry associ-
ated with a dawn—dusk component of the IMF, here the observations are
unambiguous and in reasonable agreement with the MHD predictions.
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